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6. The propagation of electromagnetic waves into magnetised 

plasmas 

 

6.1 Magnetised plasma 

 Both the z-pinch and laser produced plasmas are magnetised. The z-pinch because of the 

current which flows in it and generates an azimuthal magnetic field and the laser produced 

plasmas due to currents generated in the blow off plasma. Waves propagating in a magnetised 

plasma are important because they determine the plasma characteristics and can also be 

used as diagnostic purposes. In order to understand the propagation of an electromagnetic 

wave in a magnetised plasma we start from Maxwell's equations: 

 

  E =
f

o
 (6.1) 

B = 0  (6.2) 

  E = −
B

t
 

(6.3) 

  B = o(j
f

+ o
E

t
)  

(6.4) 

 

where E and B are the electric and magnetic field vectors respectively, eo and mo are the 

permittivity and permeability of free space respectively, jf is the free electric current density 

and rf is the free volume charge density. 

The important equations for our purpose are the (6.3) and (6.4) where all the 

electromagnetic properties of the plasma appear explicitly in the current density j. To eliminate 

B we take the   of equation (6.3) and the  t  of equation (6.4) and find: 

 

    E = −


t
o j + oo

E

t

 

 

 

 
 (6.5) 

 

In order to proceed we need to assume that the current is a linear function of the electric 

field which means that if a variation E1 of the electric field gives rise to a current j1 and similarly 
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a variation E2 to a current j2, then a variation of E1+E2 gives rise to a current j1+j2. We also 

assume that the plasma is homogeneous in space and time. This means that the dielectric 

constant e and the electric conductivity s are independent of the position r and time t. 

Generally, a plasma is an anisotropic medium, thus the conductivity s is a tensor. Because of 

the above assumptions it is possible to Fourier analyse the electric field and the current so 

that, 

 

E(r, t) = E(k, t) e
i(kr-t)

 d
3

k d  

j(r, t) = j(k, t) e
i(kr-t)

 d
3

k d  

 

Each Fourier mode can be treated separately since each satisfies equation (6.5). In order 

to have a closed system of equations, we need to know how the electromagnetic field 

influences the current. The assumption of linearity mentioned above allows us to write the 

relationship between the current density and the electric field for each Fourier mode as 

j(k,w)=s(k,w)E(k,w) or jr=srsEs. This is usually referred to as the Ohm's law. 

The wave equation (6.5) now becomes for each Fourier mode, 

 

k (kE) = −i(oE −ooiE)  (6.6) 

 

Noting that k (kE) = (kE)E − (kk)E  equation (6.6) can be written as, 

 

kk − k
2
1 +

2

c
2 

 

 
  

 
 E = 0  (6.7) 

 

where 1 is the unit matrix and e is the dielectric tensor, 

 

 = 1 +
i

o


 

 
  

 
  (6.8) 
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From equation (6.7) three homogeneous equations, one for each coordinate can be 

written. In order to derive a non-zero solution from these equations, the determinant of the 

matrix of coefficients must be equal to zero, 

 

det kk − k
2
1 +

2

c
2 

 

 
  

 
= 0  (6.9) 

 

Equation (6.9) is the dispersion relation.  

The plasma conductivity tensor must be calculated and hence the permittivity. For this 

purpose, the cold plasma approximation is used where the thermal motions of electrons and 

ions are considered to be negligible (Te=Ti=0). So, the electrons and ions are taken to be at 

rest except for motions induced by the waves. Collisions are neglected as well. 

We assume a uniform external static magnetic field Bo. The equation of motion is: 

 

me
v

t
= −e E + v  Bo( ) (6.10) 

 

where the second order term involving vxB and the term v.𝛁v are neglected since we are 

treating fluctuations only in the linear approximation. 

Because of the cold plasma approximation the velocity is harmonic in time for a single 

Fourier wave mode. Therefore, 

 

v(r, t) = v(r)e
− it

 (6.11) 

 

For convenience we choose Bo to be in the z direction, Bo=(0,0,Bo) as shown in Figure 

6.1. Then on considering Fourier components equation (6.10) becomes, 
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−meivx = −ex − eovy

−meivy = −ey + eovx

−meivz = −ez

 (6.12) 

 

If we solve for vx  ,vy, vz we have: 

 

vx =
−ie

me

1

1 −
2

2

 

 
 

 

 
 

x − i



y

 

 

 

 

vy =
−ie

me

1

1 −
2

2

 

 
 

 

 
 

i



 x + y

 

 

 

 

vz =
−ie

me
z

 
(6.13) 

 

where W=eBo/me is the electron cyclotron frequency. Writing current as j=-enev=E the 

conductivity tensor is: 

 =
inee2

me

1

1 −
2

2

1
−i


0

i


1 0

0 0 1 −
2

2

 

 

 

 

 

 

 

 

 

 

 

 

 (6.14) 

 

This is the electron current conductivity. The ions can be treated in exactly the same way and 

an identical equation is obtained with the ion mass, charge and density parameters instead of 

the electron ones. Then tot = e+i . 

Having the conductivity tensor, the dielectric tensor can be found from equation (6.8). So, 
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 =

1−
pe

2

2 − 2

ipe
2 

 2 − 2( )
0

−ipe
2 

 
2

− 
2( )

1−
pe

2


2

− 
2 0

0 0 1 −
pe

2

2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (6.15) 

 

where pe =
nee2

ome

 is the electron plasma frequency. In general, if we want to consider and 

the ion contribution for the dielectric tensor we just add the same terms but with the ions 

parameters and we have, 

 

11 = 22 = 1−
ps

2

2 − s
2

s



12 = −21 = −i
ps

2 s

 
2

− s
2( )s



33 =1 −
ps

2


2

s



 (6.16) 

 

where the index s indicates the species of the plasma (s=e for electrons and s=i for ions). 

Because mi>>me the ion contribution is small provided the frequency is high enough. 

Now that the dielectric tensor is known we can solve equation 6.9 to find the characteristic 

waves which can propagate in the plasma. Without loss of generality, we orient the system of 

coordinates so that kx=0, which means k=k (0,sinq,cosq), where q is the angle between k and 

Bo as shown in figure 6.1. 
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Figure 6.1 Coordinate system for wave propagation in plasma 

We also define the non-dimensional quantities  =
pe

2


2 , =




 and the refractive index 

 =
kc


. Then by solving equation (6.9) the determinant becomes: 

 

−k2 +


2

c2
11


2

c2
12


2

c2
13

2

c2
12 −k

2
+ k

2
sin

2
 +

2

c2
22 k

2
sin cos +

2

c2
23

2

c2
31 k

2
sin cos +

2

c2
32 −k

2
+ k

2
cos

2
 +

2

c2
33

= 0  (6.17) 

 

By substituting the dielectric elements from equation (6.15) and using the non-dimensional 

quantities defined above the determinant becomes, 

−2 + 1−


1 − 2

i

1 − 2
0

−
i

1 − 2
−

2
cos

2
 +1 −



1 −2


2
sin cos

0 
2

sin cos −
2

sin
2

 +1 − 

= 0  (6.18) 
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We see that in the cold plasma approximation e is independent of the direction of the k, 

thus this dispersion relation is a quadratic equation for k2 and therefore for h2. Solving 

equation (6.18) we find, 

 


2

= 1 −
(1 − )

1−  −
1

2
2 sin2  

1

2
2 sin2 

 

 
 
 

2

+ 1 − ( )2
2 cos2 

 

  

 

  

 

(6.19) 

 

This is the so called Appleton-Hartree formula for the refractive index. In order to 

understand the properties of the waves that can propagate in the cold plasma some special 

cases will be discussed. 

 

6.2 Isotropic plasma 

Let's consider a plasma without an external magnetic field Bo. Then W=0 and the dielectric 

tensor can be written as, 

 

 =

1 −
pe

2

2
0 0

0 1 −
 pe

2


2 0

0 0 1−
pe

2


2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (6.20) 

 

We can see that the dielectric tensor is diagonal with all three elements equal, 

11 = 22 = 33 = 1−
 pe

2


2 =   Thus the plasma is isotropic. Using equation (6.20) to find the 

dispersion relation from equation (6.9) we obtain, assuming, without loss of generality, that k 

is along the z-axis, 
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−k2 +


2

c2
 0 0

0 −k
2

+
2

c2
 0

0 0
2

c2


= 0  (6.21) 

 

The solutions can easily be found: 

−k
2

+
2

c2
 = 0  E transverse (6.22) 

2

c2
 = 0 E longitudinal (6.23) 

 

There are two different modes of wave propagation. The transverse mode has a dispersion 

relation which can be written as  
kc


= 

1/2
 and is the familiar expression of simple optics.  

The longitudinal mode, for which the electric field is parallel to the wave vector is governed 

by the dispersion relation 


= pe
2

. This mode corresponds to plasma oscillations.  

The transverse mode is governed by the dispersion equation 


= pe
2

+ c
2
k

2
. Such 

waves can propagate only if the frequency is higher than the plasma frequency. This mode 

has a "cut-off" at w=wpe. From the third equation of Maxwell it can be seen that this mode 

involves both an electric and magnetic field which are orthogonal to each other and to the 

wave vector k. Thus, the transverse mode represents an electromagnetic wave. From 

equation (22) it can be seen that if w>wpe, k = c
−1

(


− pe
2

)
1/2

. Hence the propagation 

vector is real and the wave can propagate. If w<wpe, k = ic
−1

(pe
2

− 


)
1/2

 and the 

propagation vector is imaginary. This means that the wave amplitude decreases exponentially. 

Such a wave is known as an evanescent wave. 

 

6.3 Propagation normal to the magnetic field 

We now consider propagation normal to the magnetic field, thus q=p/2. The Appleton-Hartree 

formula gives, 
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k
2

c
2

= 
2

−  pe
2

 or k
2
c
2

= 
2

−
 pe

2 2 − pe
2( )


2

− pe
2

− 
2  (6.24) 

 

which are the dispersion relations for propagation of electromagnetic waves normal to the 

magnetic field. The characteristic polarisations of the electric field are respectively: 

 

1 = 2 = 0,3  0    and 
1

2

= −i
 2 − pe

2 − 2( )
pe

2


,3 = 0  (6.25) 

 

respectively. The dispersion relation corresponding to 3  0  is seen to be identical to the 

dispersion relation for electromagnetic waves in a non-magnetised plasma. So the magnetic 

field has no effect on the dispersion relation. This is because in the present case the electric 

field is parallel to the magnetic field and the electrons are free to move parallel to the magnetic 

field. The dispersion relation corresponding to 3 = 0  is the more interesting case and is 

shown in figure 6.2. The cut-off frequencies can be found: 

 

1 = −
1

2
 + pe

2 +
1

4
2 

 
 
 

1/2

2 =
1

2
 +  pe

2
+

1

4


2 
 

 
 

1/2
 (6.26) 

 

At  = h = pe
2

+ 
2( )

1/2
, there is a resonance. This frequency is known as "upper 

hybrid frequency". The electromagnetic waves can propagate normal to the magnetic field for 

1   h , and   2. 
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Figure 6.2 Dispersion relation for EM waves propagating transverse to the magnetic field 

 

6.4 Parallel propagation 

In this case q=0 so k=(0,0,k) and the wave propagates parallel to the magnetic field. From 

equation 6.19 the solutions for this case are: 

 


2

= 1 −
 1− ( )

1− ( ) 1  ( )
. So for   0  

2
 pe

2
, 

2
= 1 −



1 
 or the dispersion relation  

 


2

1 −
pe

2

   ( )

 

 
 

 

 
 = c

2
k

2
 (6.27) 

 

The wave equation (6.7) becomes, 

 

−
k2c2

2
+1 −

pe
2

2 − 2

ipe
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= 0  (6.28) 
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Because 
2

  pe
2

 it can be seen from equation (6.28) that E3=0 so the dispersion relation 

(6.27) describes transverse waves.  

If 
2

=  pe
2

 then E3  0  and we have the longitudinal electrostatic wave, that is, plasma 

oscillations.  

We now see from (6.28) that for the transverse wave, E1 and E2 have the same absolute 

magnitude but they are different in phase by 90 degrees, 

 

1

2

= i  (6.29) 

 

that is, circularly polarised waves with left and right handed E rotation respectively with respect 

to the direction of the magnetic field. 

Let us examine the dispersion relation (6.27) for the case that pe = 2. The w-k diagram 

is shown in figure (6.3). 

 

 

Figure 6.3 Dispersion relation for ωpe=2Ω for parallel propagation 
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where wR and wL are the cut-off frequencies for the right-hand and left-hand circular polarised 

modes respectively . At  = there is a resonance as it can be seen from equation (6.27) for 

the L-mode which is due to the synchronism of the electromagnetic wave and the electron 

cyclotron frequency. Furthermore the wave can not propagate in the range  L .  

 

6.5 Faraday rotation 

Consider a linearly polarised transverse wave propagating along the direction of the magnetic 

field. This wave can be decomposed into two counter rotating circularly polarised waves which 

are characterised by the propagation vectors given by equation (6.27) or, 

 

k =


c
1−

pe
2

   ( )

 

 
 

 

 
 

1/2

 (6.30) 

 

where only the positive signs have been kept because the wave propagates along the positive 

z-direction and the "+" corresponds to the right hand circular polarised wave.  

Since k+  k−
, there will be a progressive phase change between the two components as 

the wave propagates. The combined wave is still linearly polarised, but the polarisation of the 

E vector varies with position. It was shown above that for parallel propagation (q=0) there are 

two modes for the transverse electromagnetic wave propagating into the magnetised plasma. 

For the right-hand circular polarisation E1/E2=+i and for the left-hand one E1/E2=-i, while the 

index of refraction for these two modes is given from equation (6.30). If the amplitude of each 

circularly polarised mode is Eo then the x and y component of the linearly polarised wave can 

be synthesised from the circular polarised ones as follows: 

 

1 = o cos k+z − t( ) + cos k_z − t( )
2 = o cos k+z− t( ) − cos k_z − t( )

 (6.31) 

 

and using the appropriate trigonometric formulas can alternatively be written as: 
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1 = 2o cos
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2
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2
z

 

  
 

  

2 = 2 o cos
k+ + k−

2
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 (6.32) 

 

If f is the angle that the electric vector makes with the x-axis then 
2

1

= tan  and from 

(6.29) we see that  =
k+ − k−

2
z . 

 

Therefore, 
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 (6.33) 

 

If W<<w (b<<1) which is a condition normally valid for laboratory plasmas, we can approximate 

the square roots using Taylor's series so that,  
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1
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2


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2
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2
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Thus, equation (6.33) becomes: 

 

d

dz
=

e32

8
2
me

2
oc

3

neo

1 −
ne

nc

 , hence the total rotation of the plane of polarisation along the path 

of propagation of the wave can be expressed as: 
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 =
e32

8
2
me

2
oc

3

neo

1 −
ne

nc

 dz  
(6.34) 

 

and it has also taken in account that 1 −
pe

2


2 = 1 −

ne

nc

 and pe
2

=
nee2

ome

, where nc 
2meo

e
2  

is the critical density and l is the wavelength,  =
2c


. 

 

6.6 Rotation for propagation at a general angle q 

The refractive index for propagation at a general q to the magnetic field has already been 

obtained above and is given by the Appleton-Hartree formula (6.19). For considering the 

Faraday rotation the characteristic polarisation for the components of the electric field 

perpendicular to the direction of propagation is required. This requires solving equation (6.7) 

for E. It is possible to continue the analysis using the present coordinate system. By eliminating 

k and E3 from equation (6.7) the ratio E2/E1 can be found and provided that b<<1 then 

1 2  i. However for expressing the rotation of the wave polarisation is easier to consider 

a coordinate system in which the propagation vector k, is along the z axis and taking the x 

axis perpendicular to B as shown in Figure (6.2). Starting with the general equation for 

propagation (6.7) with the k vector in the z direction and arbitrary dielectric tensor, eliminating 

E3 and k, the equation for the polarisation,  = 1 2  is obtained in the general form: 

 

Figure 6.4 Coordinate system to study the polarisation effects 

 



 

P a g e  | 80 

− 2133 − 3123( )2
+ 1133 − 2233 + 3223 − 3113( ) +

1233 − 3213( )= 0
 (6.35) 

 

The dielectric tensor for this coordinate system can be found following the same algebra 

as that for dielectric tensor (6.15) and can be written as, 
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 (6.36) 

 

It can be seen that the angle between the B and k appears explicitly in the dielectric tensor 

whereas using the former coordinate system the angle appeared after solving the wave 

equation. However, the disadvantage of this system is that there are no zeros in the dielectric 

matrix, thus the algebra is harder if the question is to find the dispersion relation only. 

Therefore the present coordinate system is used only for purposes where polarisation effects 

are important as opposed to the former one which is practiced when the dispersion relation 

equation needs to be derived.  

Using the matrix elements from (6.36) and the general polarisation equation (6.35) it is found 

for r, 
2

+
isin2 

cos 1− ( )
 +1 = 0  and solving this we find: 

 

1

2

= −
isin2 

1 1− ( )cos
 i 1 +

2 sin4 

4 1 − ( )2 cos2 

 

 
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 
 

1/2

. 

 

If bsecq<<1 and 1-a not small the above equation can be written as 1 2  i

Consequently, the result is that for W<<w, at all angles not close to perpendicular the 

characteristic waves are circular. So the previous analysis can be applied, thus,  
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 =
k+ − k−

2
z =



c

+ − −

2
z  . 

 

The Appleton-Hartree formula gives the index of refraction for general propagation. 

Retaining only first order terms in the assumed small b, can be written: 
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Substituting in the equation for the rotation angle f we obtain,  
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(6.38) 

 

where the dz has been replaced with the more general d . Furthermore for 
ne

nc

 1  the 

rotation angle can be approximated to, 

 

 
e32

8
2
me

2
oc

3 ne B d  (6.39) 

 

Within the limit of the approximations applied, this is a general formula for the Faraday 

rotation angle for an electromagnetic wave propagating into a magnetised plasma at any angle 
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to the direction of the magnetic field. Thus, it is proportional to the parallel component of the 

magnetic field, the plasma electron density and the square of the wavelength. 

The above analysis for the propagation of electromagnetic waves in magnetised plasmas 

is based in the cold plasma approximation which of course is not the case for a real plasma. 

However, the waves which come out from the cold plasma theory retain their essential features 

in a hot plasma for most frequencies, so they play an important role in the study of wave 

propagation in a plasma, even if it is at a very high temperature. 

 

6.7 Nonuniform media and the WKBJ approximation 

In reality, no laboratory plasma satisfies the condition of being uniform throughout all space. 

If the plasma does not vary very much over scale lengths of the order of the wavelength, then 

the wave would behave locally like the homogeneous plasma solution. The wavelengths used 

in optical plasma diagnostics are very much less than the electron density scale lengths and 

the plasma may be considered as homogeneous layers and therefore the homogeneous wave 

equation is valid in each layer. The type of approximation which treats the inhomogeneous 

plasma as a slowly varying medium is generally known as the WKBJ approximation (Wentzel, 

Kramers, Brillouin, Jeffreys) or more simply geometric optics approximation. In this 

approximation the wave amplitude for a given frequency w is written in the form: 

 

E = e
i kdl-t 

 (6.40) 

 

where l is the distance along the plasma layer considered as homogeneous and k is the 

solution of the homogeneous dispersion relation for the given w. In order for this solution to 

be a good approximation the fractional variation of k in one wavelength of the wave must be 

small or similarly the refractive index scale length must be very much larger than the 

wavelength of the propagating wave. This can be written as: 

 

k

k
2  1  or 

2


   (6.41) 
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11. Plasmas and Radiation 

11.1 Radiative properties of plasmas 

The radiative properties of plasmas may be summarized to: 

• Radiation emission from plasmas (bound-bound, recombination, bremsstrahulng, 

with some remarks on H-like and He-like spectra) 

• Line broadening mechanisms 

• Equilibrium in a plasma (Maxwell, Boltzmann, Saha) 

• Photon absorption and opacity (in particular collisional absorption) 

• Equation of radiative transfer and blackbody limit 

 

11.2 Laser-Plasma profile in the ns regime 

The ns regime is dominated by hydrodynamics: 

 

and has the characteristics: 
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11.3 Equilibrium (and types of equilibrium) in a plasma 

Free electrons are in equilibrium when they have a Maxwellian distribution of velocities: 

 

Clearly this cannot be applied to the relativistic regime since it implies v>c. 

 

Where E is the kinetic energy of electrons.  

The electron-electron collision time is: 

 

Coulomb collisions, Spitzer’s model, Λ Coulomb logarithm. 
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Bound electrons are distributed on the electronic levels of atoms (ions) in agreement with 

Boltzman’s statistics: 

n(Ei ) » gi exp(-Ei /T)
 

where gi is the density of states. 

Planckian distribution of photons (black body emission). Number of photons per unit volume 

and frequency: 

 

Energy per unit volume per unit frequency: 

 

Radiation emission from the surface of a black body: 

 

 

But photons, in the more general case of a grey body, follow Kirchoff’s law 

e(n )

a(n )
= Bp(n )

 

α(ν) absorptivity: proportion of incident radiation absorbed, a blackbody has α(ν) =1 at all 

wavelengths 

ε(ν) emissivity 

At equilibrium, there is a direct link between emission and absorption (“opacity” problem) 
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Kirchoff’s law 

 

What is the equilibrium for ions?  
Atomic processes in a plasma: 
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Ionization equilibrium in a plasma 
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This is Saha’s distribution (or Saha-Boltzman distribution). 
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Physical meaning of Saha’s law: 

   

N(Z +1)

N(Z)
»

S(Z)

nea3 (Z +1)
 

Ions recombine mainly due to collisions. Radiative de-ionization become negligible. At high 

densities (or long plasmas) the emitted photons are re-absorbed before they scape the 

plasma, therefore they do not contribute to recombination 

Notion of “optically thick” plasma. 
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In CE ionization degree is independent on electron density: 

 

On the contrary in Saha equilibrium, ionization decreases when electron density increases 

(more collisions bringing to recombination) 

 

 

  



 

P a g e  | 140 

Ionization states 

 

 

Average Ionization degree in a plasma 

 

Such formulas need to be corrected because at T=0 Z*=average number of electrons per atom 

in the conduction band (e.g. Z*=3 for Al). This result is obtained by Quantum models of 

plasmas at high density and low temperature (e.g. Thomas-Fermi model). 
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Types of equilibrium in a plasma 

• Free electrons follow Maxwell distribution 

• Ionization equilibrium: 

Low densities - CE 

• Intermediate densities - CRE 

• High density - Saha distribution 

• The high density case corresponds to LOCAL THERMODYNAMIC 

EQUILIBRIUM (LTE) 
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In the low density case (CE) photons escape the plasma as they are emitted: the spectrum 

emitted by the plasma exactly reflects that of individual atoms (ions). 

We can “see” inside the plasma 

In the high density case, photons are reabsorbed and remitted many times before they can 

escape. Therefore the radiation is strongly affected and tends to become a thermal radiation. 

We can only see the surface of the plasma 

 

When the radiation becomes thermal we speak of complete local thermal equilibrium or we 

say that there is equilibrium between matter and radiation. 

In this case the temperature in Planck’s formula is the electron temperature 

If there is no dependence on position, we have the true “Thermodynamic Equilibrium” 

 

11.4 Equation of radiation transfer 

dI

ds
= j(w)-a(w)I

 

Between tςo points along a ray, intensity increases because of (spontaneous) 

emission and decreases because of absorption. We neglect scattering to simplify the 

equation. We also neglect stimulated emission. 
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On average, only the photons emitted within a mean free path so can escape from the surface 

of the medium (those at larger depths are absorbed before reaching the surface) 
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11.5 Radiation emission from plasmas 

Three types of emission: 
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Line emission 
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Line emission in CE equilibrium 
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Line emission: K-shell spectra 
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Line emission: L-shell spectra 

 

  



 

P a g e  | 156 

Line emission: K-shell, L-shell, M-shell spectra 

 

Characteristics of (X-ray) emission from plasmas 
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Bremsstrahlung emission 
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Recombination emission 
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Plasma spectrum 
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11.6 Radiative hydrodynamics 

 

 

 

 

 



 

P a g e  | 162 

Divergence of radiation flux 

 

 



 

P a g e  | 163 

 

Diffusion Approximation 
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Steady state radiation in an infinite medium of constant temperature would be in 

thermodynamic equilibrium. The intensity if independent on direction and determined by 

Planck formula. Photons arriving at any point in space are born in the vicinity of that point at 

typical distances comparable with the photon mean free path. Photons generated further away 

are absorbed. 

 

Hence only the immediate vicinity of a point “participates” in establishing the equilibrium 

radiation. Even if the temperature at farther distance is different from the temperature of this 

region there is no practical effect at the considered point. 

 

Therefore, in a sufficiently extended optically thick medium the intensity will be very close to 

the equilibrium value corresponding to the local temperature. 
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Rosseland mean free path 
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Radiation losses from a heated “thick” body 

 

Radiation losses from a heated “thin” body 
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Planck mean free path 

 

 

➢ Ο1-Annex: Chapter 11 Supplementary educational material.  
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1.  The FLYCHK code 
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2.  FLYCHK exercises 
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1. Laboratory project aim 
 

 The laboratory project aims to make the student familiar with basic experimental and 

diagnostic techniques used in magnetic compression plasma physics research. The student 

will learn about techniques for generation of high temperature Z-pinch plasmas and be able 

to understand the physics underlying the common plasma diagnostics methods. Experimental 

techniques for generation of Z-pinch plasmas will be exemplified by studying the systems at 

the “miniature dense plasma focus” magnetically compressed non cylindrical pinch device at 

CPPL. In addition, the student will gain practical experience of using some diagnostics that are 

available at CPPL and analyzing real measurement data. Physics concepts underlying the 

plasma diagnostic methods will be introduced during experimental procedure, using a 

systematic approach from first principles. A number of plasma diagnostic applications will be 

introduced in more detail. 

After passing the experimental procedure, the student should be able to  

• explain the principles and experimental techniques for generation of high temperature Z-

pinch type plasmas,  

• explain the underlying physics principles and technical features of some commonly used 

basic plasma diagnostic applications,  

• demonstrate the practical usage of some selected plasma diagnostics that are available at 

CPPL,  

• write simple computer codes for acquiring, analyzing and plotting data from some selected 

plasma diagnostics using a commercial software packages that is commonly used in plasma 

research,  

• perform common data analysis tasks, such as curve fitting, numerical computation and 

signal filtering using available software routines,  

• Present analyzed data in graphic form in short reports, that includes written material that 

describes the diagnostic setup and the data analysis methods used.  
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2. Theoretical background  
A Dense Plasma Focus (DPF) or Plasma Focus (PF) device is a coaxial-pulsed plasma 

accelerator that produces very high density and high temperature plasma that lasts for a very 

short duration. This discharge-based device is not only a source of high density and high 

temperature plasma but also a rich source of energetic radiations like intense x-rays, EUV, 

visible light, and energetic particles like neutrons, electrons and also ions depending upon the 

working condition. In addition, this device exhibits various interesting plasma phenomena 

such as macro- and micro-instabilities, turbulences etc [1].  

There are two types of PF discovered the same year by Mather (USA) [2] and Fillipov (USSR) 

[3]. For our experiment we are going to use a Mather type Miniature DPF, which was 

constructed by our group. MPF delivers smaller amounts of energy but is portable and can 

achieve high repetition rates.   

 

Figure 1: Mather type DPF [1] 

3. Operation Principle 
A Plasma focus device consists of a fuel chamber which contains two cylindrical coaxial 

electrodes, separated by an insulator sleeve which covers a part of the inner electrode, as 

seen in Figure 1.  The electrodes are closed in one end, usually the inner one is the anode and 

the outer is grounded. The chamber is filled with a gas (the gas selection depends on the 
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application being studied) in the appropriate pressure range. A capacitor bank switched by a 

spark-gap provides the power and the area between the electrodes acts as an accelerator of 

the plasma created. So, when a high voltage pulse is applied between the electrodes the 

dielectric break down of the gas across the insulator takes place and an asymmetric current 

sheath forms around the insulator. This current sheath moves towards the open end of 

electrode assembly by 𝐽 × 𝐵 force. During this movement, the current sheath sweeps the gas 

above it and ultimately compresses the gas at the top of the anode producing hot and dense 

plasma. 

The dynamic processes taking place during the operation of PF device can be classified into 

three distinct phases, a) breakdown or inverse pinch phase, b) axial acceleration phase and c) 

radial collapse phase. As seen in Figure 2, the phases can be distinguished in time and space, 

as they take place successively.   

Phases of DPF 

 

Figure 2: DPF Phases [1] 

 

a) Breakdown or inverse pinch phase: When a high voltage is applied, it is found that the 

initial breakdown along the insulator surface occurs after the time delay of few nanoseconds 

[4]. When a high voltage pulse is applied between the electrodes, a high electric field is 

developed across the insulator. This field accelerates the primary free electrons, initially 
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present in the working gas, towards the surface of the insulator. Consequently, emission of 

secondary electrons takes place through collisions, which ionizes a thin gas layer near the 

insulator surface [5]. A sliding discharge then appears along the insulator surface. When the 

sliding discharge reaches the closed (bottom) end of the insulator, it generates initial current 

filaments (plasma configuration) through which the discharge current flows. Due to the 

interaction of this current with itself induced magnetic field, the current filaments drag away 

radially from the insulator surface in an inverse pinch manner. When the current filament 

reaches the inner surface of the outer electrode, its conductance increases substantially and 

it forms a uniform current sheath. This is the end of the break down phase and the current 

sheath enters into the axial acceleration phase [1]. 

b) Axial acceleration phase: Once the current sheath is formed across the insulator sleeve 

between the anode and the cathode, it starts to accelerate towards the open end of the 

electrodes along the Z-axis by its own 𝐽 × 𝐵 force. The axial acceleration phase ends when 

the current sheath reaches the open end of the electrodes and enters in the next phase i.e. 

the radial collapse phase. The duration of the axial phase is important for the subsequent 

formation of the hot and dense plasma at the radial compression phase [1]. 

c) Radial Phase: The radial phase starts when the current sheath reaches at the open end of 

the central electrode the 𝐽 × 𝐵 force drags the current sheath radially inward. This inward 

radial force compresses the snowplowed plasma carried by the current sheath on the top of 

the central electrode. The shape of the current sheath changes to fountain like hollow 

cylindrical column. This fountain like column is squeezed inwards with azimuthal symmetry. 

The compressed plasma is further squeezed adiabatically to form a very high density and high 

temperature plasma column [1].  

Based on experimental observations radial phase can be divided in four distinct sub-phases: 

• Compression Phase: Plasma under the affect of the magnetic field is compressed. 

• Quiescent Phase: After the stagnation, this phase indicates the beginning of the 

expansion of the plasma column in the axial as well as in the radial direction. 

• Unstable Phase: Instabilities like sausage (m=0) and king (m=1) develop in the plasma. 

• Decay Phase: A very large, hot and thin plasma cloud is formed due to the complete 

breaking of the plasma column [6]. 
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Taking to account a standard geometry of a PF device, the operation of a PF can be controlled 

by changing the initial voltage applied to the electrodes and the pressure of the gas in the 

chamber.  

4. The miniature plasma focus device 
Design and Construction 

To design a MPF device [8], one usually starts by determining the energy stored in the 

capacitor bank that will eventually be transferred to the fuel inside the chamber. Our 

capacitor bank consists of ten identical capacitors (C = 200 nF, V = 30 kV, L = 15 nH) yielding a 

total capacitance of 2.0 μF. Depending on their charging voltage, the capacitor bank may 

provide electrostatic energy ranging from 200 to 400 J. The electric circuit diagram of the 

assembly is depicted in Figure 3. A high voltage power supply charges the capacitors up to the 

desired voltage. To trigger the discharge, we use an in-house designed trigger unit that 

produces a 2.5 kV, 1 μs impulse that is then transmitted to the pseudo spark switch (PSS) via 

a pulse shaping circuit[9] The load of the capacitors is finally carried to the fuel through 4 

planar lines in order to reduce the total resistance. The PSS unit is a TDI1-150k/25 type 

(copper arc thyratron) capable of producing currents well above a hundred kA. Moreover, it 

has a lifetime of 109 shots (for E ~ 100 J), and therefore, it can operate continuously at a few 

Hertz for several weeks without undergoing repairs. Yet another advantage of the TDI1-

150k/25 type PSS is its reliability of firing practically in 100% of cases with a jitter time less 

than 4 ns. 
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Figure 3: The electric circuit 

 

The assembly is capable of operating at a few Hz without cooling and producing a peak 

discharge current of ~45–65 kA (measured by a Rogowski coil) with a quarter cycle of ~260 

ns. A key aspect for constructing a fast PF is to keep inductance as low as possible. For small 

devices, this strongly depends on the connections, and therefore, components must be 

connected in compact configuration. The external inductance of the assembly, including all 

electric components and the chamber, is slightly less than 50 nH. 

 

The MPF fuel chamber (see figure 4), consists of a coaxial electrode assembly - a tapered inner 

electrode that acts as an anode and made of copper of a length 21.6 cm with a 9.5 mm 

diameter at the closed end and 6.5 mm diameter at the tip, and a solid impermeable 

cylindrical outer electrode of stainless steel, having inner diameter of 48 mm that acts both 

as a cathode and the chamber wall. A tapered inner electrode is preferred to have a hole of 3 

mm diameter over a solid cylinder because in the latter case the material erosion takes place 

from the tip due to bombardment of electron beam which contaminates the plasma column. 

An insulator sleeve of Pyrex glass, with a break down length of 14.6 mm is placed between 

the anode and the cathode.  

   
 

 

Current Monitor (Rogowski groove) 
In order to verify the generator was performing properly current monitor were used. The 

monitor consisted of a Rogowski coil (Rogowski groove type) to capture a portion of the 

current signal within the fuel chamber. 

Anode 

Sleeve 

Figure 4:  MPF fuel chamber 
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The Rogowski groove placed around a return current wire close to the fuel chamber(fig. 5(a)) 

and  is made up of an annular conductive ring placed around a current conductor(fig. 5(b)). 

In our case, the registered voltage is solely dependent on dI/dt (the current probe operates 

in I-dot mode). 

Therefore, the registered voltage is: 

𝑉𝑔𝑟𝑜𝑜𝑣𝑒 = −𝐿
𝑑𝐼

𝑑𝑡
 (13) 

Where L is the self-inductance of the rogowski groove. 

 

 

 

Optical Probing 
In order to gain information concerning the refractive index (η) and hence the electron 

density of a plasma (ne), an Nd-YAG (Neodymium-doped Yttrium Aluminum Garnet) laser was 

used to backlight the experiment. Light can only pass through a plasma if the frequency of the 

plasma ωp is lower than that of the probe beam ωlight. The maximum density which can be 

probed, known as the critical density nc, in a compact form is: 

 

𝑛𝑐 = 10
21𝜆 𝑐𝑚−3 (1) 

 

Where λ is in microns. 

The refractive index of the plasma is given by: 

a b 

To
 s

co
p

e
 

 

Figure 5: Load Current Monitor (Rogowski groove) 
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𝜂 = √1 −
𝑛𝑒
𝑛𝑐
≅ 1 −

𝑛𝑒
2 𝑛𝑐

 (2) 

 

The Nd-YAG laser emits light in the near infra-red (λ=1064 nm) which then traverses a KDP 

harmonic generating crystal. This doubles the frequency of the light resulting in a λ of 532nm 

(green). Substituting this wavelength into equation (1) yields a critical density nc=4 x 1021
 

electrons per cubic centimeter. 

Interferometry  

Interferometry is a very useful technique in order to gain quantitative information regarding 

the electron density of the plasma. A common interferometric set up is the Mach-Zehnder 

interferometer. The working principle can be seen in figure 4. The beam splits into two 

identical collimated beams each one traveling thought a different path. The first one will 

propagate undisturbed, thus stand as reference, while the other will pass though the region 

of interest experiencing a phase shift relative to the reference beam. The two beams will 

recombine at the end of their path on a detector. Their interference will result into a pattern 

of bright and dark fringes.  

 

d

plasma

reference beam

probe beambeam splitter 
mirror

mirror
CCD

z

y

x

beam combiner

source

 

Figure 6: Images showing the propagation of light rays through a shadowgraphy system. Light is focused by a lens and 
after crossing through the focal point propagates to the image plane. 

The refractive index of the plasma will result to a phase shift Δφ of the probe beam. This will 

lead to a shift of the interference fringes. 

 
𝛥𝛷 = 𝛷𝑝𝑟𝑜𝑏𝑒 −𝛷𝑟𝑒𝑓 = ∫ 𝑘𝑝𝑙𝑎𝑠𝑚𝑎𝑑𝑧

𝑑(𝑥,𝑦)

0

−∫ 𝑘0𝑑𝑧
𝑑(𝑥,𝑦)

0

 
(3) 
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Where d(x,y) is the physical path of propagation inside the plasma as shown in figure 4 

k0=2π/λ0 is the wavenumber of the laser propagating in air and kplasma while it propagates in 

plasma.  

 𝑘𝑝𝑙𝑎𝑠𝑚𝑎 =
2𝜋

𝜆𝑝𝑙𝑎𝑠𝑚𝑎
 , 𝜆𝑝𝑙𝑎𝑠𝑚𝑎 =

𝜆0
𝜂

 

=> 𝑘𝑝𝑙𝑎𝑠𝑚𝑎 =
2𝜋

𝜆0
𝑛 

 

 

(4) 

Substituting k0 and kplasma in equation 3  

 
𝛥𝛷 =

2𝜋

𝜆0
∫ 𝜂 𝑑𝑧
𝑑(𝑥,𝑦)

0

−∫ 1 𝑑𝑧
𝑑(𝑥,𝑦)

0

=
2𝜋

𝜆0
∫ 𝜂 − 1 𝑑𝑧
𝑑(𝑥,𝑦)

0

 
(5) 

Where η is n(x,y,z). This fringe shift corresponds to the line integral of the refractive index 

taken along the path through the plasma∫𝑛𝑒𝑑𝑙.  One can obtain the formula that connects 

phase shift to the index of refraction substituting 2 to 5  

 
𝛥𝛷 =

2𝜋

𝜆0
∫ 1 −

𝑛𝑒
2𝑛𝑐

− 1 𝑑𝑧
𝑑(𝑥,𝑦)

0

= −
𝜋

𝜆0𝑛𝑐
∫ 𝑛𝑒 𝑑𝑧
𝑑(𝑥,𝑦)

0

 
(6) 

 

phase shift of a fringe

 

Figure 7: Interferogram of plasma from a plasma focus devise taken with a Mach-Zehnder interferometer. 

 

Another useful expression of the equation 6 is as a function of ko and ω0: 
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𝛥𝛷 = −

𝑘0
2𝑛𝑐

∫ 𝑛𝑒𝑑𝑧
𝑑(𝑥,𝑦)

0

= −
𝜔0
2𝑐𝑛𝑐

∫ 𝑛𝑒𝑑𝑧
𝑑(𝑥,𝑦)

0

 
(7) 

  
 

 

Abel Inversion 
 

Interferometry measures the average value of some quantity along a path through the plasma 

such as plasma electron density. To deduce local values of this quantity from the available 

chordal measurements one can use the mathematical properties of the Abel Transformation. 

This stands only for cylindrically symmetric plasmas, that is, they are independent of θ and z 

in a cylindrical coordinate system (r,θ,z). Considering any cylindrically symmetric quantity f(r) 

like electron plasma density ne it relates to the phase shift induced to a probe beam F(y) 

traveling along an optical path: 

 
𝐹(𝑦) = ∫ 𝑓(𝑟)𝑑𝑥

+√𝑎2−𝑦2

−√𝑎2−𝑦2
 

(8) 

By changing the x integral into an r integral 

 
𝐹(𝑦) = 2∫ 𝑓(𝑟)

𝑟

√𝑟2 − 𝑦2
𝑑𝑥

𝑎

𝑦

 
(9) 

The inverse transform relates the quantity f(r) to an integral of F, as follows:  

 
𝑓(𝑟) = −

1

𝜋
∫
𝐹(𝑦)

𝑑𝑦

𝑑𝑦

√𝑦2 − 𝑟2

𝑎

𝑟

 
(10) 

With this formula one can obtain the radial profile of f(r) from measurements of chord 

integrals F(y). This proses is called Abel Inversion. 

 
Figure 8: Chordal measurements in a cylinder. 

5. Experimental procedure  
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Procedures for the first shot 

Setting up vacuum in the chamber (see figure below) 

➢ Open (turn anticlockwise) the A- and C- valves.  

➢ Turn the vacuum gauge on and wait for the pressure to reach a value of 1000 mbar 

(the reading looks like “–or”). 

➢ Close (turn clockwise) the A- and C- valves. 

➢ Turn on the roughing pump. 

➢ Open (turn anticlockwise) the  D- valve and then C- valve. 

➢ Wait for the pressure to reach less than 1 x 10-1mbar. 

 

Common procedures for each shot 

1. Setting up vacuum in the chamber(see figure below) 

 

Roughing 

pump 

Vacuum 

gauge 
D 

C A 

B 
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➢ Turn on the roughing pump. 

➢ Open (turn anticlockwise) D- valve and then C- valve. 

➢ Wait for the pressure to reach less than 1 x 10-1mbar. 

 

 

2. Filling the fuel chamber 

➢ Close C- and D- (turn clockwise) valves. 

➢ Turn off the roughing pump. 

➢ Open (turn slowly anticlockwise) the flow control B-valve to give start for inflow of the 

gas (in our case the ambient air will be used). 

➢ Wait for the pressure to reach the optimum value and then close (turn quickly 

clockwise) the flow control B-valve.   

3. Capturing the reference image 

The active menu that appears on the remote control pad should be "Pk 1". 

➢ Press the button “OP” (on the remote control pad) to start laser operation. 

➢ Press and release the button “SEL” (on the remote control pad) 2-3 times to give start 

and test for pulses packet (single pulse in our case). 

➢ In order to give start for image capture (“Extended shutter” =10,000,000 μs), press the 

“single” button “⊳ |” (on the virtual control panel of the camera) by using the left click 

on mouse.  

➢ Press and release the button “SEL” to give start for single pulse and then wait for the 

capture time interval to expire. 

➢ Press the button “OP” (on the remote control pad) to stop laser operation. 
➢ Save the image as ref_PF_AirXX_VoltYY_shotZZ.BMP, where XX is the absolute 

pressure of the air inside the fuel chamber, YY is the working voltage and   ZZ is the 

#number of the experimental shot. 

a. Firing the pseudo-spark switch  

✓ Make sure the fuel chamber is under nominal (1-20 mbars) pressure. 
✓ Make sure the “Power On” switch of the “high voltage power supply 

(H.V.S.) is turned to “0” position. 
✓ Make sure the Key-switch of the “high voltage power supply (H.V.S) 

“control unit is turned to “Off” position.  
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✓ Make sure the 2-way switch is turned to “emulation” position (SYNC 
IN cable must be connected together with the “emulation” one). 

✓ Make sure the predefined output voltage of the H.V.S. is of 12.5 kV by 
pressing the “preset” button of the H.V.S control unit. 

✓ Make sure the “Power On” switch of the “Pseudo-spark switch 
triggering unit” is turned to “Off” position. 

✓ Make sure the active menu of the “laser remote control pad” looks like 
"Pk 1"(single shot of one pulse packet). 

 

➢ Set the oscilloscope to trigger once (single- shot acquisition) by pressing the “single” 

trigger button.  

➢ Turn on the H.V.S. by turning the “Power on” switch (yellow) to the “1” position.  
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➢ Press the button “OP” (on the remote control pad) to start laser operation. 

➢ Press and release the button “SEL” (on the remote control pad) 2-3 times to give start 

and test for pulses packet (single pulse in our case). 

➢ Relay the 2-way switch by changing the connection of the “SYNC IN” cable with 

“emulation” terminal to with the “experiment” terminal. 

➢ Turn on the “pseudo-spark switch” triggering unit by turning the “Power on” button 

(rear panel) to the”On” position.  

2-way switch 

“Emulation” 

“SYNC IN” 

“Experiment” 

Key-switch 

High voltage power 

supply control unit 

Preset button 

Voltage 

volume 

Voltmeter (kV) 

Ampere-meter (mA) 

Pseudo-spark 

switch trigger unit  

“On/Off”(rear panel) 

High voltage 

power supply 

“Power On” 

switch 

(yellow) 
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➢ In order to give start for image capture (“Extended shutter” =10,000,000 μs), press the 

single button “⊳|” (on the virtual control panel of the CCD camera) by using the left 

click of the mouse.  

➢ Give start for charging phase by turning the key-switch of the “H.V.S control unit” to 

the “On” position and wait (charging time interval of about of 2 seconds) for the  

voltage to reach the nominal value (read on voltmeter) and then terminate the charge 

by  turning the  key-switch back to the “Off” position. 

➢ Press and release the button “SEL” (on the remote control pad) to give start for a single 

pulse. The discharge creates a lightning and a short and absence noise. 

➢ Press the button “OP” (on the remote control pad) to stop laser operation and then 

wait for the imaging capture time interval to expire. 

➢ Save the image to a file by setting a file name as shot_PF_AirXX_VoltYY_shotZZ.BMP, 

where XX is the absolute pressure of the air inside the fuel chamber, YY is the working 

voltage and   ZZ is the #number of the experimental shot. 

➢ Turn off the “pseudo-spark switch” triggering unit by turning the “Power on” button 

(rear panel) back to  the ”Off” position. . 

➢ Turn off the H.V.S. by turning the “Power on” switch (yellow) back to the “0” position. 

➢ Relay the 2-way switch by changing the connection of the “SYNC IN” cable with 

“experiment” terminal to with the “emulation” terminal.   

➢ Save all the displayed waveforms into corresponding files for binary and ASCII data 

format by using a suffix file name as “_PF_AirXX_VoltYY_shotZZ”, where XX is the 

absolute pressure of the air inside the fuel chamber, YY is the working voltage and   ZZ 

is the #number of the experimental shot. 

➢ Print the screen image to a file by using a file name as “PF_AirXX_VoltYY_shotZZ”. 

 

 

1. Recognize the miniature PF 

Recognize some main parts of the PF devise and fill in the corresponding callout frames 

their names. 
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2. Recognize the experimental equipment 

Recognize the experimental equipment and diagnostics and check their inter-

connections by using the wiring diagram that is shown below: 
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PIN diode (Optical 

probing captured time) 

 

I-dot 

Faraday cage (shield)  

-2
0

 d
B

 

Terminating 

resistance (50Ω)  

Delay unit (1..999 ns) 

 

LASER  
➢ Control unit 
➢ Power supply unit 
➢ Cooling unit 

 
SYNC OUT 

SYNC IN 

Delay unit 

(experimental time 

interval emulator) 

Laser external 

triggering unit 

Buffer circuit 

 

Trigger unit  

TTL source  

Logic switch for all 

sources 

Disable  

Enable  

To 

pseudo 

spark 

switch  2-way switch 

(manually) 

Used as a pair of 

coupled switches 
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3. Optical probing set-up 

For experimental purposes, we have implemented a Mach-Zehnder interferometer that 

consit(see figures below) of a beam expander & collimator (L1 and L2 lenses) , a imaging 

system (CCD and L3) and a set with various aditional optical elements. 

 

 

C
C

D
 

L3=+200 mm 

BS 

(50/50) 

M 

M1 

BS(50/50) 

Mach- Zehnder interferometer  

Fuel 

chamber 

M: Mirror (100% reflectivity) 

BS: Beam Splitter 

I 
ND 

I: Interference filter 

(λo=532 nm, δλ=10 

nm) 

ND: Neutral 

filter 

L1 L2 

M 

M 

Laser (probe beam): 

 λο=532 nm,Δt=150 ps 

M 

S2 

S1a 

S1b 



 

P a g e  | 196 

  

➢ Calculate the magnification (G) of the imaging system(see figure 6), taking into 

account i) a vertical field of view(FOV) with a length of 15 mm (10 mm  will be used 
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for the height of  the plasma column ) and ii) the corresponding specifications of CCD 

(Resolution 1292 (H) × 964 (V), Pixel size 3.75 µm × 3.75 µm).  

𝐺 =
𝑆2

𝑆1𝑎 + 𝑆1𝑏
=
vertical size of  the image

FOV
 

➢ Then calculate (by using the thin-lens equation) and adjust the imaging system 

assembly (use the reference beam alone) for a +200 mm focal lens (be careful so that 

the focus of the laser beam is always in front of the corresponding camera).  

➢ In order to achieve an interferogram with horizontal fringes, adjust the knobs of the 

Mirror (M1). 

➢ In order to determine the spatial resolution of the imaging system (μm/pixel) use the 

magnification factor (G) you calculated. 

4. Perform shots for 10 diferent delay times  

The setting value of the delay time unit (0...999 ns) should be of 0 ns. 

(See Procedures for the first shot) 

1) Set up vacuum in the fuel chamber. 

(See Procedures for the each shot) 

2) Fill the fuel chamber with air at pressure of 3 mbar. 

3) Fire the pseudo-spark switch. 

4) Increment the setting value of the delay time unit (0...999 ns) by a value of 10 ns. 

5) Set up vacuum in the fuel chamber. 

6) Repeat steps 2-5.  

6. Experimental results analysis 
1) Complete the following table 

#shot Rise time of 
current (10-
90%) in ns 

Image 
captured 
time after  
the current 
start in ns 

Plasma 
phase (or 
sub-phase) 

1    

…. …. …. …. 

  
2) Analyze the interferograms to extract quantitively information for the: a) overall areal 

electron density, b) cubic electron density along a straight line (1D) that transverse a 
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the axis of symmetry at height you choice (Abel inversion), c) plasma sheath rundown 

velocity during the axial phase, and d) plasma compression velocity during the radial 

phase. 
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1. Laboratory project aim 

 The laboratory project aims to make the student familiar with basic experimental and 

diagnostic techniques used in magnetic compression plasma physics research. The student 

will learn techniques capable to generate high temperature Z-pinch plasmas and 

simultaneously understand the physics underlying the common plasma diagnostics methods. 

Experimental techniques for generation of Z-pinch plasmas will be exemplified by studying the 

systems at the “X-pinch” magnetically compressed cylindrical pinch device at CPPL. In 

addition, the student will gain practical experience of using some diagnostics that are available 

at CPPL and analyzing real measurement data. The physics concepts that underlie the plasma 

diagnostic methods will be introduced during the experimental procedure, using a systematic 

approach from first principles. Moreover, a number of plasma diagnostic applications will be 

introduced in more detail. 

In the end of the experimental procedure, the student should be able to  

• explain the principles and experimental techniques for generation of high temperature Z-

pinch type plasmas,  

• explain the underlying physics principles and technical features of commonly used basic 

plasma diagnostic applications,  

• demonstrate the practical usage of selected plasma diagnostics that are available at CPPL,  

• write simple computer codes for acquiring, analyzing and plotting data from some selected 

plasma diagnostics using a commercial software package that is commonly used in plasma 

research,  

• perform common data analysis tasks, such as curve fitting, numerical computation and signal 

filtering using available software routines,  

• present analyzed data in graphic form in short reports, that includes written material that 

describes the diagnostic setup and the data analysis methods used.  

 

2. Theoretical background  

Over recent decades, various pulsed power generators were developed in order to produce 

magnetized plasma with magnetic fields in the 100-1000 T range. Such generators able to 

deliver 1-100 TW of power to a load are established in pulsed power exploding wire 

experiments, thereby reliably providing an open scientific field for studying High Energy 

Density Physics (HEDP) [1], with applications such as in inertial confinement fusion [2], 

laboratory astrophysics [3] and point projection radiography [4].  
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The X-pinch is a plasma device in which plasmas are produced by using two or more fine 

wires that are crossed and touch in the middle, in the form of an X. This then forms the load 

in the anode-cathode gap of a pulsed power generator. Ohmic heating causes the wires to 

explode into a hot, dense plasma. However since a plasma is very efficient at carrying a 

current, the current continues to flow and the induced magnetic field around the wires acts to 

confine the plasma. 

 

 

 

 

 

 

 

In a two wire X-pinch the current is divided between the two legs, with the full current (I) 

only being concentrated at the central crossing point (Figure 2.1). At that point the magnetic 

pressure that confines the plasma has a maximum value. Typically, a small instability will lead 

to plasma implosion under the magnetic pressure at the central crossing point, resulting in an 

intense burst of X-rays that lasts for only a few nanoseconds. The characteristics of the 

electromagnetic radiation emitted from an X-pinch machine depend on the material and 

diameter of the wires as well as the electrical characteristics of the generator. Typically, the 

wires are metallic (10 – 50 μm diameter) and the current characteristics vary from 40 kA to 1 

MA with the rise time of 40 ns to a few microseconds. Unlike the Z-pinch (created using a 

single wire), the X-pinch can produce a predictable single point source almost every time (the 

instability leading to the pinch will sometimes not occur). The major application of the X-pinch 

is as a bright-point source of X-ray radiation for a point–projection radiography of plasmas [4-

5], biological samples [5-6], and other objects [7]. However, the small size and predictable 

location of the radiation source(s) within the X-pinch make it attractive for applications such 

as x-ray backlighting [8] and microlithography [9]. It may also be possible to use the X-pinch 

for EUV lithography due to the point source of radiation.  

 

 

 

Figure 2.9 Current flow in a 2 wire X-pinch 
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Each leg of the X-pinch experiences a local, self-induced magnetic field (Blocal), while the 

configuration as a whole is surrounded by a global magnetic field (Bglobal). In areas with a 

dynamically significant Bglobal, the coronal plasma is accelerated from the wires by the J x 

Bglobal force (where J is the current density) towards the vertical axis of the X at a rate well 

approximated by an analytical rocket model [10]. The plasma streaming from these wires takes 

on a quasi-periodic wavelength shape, visible in Figure 2.2. X-ray backlighting data 

demonstrate that the wire cores remain in their initial positions for the majority of the 

experiment [11]. The ablation of the wire cores slows once adequate coronal plasma exists 

for the bulk of the current to shift to the less resistive plasma, but the wire cores ablate until 

they no longer exist, feeding the coronal plasma throughout the current pulse. Upon arrival at 

the axis the radial momentum of the streams thermalizes and the axial momentum is 

conserved, contributing to the formation of plasma jets which propagate bi-directionally 

towards the electrodes, which are also labeled in Figure 2.2. Almost immediately after the 

generation of the X-ray pulse, the neck breaks and a gap forms in which the plasma density 

is several orders of magnitude lower than that in the neck. This process leads to the formation 

of a mini-diode and the generation of electron and ion beams [12].   
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Figure 10.2 Shadowgraphy image of a 5 μm tungsten two-wire X-pinch with identifiable 
structures labeled. The image were taken 35 ns after the start of the current 
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3. X-pinch system (apparatus & diagnostics) 

3.1 Pulsed power generator 

The design and construction of the X-pinch device has been implemented during a funded 

EU Marie Curie Transfer of Knowledge excellence grant “DAIX” (Development of an Innovative 

X-ray source) on pulsed power X-pinch plasma devices. 

The device is a Capacitive Energy Storage Generator (CESG) type that consists (see 

Figure 3.1) of a high voltage pulsed power supply (the popular Marx generator), a high voltage 

& current coaxial cable, a pulse forming line (PFL), a self-breaking spark gap switch (SBS) 

and a load chamber (vacuum chamber). 

The Marx bank is a capacitor bank consisting of four capacitors (0.22 μF, 50 kV, 25 kA) 

which are charged in parallel and discharged in series. Once the capacitor bank is loaded, a 

trigger pulse is send to the spark gap to break the circuit to release the energy. The current 

flows into the PFL through the coaxial cable which acts as a peak current limiter (<20 kA). The 

PFL consists of two co-axial cylinders separated by deionized water (1-10 μS) which act as a 

dielectric. The load chamber is separated from the PFL by a spark gap chamber which is filled 

with SF6 (sulfur hexafluoride). The pressure of the SF6 is adjusted to the optimum value so 

that the circuit breaks at the desired voltage (160-220 kV). The load chamber is under high 

vacuum (< 6 × 10-4 mbar), thus ensuring that there is no air plasma generated. Voltage (V-

dot) and current (Rogowski groove) monitors are attached at the end of the pulse forming line 

and at the anode (fit around one of the four current return posts) of the load chamber, 

respectively. The load chamber has eight viewing ports allowing multiple diagnostics for single 

shot.  
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Figure 11.1 Schematic representation of the electrical system involved in pulse compression 
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3.2 Voltage and Current Monitoring 

The generator described above is capable of delivering a peak current of about 45 kA pulse, 

with a rise time of about 35 ns (10-90%).  In order to verify that the generator performs 

properly, voltage and current monitors are used. The monitors consist of a capacitively 

coupled probe for monitoring the voltage in the PFL (VPFL) and a Rogowski coil (Rogowski 

groove type) to capture the current signal within the vacuum chamber. 

 

3.3 PFL Voltage Monitor 

The probe (Figure 3.2(b)) is made up of an isolated conducting plate in the outer conductor 

and is capacitive coupled to the inner conductor of the PFL with a self-capacitance of Cprobe 

(Figure 3.2(a)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assuming the voltage probe can be treated as a parallel plate capacitor due to its relative 

small size it holds 

𝐶𝑝𝑟𝑜𝑏𝑒 =
𝐴𝜀𝜊𝜀𝑟
𝑑

 (1) 

 

where A is the area of the conducting plate, εr represents the relative permeability of the 

dielectric of the PFL (de-ionized water) and d represents the distance between the plates.  

 

Figure 3.2 Pulse forming line voltage monitor 
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The equivalent circuit is given in Figure 3.2(c), where Rterm is the terminating resistance. The 

circuit equation can be written as follows: 

 

𝑉𝑃𝐹𝐿 = 𝑉𝐶𝑝𝑟𝑜𝑏𝑒 + 𝑉𝑠𝑐𝑜𝑝𝑒 ⇔ 

𝑉𝑃𝐹𝐿 =
1

𝐶𝑝𝑟𝑜𝑏𝑒
∫ 𝑖 𝑑𝑡′
𝑡

0

+ 𝑉𝑠𝑐𝑜𝑝𝑒  ⇔ 

𝑉𝑃𝐹𝐿 =
1

𝐶𝑝𝑟𝑜𝑏𝑒 𝑅𝑡𝑒𝑟𝑚
∫ 𝑉𝑠𝑐𝑜𝑝𝑒  𝑑𝑡

′
𝑡

0

+ 𝑉𝑠𝑐𝑜𝑝𝑒       𝑜𝑟 

𝑑𝑉𝑃𝐹𝐿
𝑑𝑡

=
𝑉𝑠𝑐𝑜𝑝𝑒

𝐶𝑝𝑟𝑜𝑏𝑒 𝑅𝑡𝑒𝑟𝑚
+
𝑑𝑉𝑠𝑐𝑜𝑝𝑒

𝑑𝑡
 

 

(2) 

 

If 𝑉𝑠𝑐𝑜𝑝𝑒 ≫ 𝐶𝑝𝑟𝑜𝑏𝑒 𝑅𝑡𝑒𝑟𝑚
𝑑𝑉𝑠𝑐𝑜𝑝𝑒

𝑑𝑡
, then from (eq. 2) one can obtain  

 

𝑉𝑠𝑐𝑜𝑝𝑒 = 𝐶𝑝𝑟𝑜𝑏𝑒 𝑅𝑡𝑒𝑟𝑚
𝑑𝑉𝑃𝐹𝐿
𝑑𝑡

 (3) 

 
Under this condition, the monitor can be used to measure the time derivative of the voltage 

(V-dot mode). 

 

3.4 Load Current Monitor (Rogowski groove) 

The current monitoring was performed using a Rogowski groove placed around one of four 

return current posts close to the load (Figure 3.3(a)) and is made up of an annular conductive 

ring placed around a current conductor (Figure 3.3(b)). 
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Figure 3.3(d) shows the circuit diagram of the probe with its current represented by Ir, 

inductance represented by Lr, the groove resistance represented by Rr and the terminating 

resistance represented by Rterm. The current Ir, driven by the induced voltage (Vind) generates 

a voltage Vgroove measured across the terminating resistance Rterm where Vgroove=Ir x Rterm.  

In our case the probe acts as a toroidal coil (Rogowski coil) which consists of one winding 

turn (N=1) and has a core with rectangular cross-section (fig. 3.3(c)). The central post carries 

a current I which gives rise to a magnetic field B 

 

𝑩 =
𝜇0𝐼

2𝜋𝑟
𝜃 (4) 

 

Let Φ denote the magnetic flux through a cross-section (S) of the probe, due the current I. 

Now, by varying I with time, there will be an induced emf (Vind) associated with the changing 

magnetic flux in the probe 
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Figure 3.3 Load Current Monitor (Rogowski groove) 
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𝑉𝑖𝑛𝑑 = −N
𝑑𝛷

𝑑𝑡
= −

𝑑

𝑑𝑡
∬𝑩.𝒅𝒔

𝑆

= −
𝜇0 𝑧

2𝜋

𝑑𝐼

𝑑𝑡
∫
1

𝑟

𝑏

𝑎

 𝑑𝑟 = −
𝜇0 𝑧 ln (

𝑎
𝑏
)

2𝜋

𝑑𝐼

𝑑𝑡
= −𝑀

𝑑𝐼

𝑑𝑡
 (5) 

Where, 𝑀 =
𝜇0 𝑧 ln(

𝑎

𝑏
)

2𝜋
 is the mutual inductance of the Rogowski groove.  

As the flux changes through the coil, an induced emf (Vemf) opposes this change. The self-

induced Vemf in groove, due to changes in Ir, takes the form 

𝑉𝑒𝑚𝑓 = −Lr
𝑑𝐼𝑟
𝑑𝑡

 (6) 

According to Ampere’s law, the magnetic field Br is given by (N=1) 

∮ 𝑩𝒓. 𝒅𝒍

C

= Br 𝜃 ∮ 𝑑𝑙

C

= Br(2𝜋𝑟) = 𝑁𝜇0 𝐼𝑟 ⇔ 𝑩𝒓 =
𝜇0 𝐼𝑟
2𝜋𝑟

 𝜃 (7) 

where Ir and dl are the current located in the bounded surface by ‘C’ and the line element of 

path (C) respectively.  

The total self-magnetic flux Φr through the probe may be obtained by (N=1): 

𝛷𝑟 = N∬𝑩𝒓. 𝒅𝒔

𝑆

=
𝜇0 𝑧 ln (

𝑎
𝑏
)

2𝜋
𝐼𝑟 = 𝐿𝑟 𝐼𝑟 (8) 

Therefore, the self-inductance is: 

𝐿𝑟 =
𝛷𝑟
𝐼𝑟
=
𝜇0 𝑧 ln (

𝑎
𝑏
)

2𝜋
= 𝑀 ‼! (9) 

The circuit equation of the current measuring systems of Figure 3.3 (d) is: 

𝑉𝑖𝑛𝑑 = −𝑉𝑒𝑚𝑓 + 𝐼𝑟𝑅𝑟 + 𝑉𝑔𝑟𝑜𝑜𝑣𝑒      ⟺ 

𝑉𝑖𝑛𝑑 = 𝐿𝑟
𝑑𝐼𝑟
𝑑𝑡
+ 𝐼𝑟(𝑅𝑟 + 𝑅𝑡𝑒𝑟𝑚)

𝑅𝑡𝑒𝑟𝑚≫𝑅𝑟
⇒        

𝑉𝑖𝑛𝑑 = 𝐿𝑟
𝑑𝐼𝑟
𝑑𝑡
+ 𝐼𝑟𝑅𝑡𝑒𝑟𝑚 

(10) 

In our case, the registered voltage is solely dependent on dI/dt (the current probe operates in 

I-dot mode). The condition for this mode is 
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𝐿𝑟
𝑅𝑡𝑒𝑟𝑚

  
𝑑𝐼𝑟
𝑑𝑡
≪ 𝐼𝑟 (11) 

Equation (10) taking into account condition (11) becomes  

𝑉𝑖𝑛𝑑 = 𝐼𝑟𝑅𝑡𝑒𝑟𝑚
(5)
⇔−𝑀

𝑑𝐼

𝑑𝑡
= 𝐼𝑟𝑅𝑡𝑒𝑟𝑚 (12) 

Therefore, the registered voltage is: 

𝑉𝑔𝑟𝑜𝑜𝑣𝑒 = −𝑀
𝑑𝐼

𝑑𝑡
 (13) 

3.5 Optical Probing 

In order to gain information concerning the refractive index (η) and hence the electron 

density of a plasma (ne), an Nd-YAG (Neodymium-doped Yttrium Aluminum Garnet) laser was 

used to backlight the experiment. Light can only pass through a plasma if the frequency of the 

plasma ωp is lower than that of the probe beam ωlight. The maximum density, which can be 

probed, known as the critical density nc, in a compact form is: 

𝑛𝑐 = 10
21𝜆 𝑐𝑚−3 (14) 

where λ is in microns. 

The refractive index of the plasma is given by: 

𝜂 = √1 −
𝑛𝑒
𝑛𝑐
≅ 1 −

𝑛𝑒
2 𝑛𝑐

 (15) 

The Nd-YAG laser emits light in the near infrared (λ=1064 nm) which then traverses a KDP 

harmonic generating crystal. The frequency of the light is double resulting in a λ of 532 nm 

(green). Substituting this wavelength into equation (14) yields a critical density nc=4 x 1021 

electrons per cubic centimeter. 
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3.6 Shadowgraphy  

 

Figure 3.4 Images showing the propagation of light rays through a shadowgraphy system. 
Light is focused by a lens and after crossing through the focal point propagates to the image 
plane 

In shadowgraphy (Figure 3.4), the light that propagates through regions with large density 

gradients is diverted significantly, leaving that portion of the image dark. The refracted 

radiation brightens undisturbed areas of the image, or in the case of very high density 

gradients, the light will be lost from the system. The intensity variations arise from the second 

derivative of the refractive index. The intensity incident (I) on the CCD (image plane) compared 

to the intensity of an undisturbed beam (Io) will be [13]: 

(
𝜕2

𝜕𝑥2
+
𝜕2

𝜕𝑦2
)∫ 𝜂(𝑥,𝑦,𝑧)

𝐷

0

𝑑𝑧 = −
1

𝐿

𝐼(𝑥,𝑦) − 𝐼𝑜
𝐼𝑜

 (16) 

where x and y are the coordinates orthogonal to the propagation direction of the beam, and L 

is the distance between the object (test section) and the shadowgram plane (a conjugate plane 

of the image plane).  
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3.7 Time-resolved soft x-ray detector 

The low cost BPX65-PIN (silicon intrinsic (I) semiconductor between a p-type (P) and an n-

type (N) semiconductor regions) (figure 3.5(c)) diodes with a fast response (nanosecond 

timescale) are chosen for X-ray measurements using our X-pinch source. The BPX65 PIN 

diodes of the smaller sensitive area (1 mm × 1 mm) are mounted on the SMA female 

connectors with a variety of filters (Figure 3.5(b)). A set of five filtered BPX65-PIN diodes (fig. 

3.5(a)) is designed to measure the x-ray fluence in the range of 1 keV to 10 keV. An illustration 

of the bias circuit diagram can be seen in Figure 3.5(d).  

 

 

 

A reverse bias is imposed on the diode which causes the intrinsic layer to act as an 

insulator, stopping current while setting up an electric field across the I layer. As photons are 

absorbed by the silicon they liberate charge carriers which are accelerated by the electric field, 

producing a current which is recorded. The transient signal is coupled out through a capacitor 

along 50 Ω semi-rigid cable to an oscilloscope where the voltage across a 50 Ω termination is 

measured. A curve of the diode sensitivity can be seen in Figure 3.5(e), the diodes are 

sensitive for 0.5-15 keV. The use of filter sets in conjunction with PIN diodes can provide 

spectral resolution to these diagnostics, supplying information concerning the emission 

characteristics of the central plasma. The detector spectral sensitivity (S(E)f) in the presence of 

a filter has been calculated by the following equation 
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Figure 3.5 Time-resolved soft x-ray detector 
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where S(E) is the sensitivity of the BPX65 diode for the radiation at energy E and T(E), μ(E) and 

τ are the transmission coefficient, absorption coefficient and thickness of the filter, respectively 

. 

The transmission curve, as well as the detector response convolved with various filters are 

shown in Figures 3.6(left) and 3.6(right), respectively. 

 

 

3.8 X-ray Imaging 

Pinhole cameras provide spatially resolved, time integrated information regarding radiation 

from the X-pinch [11, 14]. They show (Figure 3.7) intense radiation from the small micro-pinch 

source in addition to the large source from energetic electron (electron beams accelerated 

across “mini-diodes” near the X-pinch crossing point) radiation. The pinhole images directly 

show a small central spot from the micro-pinch. They also show the main features of the X-

pinch limbs on the anode side. No features are observed on the cathode side. This means 

that electron beam interactions with the plasma or the cooler wire material play a very 

important role in the X-ray emission.  

 

 

 

 

 

 

 

 

𝑆(𝐸)𝑓 = 𝑆(𝐸)𝑒
−𝜇(𝛦)𝜏 = 𝑆(𝐸)𝑇(𝐸) (17) 

Figure 3.6 Transmission curves of various filters and the plot of BPX65-PIN diode response 
convolved with that filters 
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The complicated structure and small dimensions of the emitting regions, which are of the most 

interest, require the use of high-resolution pinhole cameras having a low luminosity. Due to 

their small dimensions, the recorded images are difficult to analyse even at a relatively large 

magnification.  

 

3.8.1 Slit step-wedge (SSW) camera 

Another well-known device is a slit most often applied in spectrographs to obtain one-

dimensional spatial resolution in the direction perpendicular to the dispersion direction. 

Devices using a slit turned out to be rather convenient in studies of Z-pinches due to the axial 

symmetry of the latter. One such device, namely, a slit camera with step-wedge filters (slit 

step-wedge (SSW) camera (Figure 3.8)), was designed especially for pinch experiments [11, 

15-17]. The use of such a camera made it possible to overcome many difficulties in studying 

the spatial structure of the pinch. 

 

 

 

 

 

 

 

 

 

 

Anode 

Figure 3.7 A typical time-integrated Pinhole Camera Image of a tungsten two-wire X-pinch 
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The SSW camera provides spatial resolution in one dimension, by the use of a slit, taking 

advantage of the fact that the central part of the X pinch has very little radial extent. The slit is 

oriented perpendicular to the z-axis to give us spatial resolution along the z-direction. The 

various filter thickness in the SSW give us an idea regarding the photon energies radiated 

from different locations along the z-axis. Likewise with a pinhole camera, the SSW camera is 

able to show a narrow intense spot from the micro-pinch in the centre with more diffuse 

radiation from energetic electrons.  In our case, the image is recorded on one film through a 

six-step attenuator made of aluminium foil with thicknesses of 15 μm. The number of layers 

was chosen to be multiple to 2n. Due to the sufficiently large step width (on the order of 3 mm), 

the image dimensions were large enough to perform averaging of the optical density, thereby 

appreciably improving the signal-to-noise ratio and identify even weak images. 

 

3.8.2 Point projection radiography  

Point projection radiography is a technique that is able to capture calibrated areal density 

maps of a plasma sample [18, 19] (in our case an aluminum wire is used). This begins with a 

point source of photons such as an X-pinch. These photons are released isotropically and 

impinge upon a plasma sample. A fraction of the photons that interact with the plasma are 

absorbed. The resulting non-uniform distribution behind the plasma is collected on a detector. 

This is illustrated in Figure 3.9. 

 

 

 

d1 

d2 

Figure 3.8 Scheme of a slit step-wedge (SSW) camera and scheme of image recording 
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A calibration is obtained by simultaneously imaging a step-wedge (Figure 3.9) made from 

the same material as the plasma under study. The step wedge is often placed near the 

detector and far away from the object plasma. When preparing to collect such an image, it is 

important to ensure that the image of the plasma does not overlap the step-wedge. This will 

cause errors during the calibration since some steps may receive a higher flux than others. 

The resolution of a point projection system with a geometry like that shown in Figure 3.9 is 

primarily determined by the size of the photon source. A finite source size causes the true 

image of the sample plasma to be blurred. This limits the image resolution to the order of the 

source size. The hotspot of an X-pinch provides a micron (μm) scale source size [20].  
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Figure 3.9 Scheme of a Point projection radiography and scheme of image recording 



 

P a g e  | 216 

 

4. Experimental procedure  

4.1 Recognize the X-pinch system 

Recognize some main parts of the X-pinch system and fill in the corresponding callout frames 

their names. 

 

 

4.2 Recognize the experimental equipment 

Recognize the experimental equipment and diagnostics and check their inter-connections by 

using the wiring diagram that is shown below: 
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4.3 Create and install an X-pinch load 

➢ Carefully unwind about 10 cm of the tungsten wire. 

➢ Place a fishing weight at each end. 

➢ Introduce the two ends in the anode. Use these holes to get a crossing angle of about 

55°: 

 

➢ Install the anode on the anode plate, the weights should go in the corresponding holes 

of the cathode. 

➢ Twist the X-pinch of 180°-190°. Use the port on the top of the chamber to check if the 

two wires are in contact. 
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4.4 Optical probing set-up 

For experimental purposes, we have implemented a 3-frame Mach-Zender interferometer 

(or shadowgraphy setup) that consists (see figures below) of a beam expander & a collimator 

(L1 and L2), a set of two optical delay lines (delay time 7.8 ns & 6.5 ns, respectively), a three-

frame imaging system (CCD1..3 and L3) and a set of various additional optical elements. 

 

 

Laser( probe beam): 

 λο=532 nm,Δt=150 ps 

CCD1 

C
C

D
2

 

CCD3 

L1 L2 
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B
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0
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Optical delay lines 
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2 

Vacuum 
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shadowgraphy setup     

x-pinch 

M: Mirror (100% reflectivity) 

BS: Beam Splitter 

I ND 

I: Interference filter 
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nm) 

ND: Neutral 

filter 
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➢ Calculate the magnification (G) of the imaging system (see Figure 3.4), taking into 

account i) a vertical field of view (FOV) with a length of 15 mm (height of the X-pinch 

load) and ii) the corresponding specifications of CCD (Resolution 1292 (H) × 964 (V), 

Pixel size 3.75 µm × 3.75 µm) 

𝐺 =
𝑆2

𝐿 + 𝑆1
=
vertical size of  the image

FOV
 

➢ Then calculate (by using the thin-lens equation) and adjust the imaging system 

assembly for a +200 mm focal lens (be careful so that the focus of each laser beam is 

always in front of the corresponding camera).  

➢ In order to achieve a distance (L) of 10mm (see Figure 3.4) move each CCD camera 

towards [Why?] imaging lens (L3) at a displacement of about S2_old -G*S1. 

➢ In order to determine the spatial resolution of the imaging system (μm/pixel) use the 

magnification factor (G) you calculated. 

 

4.5 Capture the reference image(s) 

The active menu that appears on the remote control pad should be "Pk 1". 

➢ Press the button “OP” (on the remote control pad) to start laser operation. 

➢ Press and release the button “SEL” (on the remote control pad) 2-3 times to give start 

and test for pulses packet (single pulse in our case). 

➢ In order to give start for image capture (“Extended shutter” =10,000,000 μs), press the 

“single” button “⊳ |” (on the virtual control panel of each camera) by using the left click 

on mouse. Quickly repeat this procedure for each active CCD camera.  

➢ Press and release the button “SEL” to give start for single pulse and then wait for the 

capture time interval to expire. 

➢ Press the button “OP” (on the remote control pad) to stop laser operation. 

➢ Save the image(s) as ref_w5um_delayXX_shotYY_55.BMP, where XX is the total 

optical delay time (0ns, or 7.8ns, or 14.3 ns), YY is the #number of the experimental 

shot and 55 is the crossing angle. 

 

4.6 Fill the spark gaps of the Marx Bank 

Attention please: Don’t turn the valve of the pressure regulator  

➢ Open (turn anticlockwise) the A-valve. B- and C-valves should be already closed 

(handle of the ball valve must be perpendicular to the hose axis (flow) when closed). 
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➢ In order to replace the gas in the spark gaps, open the B- and C-valves (the handle 

must lie flat in alignment with the flow) and wait for a few seconds. Then close the C-

valve. 

➢ Close (turn clockwise) the A-valve. Adjust the gas pressure to a value about 1.3 Bars 

(read on the low-side pressure gauge) by using the C-valve. 

➢ Close the B-valve and then disconnect the quick coupler connector.  

 

4.7 Fill the self-breaking switch  

➢ Use the quick coupler to connect the outlet hose of the SF6 cylinder together with the 

inlet hose of the self-breaking switch.  

➢ Repeat all the steps (except the last one) you did for the sub- procedure -5. 

 

 

 

 

4.8 Set up vacuum in the chamber 

➢ Turn the vacuum gauge on and wait for the warm-up time to be expiring (wait for the 

pressure to reach a value of 1000 mbar). 

➢ Close the chamber with the joint and the cover. All ports of the chamber must be 

closed. 

➢ Close (turn clockwise) the A-valve. B- and C-valves should be already closed. 

➢ Turn on the roughing pump. 

Low-side 

pressure 

gauge Marx bank 

High-side 

pressure 

gauge 
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cylinder  

A 

Spark 

gap 

Spar

k gap 
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Low side 

pressure 

regulator 

 

B  

Quick coupler 

connector  
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➢ Open B- (pull up the black colored piston) and C- (turn anticlockwise) valves. 

➢ Wait for the pressure to reach less than 5 x 10-2mbar. 

➢ Turn the turbo-molecular pump box on by using the rear switch. Wait for the four lamps 

to turn off. 

➢ Press the “Start/stop” button. The lamp turns on. 

➢ Wait for the pressure to reach less than 5 x 10-4mbar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 
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Roughing pump 

Turbo pump 
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4.9 Fire the Marx Bank 

 

The active menu that appears on the remote control pad should be "Pk 1". 

➢ Set the oscilloscope to trigger once (single- shot acquisition) by pressing the “single” 

trigger button.  

➢ Press the button “SEL” together with “△” (on the remote control pad) to select “Home” 

menu (display looks like “XX → YYYm”, here: XX -amplification level and YYY-reading 

of energy meter in mJ) and then switch the amplification system of the laser off by 

simultaneous pressing buttons “△” and ”  “(XX-amplification level indicator starts to 

blink). 

➢ Press the button “OP” (on the remote control pad) to start laser operation. 

➢ Turn the left (main) switch of the Marx trigger unit on (main lamp must turn on with a 

red color) and wait for the warm-up time to expire (should be five minutes long), then 

under normal conditions the signal lamp must turn on with a green color.  

 

 

 

 

Main switch 

Marx trigger unit 

2-way switch Marx 

Charging 

Panel (variac) 

Voltmeter 

(Voltage 

monitoring for the 

1 to capacitor, 
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the Marx bank) 

Signal lamp (green) Main lamp 

(red) 

Enable / 

disable 

trigger 

source 

switch 

Enable 

trigger 

source 

indicative 

lamp 

(red) 

“Emulation” 

“SYNC IN” 

“Experiment” 
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➢ Turn slowly and clockwise the turning button of the Marx Charging Panel. The read 

values on the voltmeter LCD at the right increase. Note that values are divided by a 

factor of 1/100. So "100 V" indicates a voltage of 10 kV. 

When a 34 kV (340 V on the LCD) voltage is reached: 

➢ Switch the amplification system of the laser on by simultaneous pressing buttons “△” 

and”  “(XX-amplification level indicator stops to blink), and then press the button 

“SEL” together with “ ” to select “Single-shots” menu. 

➢ Press and release the button “SEL” (on the remote control pad) 2-3 times to give start 

and test for pulses packet (single pulse in our case). 

➢ Relay the 2-way switch by changing the connection of the “SYNC IN” cable with 

“emulation” terminal to with the “experiment” terminal.   

➢ Turn the "enable/disable triggering source" switch of the "Marx trigger" unit into the 

"Enable" position (the corresponding indicator must be turned on with a red color). 

➢ In order to give start for image capture (“Extended shutter” =10,000,000 μs), press the 

single button “⊳|” (on the virtual control panel of each camera) by using the left click 

on mouse. Quickly repeat this procedure for each active CCD camera.   

➢ Quickly turn the turning button of the Marx Charging Panel anticlockwise to zero. 

➢ Press and release the button “SEL” (on the remote control pad) to give start for a single 

pulse. The discharge creates a lightning and a short but intense noise. 

➢ Press the button “OP” (on the remote control pad) to stop laser operation and then wait 

for the imaging capture time interval to expire. 

➢ Save the image(s) as shot_w5um_delayXX_shotYY_55.BMP, where XX is the total 

optical delay time (0 ns, or 7.8 ns, or 14.3 ns) and YY is the #number of the 

experimental shot. 

➢ Turn the "enable/disable triggering source" switch of the "Marx trigger" unit into the 

"Disable" position (the corresponding indicator must be turned off). 

➢ Turn the left (main) switch of the Marx trigger unit off. 

➢ Relay the 2-way switch by changing the connection of the “SYNC IN” cable with 

“experiment” terminal to with the “emulation” terminal.   

➢ Save all the displayed waveforms into corresponding files for binary and ASCII data 

format by using a suffix file name as “_w5um_shotXX_55”, where XX is the #number 

of the experimental shot. 

➢ Print the screen image to a file by using a file name as “w5um_shotXX_55”. 
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5. Experimental results analysis 

5.1 Voltage & current monitoring  

I. In order to describe the electrical behavior of the x-pinch device (i.e. PFL charging 

phase,..) analyze the screen image of the oscilloscope.  

II. Moreover, measure the time interval for each individual phase by using the build-in 

cursors of the oscilloscope. In addition, determinate the rise time (kA/ns) of the current. 

III.  Comment on the shape of the waveforms (i.e. linear, constant rate,…). 

IV. Calculate the peak value of the PFL voltage by using a Cprobe capacitance of 3.5 pF 

and a terminating resistance of 50Ω. 

V. Calculate the peak value of the total (Note: total current is four times the current flowing 

through one post) load current by using a Lr self-inductance of 1.5 nH. 

VI. Check the validity of the assumption that the probes measure the time derivative (d/dt) 

of the signals by setting the d/dt as 4/T, where T should be considered the period of 

the spectral component with the maximum frequency of each specific signal. 

5.2 Optical probing 

I. Use an image processing program (e.g. ImageJ) to measure on the shadowgrams the 

size (height and width) of selected plasma structures, namely the jets, the  legs, the 

plasma electrodes, the  mini-diode (if any), and the central z-pinch column of the x-

pinch load. Then, calculate the effective average rate of the plasma expansion (and/or 

compression) for these above structures.  

II. Analyze the waveform of the PIN diode that measures the optical probing captured 

time moment in order to determine the timing(after the start of the current) of the 

shadowgrams were taken.  

III. Calculate the areal electron density along a straight line (1D) that transverse a plasma 

streamer modulation you choice. 

 

5.3 Time-resolved soft x-ray measurement  

I. Check the waveform of the filtered PIN diode for the proof of a successful pinching, 

and if any, measure the time that appears after the start of the current. 

II. Determine the energy bins of the x-ray flow measurement. 

 

 

 



 

P a g e  | 227 

5.4 X-ray imaging 

I. Study the results obtained using the slit step-wedge camera to identify various emitting 

regions. Compare the hardness of radiation that emitted from these different regions 

and comment on the spatial structure of the X-pinch load. 

II. Analyze the results obtained using the point projection radiography to plot the areal 

density of the step-wedge filter as a function with the optical density of the radiogram 

as well as the its fitting curve and to determine the averaged (select 5 points) areal 

density along the axis of symmetry of the test object (Al-wire with a mass density of 

2.7 gr/cm3) using the fitting curve you calculated. Then calculate the diameter of this 

test object.   
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