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Application of automated interferometric system for 
investigation of the behaviour of a laser-produced 
plasma in strong external magnetic fields

ANDRZEJ KASPERCZUK, TADEUSZ PfSARCZYK

institute of Piasma Physics and Laser Microfusion, ut. Hery 23, 00-908 Warszawa 49, Poiand.

In this paper, achievements of the authors in the field of technica! and numericai probiems 
of muiti-frame interferometry are presented. A three-channe) interferometric system with an 
automatic image processing for laser-produced plasma is described. The measurements of eiectron 
density distributions in a plasma generated by a iaser and confined by a strong magnetic field (up 
to 15 T) are the main part of this work. Numericai anaiysis of interferograms of the piasma and 
numericai methods of the reconstruction of electron density spatiai profites both in an axiaiiy 
symmetrica) piasma and in a piasma stream of disturbed axiai symmetry are presented in more 
detail.

1. Introduction
The interferometry is a very important diagnostic too! in the investigations of a hot 
and high density ptasma generated by a high power !aser system. This diagnostic 
technique is a source of information about the dynamics and the space and time 
distribution of etectron density in the ptasma under investigation. Such rich 
experimenta! data a!!ow us to draw many conctusions re!ating to the thermodynamic 
processes, a state of the magneto-hydro-dynamica! equitibrium of the ptasma. trapping 
of the ptasma by a magnetic fietd and selection of an optimum configuration of the 
magnetic fietd from the point of view of different apptications of the ptasma, e/c. 
Moreover, the interferometry is a comfortabte instrument for the estimation of the 
taser beam distribution as wett as quatity of its focusing on the target.

In spite of the above unquestionabte advantages the interferometric diagnostic 
method is rarety apptied in ptasma taboratories. The reasons for that are:

-  comptexity and high price of an interferometric diagnostic system,
-  the necessity of possessing of indispensabte software for the anatysis and 

numérica! treatment of interferometric pictures which woutd make it possibte to 
shorten the process of determination of etectron density distribution in the ptasma 
investigated,

-  competence and professionat experience of scientific team required in the 
anatysis of the interferograms as wett as their knowtedge in the fietd of the phenomena 
under investigation.
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The authors of the present paper have a]] the facilities to realize a very interesting 
program of the investigation. The investigations of the influence of a strong external 
magnetic field of 5-20 T in induction on the dynamics and stability of a laser-produced 
plasma have recently been carried out in our laboratory. The plasma was produced 
from a flat teflon target by a Nd laser of energy 5-10 J and pulse duration roughly 
1 ns. The studies were carried out both in axial and perpendicular geometries of the 
magnetic field lines corresponding to the direction of the laser beam. It should be 
pointed out that the majority of work on this subject concerns the interaction of plasma 
with a relatively weak magnetic field (f?Q <1 T ). Up to now, articles concerning the 
interaction of plasma with a magnetic field ranging from 5 to 15 T were very scarce.

In the paper there are presented achievements of the authors, including: an 
automated system for registration and analysis of interferometric pictures, methods 
of numerical reconstruction o f electron density spatial profiles both in symmetrical 
and asymmetrical plasma as well as selected aspects of the investigation of laser- 
produced plasma in a strong external magnetic field.

2. Automated three-channe! interferometric system for measuring 
the eiectron density distribution in a laser-produced piasma

2.1. Acquisition system of interferograms

Among many experimental methods ofthe electron density determination in a plasma 
the most reliable and useful one is the interferometry. In the case of an axially 
symmetrical plasma a laser beam with an aperture larger than the dimensions ofthe 
plasma is used for illumination of the interferometer. This diagnostic method enables 
us to obtain information about space and time electron density distribution of a laser 
-produced plasma. The space distributions of the electron density are determined (with 
the use of the Abel transformation [1]) on the basis of the two-dimensional phase 
distributions of the radiation probing the plasma. The phase distributions are 
determined based on the displacement of the fringes which appear in the 
interferometric image. The correct reproduction of the phase distribution in a plasma 
is a very difficult and time-consuming task which also requires professional 
experience.

Figure I presents a block diagram of a three-channel automated interferometric 
system [2] which enables both space and time resolved measurements to be carried 
out. This system was constructed at the Institute of Plasma Physics and Laser 
Microfusion within the research project No. 8 8084 91/p02 granted by the Scientific 
Research Committee of the Polish Government (KBN).

Each of the interferometric channels is equipped with a miniature interferometer 
[3], [4] (of the folding wave type) which is illuminated by one of the Nd laser 
harmonics. The beam used for illumination was created as a part of the main laser 
beam. An optical scheme and principle of operation ofthe interferometer is presented 
in Fig. 2. Interferometric image in this interferometer is obtained by the separation,
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Fig. ]. Schematic biock of the three-channel automated interferometric system for investigation of a laser 
-produced plasma.

inversion, and folding of the front face of a probing wave. According to the principle 
of operation of this interferometer the diameter of a probing beam should be at least 
twice that of the plasma. Analysing the optical scheme of the interferometer one 
can derive the following formulas for describing the width of interference fringe Aaf, 
and the distance between the object beam and the reference beam, in the registration 
plane c/ [4]:

Arf ( 6 - / ^
2n/y

ny

( ! )

(2)

where: y -  refraction angle of wedge, A. -  wavelength of the probing radiation, 
H -  refractive index, / - f o c a l  length of objective.

Using the above formulas, optimal conditions of the registration were determined. 
The interferometric measurements (which are presented in this paper) were carried 
out with the objective of the focal length /  = 250 mm, the angle of the wedge 
y = 3° and magnification to about five. It enables us to obtain the required width of 
the interferometric fringes equal to about 40 pm in the registration plane of the 
interferogram.

Each of the recording interferometric channels is equipped with a CCD camera of 
the Pulnix TM-565 type, with the matrix of 512x512 pixels. Each camera has an
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Fig. 2. Optical scheme and principle of operation of the interferometer.

assigned card of the anatog-digita! processing "frame grabber" type, with a resoiution 
of 8-bits. Each camera channei operates independent^ and has its own buffer memory 
with a 256-kB capacity. The digitatized images from the cameras are retained in 
memory in their own acquisition channeis. The images (5 !2><5!2 pixets) retained in 
the memories can be disptayed on TV monitors by means of 8-bit digitai-anaiog 
converters.

The contro) system manages the work of each image acquisition channe! and 
transfers the data to a computer. The contro] system enabies synchronization of the 
recording system of three-channet interferometer with the taser generating the ptasma 
(in the vacuum chamber) and with the magnetic fie!d generator. To observe the 
phenomenon of interest in the piasma at the chosen time, the diagnostic beams (for 
each channei) were preciseiy synchronized by means of an optica) deiay tine.

The picture acquisition system is controHed by using a specia) ciient-server 
appiication. It enabtes the process of picture acquisition to be controHed in the piasma 
experiment through the Internet from any software piatform. Due to such a soiution a 
remote contro] of the experiment is possibie.

2.2. Computer processing of the interferograms
The methods which appiy computer processing of the interferograms based on the fast 
Fourier transformation (FFT) aigorithm [5]-[7] are an interesting aiternative for the 
traditionai methods reiying on interpoiation or approximation of the fringe 
distribution. The principiai advantage of the FFT methods ties in the possibiiity of 
automation of aii the process of interferogram treatment [7]. This method is especiaiiy 
usefui when the digitai recording of the image by means of a CCD camera is appiied. 
It enabies us to determine the phase distribution directiy on the basis of the 
digital interferometric image. In this manner one can avoid the arduous procedure 
of initiai data processing connected with determination of the correct distribution 
of interferometric fringes. This procedure is very attractive but ineffective in the case 
of interferograms with the intensity varying considerabiy and the fringe distribution 
strongiy disturbed. Such interferograms are usuaiiy registered in the investigation of 
the iaser-produced piasma which is characterized by strong gradients of the eiectron 
density and temperature.
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Unfortunately, the method based on the FFT is much comphcated as regards the 
mathematical apparatus. The fundamenta) probiem concerns the fiitering of a space 
spectrum for the purpose of separation of the constant component (or reference fringes) 
and shifting "the information parts" of this spectrum to the beginning of coordinate 
system. In the case of iiiegibie interferometric pictures the procedure of automatic 
searching for maxima in the space spectrum cannot be reaiized and then the reference 
point in this spectrum can be marked oniy by the manua] intervention of an operator. 
Apart from the question of the filtering of the spectrum there are aiso probiems 
connected with the canceitationng of the discontinuity appearing in the phase 
distribution. For this reason, the approximation of a phase distribution shouid be 
carried out but it is necessary to take into account that the error of the phase 
determination is then considerably amplified during the transition to the electron 
density distribution.

Fig. 3. Btock diagram of a software for computer image processing.
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The aforementioned inconveniences iimit very strongiy the apptication of the FFT 
method to the processing of compiex interferograms of a piasma. This was confirmed 
in the papers which have been pubiished up to now. In genera!, there are presented in 
the hterature very simpte exampies of the processing of uncomphcated interferometric 
pictures, without more detaited information connected with the fittering of the space 
spectrum and reconstruction of the phase distribution.

Because of the above-mentioned difficulty the authors of this paper gave up the 
FFT method for treatment of the interferograms of a laser-produced ptasma. For 
determination of the phase distribution on the basis of interferometric pictures there 
was applied the traditional method described below which is relatively simple and 
entirely credible. Taking into account that the precision of the determination of phase 
distribution depends only on the accuracy of the determination of the interferometric 
fringe position therefore the resolution of the CCD camera decides about the quality 
of the phase reconstruction (like in the case of the FFT method).

A special software has been prepared for the computational analysis of 
interferometric images [2] which enables reconstruction of the interferogram and then 
determination of the phase and electron density distributions in the laser-produced 
plasma. A block diagram which shows the succession of the computer processing of 
the interferogram is presented in Fig. 3.

The first step in the computer processing of the interferogram is to obtain equidense 
images with two levels of grey, namely, 0 and 256, where 0 corresponds to white 
fringes and 256 to the black ones. An example of the interferogram recorded in a laser 
-produced ptasma experiment and the corresponding computer interferogram obtained 
by means of the PRAZKI program arc shown in Fig. 4. The procedure producing an 
equidense image of fringes consist in that the cursor moves along the fringe, searching 
for its maximum or minimum for seven different directions containing the angle of

Fig. 4. Exampte interferogram of the iaser-produced piasma registered by means of the CCD camera (a), 
and its computer reconstruction (b).
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Fig. 5. Method of recovering the phase vaiue from an interferogram.

270° (see Fig. 4a). Moreover, in the fragments of image where the fringes are bturred 
it is possibte to reconstruct them by means of a cursor controlied from a keyboard or 
by a mouse.

The numbering of the fringes and determining from them the phase distribution 
is reaiized by the NETRAB program. AH fringes are numbered starting from the chosen 
reference fringe (so-caHed zero-fringe), Fig. 5. For each fringe, there is assigned the 
set of points (y,, z j ,  describing its position in the coordinate system. Then, on the 
basis of distances between fringes and the position of the zero-fringes, the reference 
fringe system is buiit. It means that each fringe is assigned to its unshifted 
position. Knowing the position of shifted and unshifted fringes, a relation for aH 
y . = const between the absolute phase shift and the coordinate z is obtained

^  2 *) -  -$o(r,. z J  = /(z^)  ̂̂ (3)
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where: is number o f shifted Ar-th fringes at the point (y ,̂ z,), and -$*Q -  the phase at
the point (y,, z,), determined on the basis of the reference fringe system.

The methodoiogy of deciphering the phase is shown in Fig. 5. As one can see, the 
information about the phase shift in the whoie range of z coordinate is obtained by 
interpoiation or extrapoiation of the vaiue -S at nodes. A very important question 
arising during the phase deciphering is how to determine the shifted vaiue A' in areas 
of interferogram in which due to the strong refraction of the probing radiation no 
interferometric fringes are observed. It especiaiiy concerns the piasma area near 
the target. The interpoiation and the extrapoiation of the shifted phase (for y, = const) 
were carried out by means of the three degree spiain function [8]. Over the range 
z, < z < z^ (see Fig. 5) the shifted phase was interpoiated by the spiain function of the 
form

1 3 3
¿T/(Z) = ^ - [ ^ ( ^ + , - z )  + " !/+ )(z -Z /)  ]

f  Ml<7 ^ (z, + , - z )  +
[_v "  J V

+ !
Ml ,2\

,+ l ^ (4)

where /iy = 2y + , - z , ,  jPy(z) = y(z), Miy = /?"(zy) and y = 1,2, 3 ... i  (T -  number 
o f nodes).

For z < z^, the foiiowing extrapoiation was appiied:

№ )  =

(Z2-Z,)M2
+ ( ^ 2 - ^ , )

¿ r - - (Z2"2]) (5)

however, for z > z^, the vaiue of -S' was extrapoiated by the function o f the form

(Z^-Z^_,)M1^_,

p(z) = -SY + (z -z ^ ) . (6)

In this way, by means o f the procedure described above, the NETRAB program 
ailows us to determine the phase distributions <S*(y) for 5 i2  cross-sections aiong 
coordinate z on the basis o f the data taken with interferogram picture & The phase 
distribution in the iaser-produced piasma, as caicuiated with the use o f the program 
biock (Fig. 3) from the interferogram shown in Fig. 4a, is presented in Fig. 6.

Then the NETRAB program caicuiates on the basis o f the Abei transformation 
(with the use of ¿¡'(y)) the sought distributions of the function / ( r ) .  The function 
/( r )  represents the eiectron density distribution. In order to obtain a correct 
reconstruction o f the function /( r )  the Abei equation is resoived simuitaneousiy using 
many numerical methods, both interpoiation ones and those based on average-square
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Fig. 6. Phase distribution catenated from the interferogram presented in Fig. 4: a -  isodensitogram, 
b-phasepro fite .

approximation. In the case of investigations of the iaser-produced piasma carried 
out at the Institute of Piasma Physics and Laser Microfusion the ieast-squares 
approximation method is applied with the use of the even Gegenbauer poiynomiais 
[4], [9]. The argumentation for seiection of this method wiii be presented beiow.

Finaiiy, the elaborated software (TRZYPE program, Fig. 3) enables us to obtain 
on the basis o f the function / ( r )  the information about the electron density distribution, 
linear electron density as well as about the total number of electrons in the plasma.

In the next part of this paper, selected numerical methods for resolving the Abel 
equation will be described. These methods were applied in the NETRAB procedure 
for determination of the electron density both in an axially symmetrical plasma and in 
a plasma stream of disturbed axial symmetry.

3. Determination of the eiectron density distribution 
in piasma by numericai methods
Measuring the phase shift ^  o f an electromagnetic wave passing through a plasma one 
can obtain the average refractive index value along the probing direction, which makes 
it possible to determine the average electron concentration.

For some selected direction of plasma probing the relation between the retractive 
index and the electron density is [1]

R R

-S*(*,y) = ^ j[ I -M (x ,y )]d R  = 4.46xI0"''*zjM ,(x,y)dR  (7)

where distance between ^  and 7? means a plazma size.
In the case of the optional plasma symmetry the interferometric measurements 

allow us to determine the electron density based on information about the phase 
shifting obtained from the probing of the plasma by means of a few beams 
simultaneously located at different angles (fe ., the tomography method, [10]-[12]).
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Fig. 7. Way of probing the axiaiiy symmetrica] (a) and unsymmetrica! piasma (b) in the interferometric 
measurement of the electron density distribution.

The number of probing directions depends on the degree of piasma symmetry. The 
number of these projections decreases with an increase of the plasma symmetry.

In the case of the iaser-produced piasma iocated in an externai magnetic fieid, 
which is generated inside a magnetic coii the number of diagnostic beams is iimited 
by the coii construction. However, this piasma has some symmetry defined by the 
magnetic ileid distribution. In the case of experiment performed with axiai geometry 
of the magnetic fieid the piasma is characterized by an axiai symmetry because the 
magnetic tines are paraiiei to the direction of the main iaser beam. For the axiai 
symmetry of the piasma oniy one probing direction is just enough. As one can see in

z [mm] z [mm]

Fig. 8. Sample of the phase distributions which corresponds to the plasma of disturbed axial symmetry: 
a -  registered perpendicularly, and b -  parallel to the magnetic-field direction.
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Fig. 7a, the diagnostic beam shouid be perpendicular to the symmetry axis of the 
piasma bubbie.

Anaiyzing the symmetry of the piasma geometry in the transverse magnetic fieid 
it was assumed that the piasma stream was symmetrica) with respect to the two 
mutuaiiy perpendicutar pianes, Fig. 7b. The xz piane is parade! to the direction of the 
magnetic fieid iines however the yz piane is perpendicuiar to this direction. For the 
purpose of reconstructing the eiectron density in this piasma there were seiected two 
projections ofthe piasma probing which are iiiustrated in Fig. 7b. The above mentioned 
symmetry of the plasma was confirmed by the interferogram pictures registered 
perpendicuiariy (Fig. 8a) and paraliei (Fig. 8b) to the magnetic fieid direction.

3.1. Determination of the eiectron density distribution 
in an axiaiiy symmetrica! piasma

In the case of axiai symmetry of the piasma the two-dimensionai function ^ (x ,y ) can 
be reduced to one-dimensionai ^(y) and then the reiation between the phase of the 
probing radiation and the eiectron concentration can be expressed as

where: 6*(y) -  the phase distribution of a probing beam in a seiected cross section z 
o fthe plasma, [rad/2n], n,,(r) -  eiectron density distribution, [cm*^], X -w avelength 
of laser radiation, [cm].

The above equation has the form of the Abel integral equation [i], [4]

where y and r  are normaiized spatiai variables; / ( r )  represents the distribution 
function

The quantities y  and r  are defined in Fig. 9.
The solution of Eq. (9), known as the Abei integral inversion [1] (often named the 

Stieities integral equation), has the form

( 8)

(9)

/ ( r )  = 4.46 X 10 "*A.7?M„(r). ( 10)

( " )

or

( 12)/*(r) =
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Fig. 9. Geometric interpretation of the Abe! integra) equation.

Thus, the question of obtaining the space distribution of eiectron density can be 
reduced to the determination of the function / ( r )  on the basis of the above Abe] 
transformations ( I I )  or ( t 2). The distribution function /( r )  can be determined oniy 
by means of se!ected numerical methods because the experimenta) function ^(y) is 
given in the form of measured vatues at many chosen points.

The interpotation and quadratic mean approximations are often used as a method 
of approximation, white the potynomiats are emptoyed as approximating functions 
because they are easity integrated.

When the measured vatues ^  at the points %  (A: = 0, t, TV) are given, and the 
vatues at the points /y (% = 0, t, ..., A )  are searched for, then the Lagrange 
interpotation potynomiat is used in the interpotation approximation [t]

( T - T o ) ( T - T , ) - . ( T - T A - t ) ( T - ^ + t ) - - . ( T - T j  f.

In the quadratic mean approximation the sought function /( r )  is approximated by 
the tinear combination of the orthogonat potynomiats. The axiat symmetry of the 
ptasma makes it possibte to use the even potynomiats for the approximation.

Many authors have deatt with the sotving of the Abet equation [9], [t3]-[20]. The 
very important probtem from the point of view of obtaining correct reconstruction of 
the space distribution of etectron density in the ptasma is setection of a proper 
numericat method for sotving the Abet integra! equation. An attempt was atso made 
in this fietd by the authors of the present and other retated papers []], [2], [4], [2t]. 
The results of those studies made it possibte to choose appropriate numericat methods 
for the ptasma under investigation. The fundamenta! criterion of the setection is the 
quatity of reconstruction (by the setected methods) of suitable (for a given experiment) 
test functions which are connected with the etectron density distribution.

Among the interpotation methods the most retiabte and useful ones are methods 
which use the Lagrange interpotation potynomiat of the degree n = 0, !. Using 
interpotation potynomiats of a degree higher than t was very ineffective.
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When the function / ( r )  is interpoiated by a poiynomiai of ^ = 0, Eq. (9) is 
reduced to the expression

/v- ]

/ = A

4r = 0, !, ...,TV- 1, ( 14)

from which, after transformations, the set of TV equations is obtained, recurrent with 
respect to TV unknowns of the vaiue^

/  JV- ! \

A X  a,, * A ; =  0, !, .TV-!
A = < + )

C 5 )

where

N.A = 2(V(̂ +  T) ^ ) , A r>/. ( ] 6)

The above way of determining of the distribution function /( r )  with the use of 
the Lagrange interpolation polynomial of zero degree is named the Mach-Schardin 
method [13], [14].

From among the group of methods based on the least-squares approximation there 
was selected the one which uses the even Gegenbauer polynomials [9].

In the case of this method the function / ( r )  is approximated by the even polynomial 
of the form

/ w  - C7)

The degree of this polynomial n = 2 r̂ cannot be too high (usually n^TV  is 
assumed). On the left-hand side of the Abel equation (9) instead of the experimental 
function T?(y;) we use its analytic approximation in the form

A

^ ( y ) = ^ R ^ ( y ) V i I ?  (18)
y = o

where G 2y(y) are the Gegenbauer polynomials (^ /(y ) with the index/? = 3 /2  [9], 
and:

C2/(r) = X  (19)
n = 0

i y - "  [2(/ + n )+  1]!! 
2  ̂ (2n)l (/-??)! ( 2 0 )
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The coefficients are obtained from the condition that the residuat sum of squares 
is a minimum

(21)
< = o

To this end there are appiied the conditions of orthogonaiity of the Gegenbauer 
polynom ial. We then obtain for ^  the expression

1

^  = 2 (2y+ 0 ( 2 / 7 2 )
(22)

After substituting (17) in the Abel equation (9) with the left hand-part of 6*(y), we 
obtain the expression for

y = o
(23)

The matrix is defined as follows:

for y > 1,

E(),0 1,

Oty y
S; . ='J x . .

E / - U - -1 ^-l.y- X
n=_/-/+l

for 1 < / <y

(24)

(25)

(26)

Fig. 10. Electron density distribution calculated on the basis of the shifted phase distribution presented 
in Fig. 6: a -  isodensitogram, b -  space profile.
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Fig. )). Test functions: a -  continuous, b -  discontinuous.

where

*,,* = ( -1 ) ' + " ' /
2/ + 1 /

for /t > 0, ) < / <y.
/ = *-;

The error of /( r )  can be estimated as follows:

A/(̂ )
-it/2

-/ = o

(27)

(28)

where A ^ ^ is the standard deviation of the coefficient defined by the expression

A C / 'V  =
/ = /

',r
4/ + 3

.2 ( 2 / '+  l ) (2 ; ' +  2 ) j A - n / 2 -  1
(29)

After determination of thecoefilcicnts Â 4/ and the distribution function/(r), the 
eiectron density distribution (see Fig. !0 ) was obtained on the basis of retation (10).

Both of the numerical methods were tested by means of the different kinds of the 
distribution functions / ( r )  which are presented in Fig. 11. The first one is a continuous 
function (see, Fig. 1 la) of the form

i) ( r )  = 7(1 - r ^ ) \ (30)

however, the second one is a discontinuous function (see, Fig. 1 lb ) of the form

AM =
1 for 0 < r < 0 .5  

0 for 0.5 < r  < 1.
(31)
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Based on the test functions / ( r )  there were derived anaiytic formulas which 
describe the phase distribution function ^(y). This derivation was possibie after 
integration of the Abel equation (9), and after substituting the function / ( r )  in this 
equation.

The phase distribution function corresponding to equation (30) has the form

3n 2 2
¿ W  = y d - y  ) ,

however, in the case of Eq. (31)

^ (y )  = - 2 ^ 0 .2 5 -^  for 
0 for

0 < y < 0 .5  
0.5 < y <  1.

(32)

(33)

Then, using the values o f ^ ( y )  at the points jy% (A; = 0, 1, ..., A) the distribution 
function / ( r )  was reconstructed by means of these numerical methods. A comparison 
of the results of the numerical calculation with the input data is given in Figs. 12, 13.

The following conclusions were drawn on the basis of a relatively simple analysis:
-  As it is seen in Figs. 12a and 13a, the interpolation method (in spite of that it is 

numerically uncomplicated) correctly reconstructs the input distributions (Fig.l 1) in 
the whole range of y-coordinate for both of the test functions. However, the least- 
square approximation method is ineffective in the case of a very strong gradient or 
discontinuity of the distribution function /( r )  (see Fig. 13b).

-  The least-squares approximation method allows us to obtain more exact 
results in the case of continuous distributions (see Fig. 12b). Moreover, when the

Fig. 12. Reconstruction of the continuous function by means of the Mach-Schardin interpoiation method 
(a), the least-squares approximation method which uses the even Gegenbauer polynomials for the 
approximation (b).
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Fig. t3. Reconstruction of the discontinuous function by means of the Mach-Schardin interpoiation 
method (a), the ieast-squares approximation method with the use of the even Gegenbauer poiynomiats 
for approximation (b).

plasma is not entirety axially symmetrical this numerical method automatically 
smoothes out and makes the input data symmetrica! in relation to the assumed axis of 
symmetry. In the case of the interpolation method the smoothing procedure o f the 
measurement data must be performed additionally before the numerical calculations 
are carried out.

The least-square approximation method which uses the even Gegenbauer 
polynomials was selected in order to prepare the NETRAB procedure because the 
plasma investigated (in an external magnetic field) did not reveal too strong gradients 
of the electron density.

3.2. Determination of the eiectron density distribution 
in the piasma with disturbed axia! symmetry

When the plasma under investigation is considerably different from that of axially 
symmetrical it is indispensable to apply a tomographic interferometry. This is 
connected with the necessity o f probing the plasma in a few directions simultaneously. 
The methods of determination o f the electron density in an asymmetrical plasma, which 
are proposed in literature (e.g., [12]), are based on expansion of the experimental 
function <S"(x, y) and of the sought distribution n^(x, y) in a Fourier series. When using 
the cylindrical coordinates (p, O) (see Fig. 14) the above distribution functions can be 
expressed as:

^(p , O) = <yo(P)+ ^ (5 * ,^ (p )c o s №  + ^ ^ (p )s in /re ) ,
*= t

(34)
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M,.(r, O) = n,o(r) + ^ (z :,^ .(r)c o sA -e  + ^ 2 ^ ^ S 'n ^ O ) (35)

where: p - th e  distance between the probing beam and the beginning of the coordinate 
system (Fig. !4), O -  the angle between the norma! to the probing beam and the 
x-axis direction.

Fig. [4. Geometry of measurement in the case of poiar coordinates.

After substituting the above series (34) and (35) in the Abel equation (8) and 
transformations we obtain the system of integral equations in the form:

Because the number of terms in the expansion of ^(p , O) is dependnt on the 
number of projections, the number of probing directions in the plasma experiment is 
defined by the number of the first elements in the Fourier series. In our experiment 
(due to a limited access to the plasma located inside the magnetic coil), it was possible 
to probe the plasma only in two mutually perpendicular directions (see Fig. 7b). In the 
case of the measurement geometry considered the development ^(p , O) reduces to 
the form

However, the sought function of the electron density distribution O) can be

(36)

(37)

-S*(p, O) = 6*o(p) + ^, 2 (p )cos20 . (38)

expressed as follows:

n<,(r, O) = n<,o(r) + n,,, 2 (r)cos20 . (39)
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As it is seen, the distribution function 7?(p, 0 )  is relatively simple and the second 
element of this development represents the disturbance of the axial symmetry which 
is connected with the first element.

The application of the method described above for reconstruction of the electron 
density in our experiment did not give correct results. Apart from the methods 
based on the expansion of the functions ^  and ^  in a Fourier series there was also 
applied the procedure described in [10]. In this procedure the axially symmetrical 
part of the plasma is represented by an arithmetic mean of the phase shifting for 
two mutually perpendicular projections, and the asymmetrical part is equal to half 
the difference between these phases. However, the testing shows that this method is 
useless, too. This method only enables us to obtain correct reconstruction of the 
electron density distribution in the case of very small disturbances of the plasma 
symmetry. Therefore, to reconstruct the spatial distribution of the electron density, we 
applied a methodology developed for the experiment under consideration [22]. 
Elaborating this methodology we took into account the fact that the plasma stream 
which we investigated, initially symmetrica], underwent deformation only in the front 
layer (z>  0.4 mm). Along its total length, the plasma stream kept approximately a 
circular cross-section, while the axial unsymmetrical part of the plasma was 
characterized by symmetry with respect to the xz and yz planes (see Fig. 8). This 
justifies the assumption that the distribution of ^  is superposition of two distributions: 
axially symmetrical and asymmetrical ones.

When the plasma is tested in two directions, parallel ( ¡1 ) and perpendicular (1.) to 
the direction of magnetic field lines, we obtain two phase distributions, ^¡(y) and -S^(x) 
for each cross-section parallel to the target surface (z = const, Fig. 7b).Then, we 
assumed that ^¡(y) has two components

<5„(T) = . W  + ^ ( r )  (40)

where: ^ ( y )  corresponds to the part of the plasma having axial symmetry, while 
^ ,(y ) corresponds to the asymmetrical part of the plasma.

Typical phase distributions of the functions ^ (y )  and <Ŝ (x) as well as ^ ( y )  and 
^ ,(y ) determined on the basis of ^¡(y) are presented in Fig. 15. According to Fig. 15, 
the values ^ ( y )  of the components are correctly determined on the axis (y = 0) and 
at the point y = 7? on the plasma edge. On the axis: ^ (O ) = ^ (O ), while on the 
plasma border: ^(T?) = <$¡¡(7?). In the range from y = 0 to y = 7? the function 
<So(r) was approximated by the expression

- w -S'llM + 'S'miy)
2

(41)

assuming the linear character o f the function ^ ( y )
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Fig. !5. Symmetrica! ^ ( y )  and unsymmetricai ^ ,(y ) functions obtained on the basis of the phase 
distribution functions ^¡(y) and 3^(y).

After obtaining the symmetrica] component, the unsymmetricai component can be 
expressed as follows:

= (43)

Because the ptasma stream under investigation kept approximately a circular cross 
-section (along its total length) it was possible to determine the distributions n ^ r )  
and Mgt(r) based on the information about the symmetrica] function -  ^ ( y ) ,  and the 
unsymmetricai one -  8](y) and using the Abel equation (8). According to Eq. (12), 
the expressions which describe the distributions ^ ( r )  and H ^(r) take the form:

0.22 x IQ " d̂  'r -S*o(y)y
d r j  /**2 2- r

0.22 x ip '"  d ' r ^ ;(y )^  

rVy - r

(44)

(45)

In order to express the electron density distribution in polar coordinates (r, 0), the 
following empirical formula was used:

Ug(r,0) = ^ ^ o ( r )  + B ^ ,( y ) ( l - c o s 2 0 )  (46)

where yf and .8 are the matching coefficients.
The distribution f!p(r, 0) obtained with this method was verified by numerical 

calculation o f corresponding distributions ^¡(y) and <S*̂ (y) (on the basis of Hg(r, 0 ))
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a

Fig. )6. Htustration of the methodotogy used for reconstruction of the eiectron density distribution: 
a-spacedistributionofthee!ectrondensity ca]cu)atedforthefo)[owingva)uesofthecoefñcients: ^  = ) 
andB = ) ,b-com parison ofthe experimenta) phase distributions ( 3 ^ )  and 5 ^ 0 ))  with the numérica) 
modeted phase distributions ^ ( y )  and 3^(x).

and their comparison with the experimenta! distributions 3^ and 3y. The coefficients 
was taken such that we could recover precisely the distribution 3^ near the axis of 
symmetry that was in the region where the asymmetric part of the plasma stream did 
not interfere, whereas the coefficient B was to provide recovery of the distribution 3¡¡ 
and the remaining part of the distribution 3^.

In order to determine the electron density in the unsymmetrical plasma in a 
transverse magnetic Held the TOMOGRAF program block was developed. In the first 
step, the TOMOGRAF enables determination the distributions 3g and 3, on the basis 
of phase distributions 3^(x) and 3jj(y). To determine these phase distributions the 
NETRAB program (described in Section 3) is applied. Then the electron density 
distribution in polar coordinates (r, 6) is calculated using empirical formula (46).

The coefficients ,4 and B in the solution (46) were adjusted by a numerical 
modeling. This modeling is continued up to the moment when the phase distributions 
(3^, 3^) become the same as the experimental ones (3^ and 3n). The methodology 
of determination of the coefficients ^  and B is illustrated in Figs. 16-18, respectively. 
In the first stage, the coefficients is matched, which is responsible for reconstruction 
of the phase distribution (3^ near the axis of symmetry. For this reason at the beginning 
of the calculation, assuming S = I and B = I, the electron density distribution is 
determined by means of the TOMOGRAF procedure, Fig. 16a. Then on the basis of 
the distribution n^.(r, 6) there are calculated the distributions 3^ and 3  ̂ and these 
distributions are compared with the experimental ones 3^ and3¡¡ (see Fig. 16b). Then, 
changing the value of the coefficient yf (Tor B = const) further calculations are 
carried out up to the moment the value of 3j¡(0) is equal to the experimental value of
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Fig. ]7. tiiustration of the niethodotogy used for reconstruction of the eiectron density distribution: 
a -  matching of the coefficient <4, and b -  matching of the coefficient 7?.

^ (O ) (see the vatue in Fig. 17a). The matching of the coefficients is shown in 
Fig. !7a. After determining the optima] vatue of coefficient S the coefficient 7? is 
matched, Fig. 17b. As it fottows from the catenation the matching of the optimat 
vatue of 77 enabtes us not onty to recover precisety the ^  near the symmetry axis (see 
the 7?, vatue in Fig. 17b) but atso attows us to reconstruct correctty both of the phase 
distributions (¿7H and in the whote range of the x, y coordinates. The etectron

Fig. )8. Hiustration of the methodotogy used for reconstruction of the eiectron density distribution: 
a -  the eiectron density distribution caicuiated for the optima) vaiues of coefficients /t and R. 
b -  comparison of the experimental and numericai phase distributions.
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density distribution obtained and the comparison of the experimenta) phase 
distributions with the numericaity modeiled distributions of phase after matching the 
coefficients A and .8 are presented in Fig. 18.

Then the TOMOGRAF program calculates the electron density rr^(r, 6) in 512 
cross-sections (parallel to target surface) of the plasma bubble. Moreover, the 
TOMOGRAF procedure enables us to illustrate graphically the electron density in the 
optionally selected plane o f the plasma bubble.

A relatively good conformity of the experimental phase distribution (8^(x), ^ (y ) )  
and the optimal phase distribution (5^, 5^) which was obtained by the TOMOGRAF 
procedure justifies the assumption about the plasma symmetry with respect to the two 
planes. It enables us to realize the interferometric measurements of the laser plasma 
in a transverse magnetic field by means of the two projections only and to apply 
relatively simple numerical procedures for reconstruction of the plasma electron 
density.

4. Interferometric investigations of the laser-produced piasma 
in strong external magnetic fieid
In this section, some results o f the interferometric investigations of the laser-produced 
plasma in a strong external magnetic field of 5 T up to 15 T in induction and 
a force-lines geometry both parallel and transverse to the laser heating beam direction 
are presented. Detailed results of these investigations are available in papers 
[22]-[30].

One-turn
coil

Fig. 19. Schematic drawing of the location of the interferometer in the experiment.

These studies were carried out for a plasma generated from a flat teflon target 
irradiated with a neodymium laser beam of energy 5-10 J and pulse duration o f about 
1 ns (FWHM). The interferometric system was illuminated with a part o f the beam 
generated by the same laser. Locations of the interferometer in the experiments for 
both geometries o f the magnetic field are shown in Figs. 19 and 20.
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channels

Fig. 20. Location of the two-channe) interferometer in the experiment.

t=45 ns

L aser heating
^*^bearr^

z [mml

Fig. 2!. Electron density distribution of the plasma stream obtained for the angular plasma expansion in 
the presence of the axial magnetic field of 17 T in induction.
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t=15ns

Laser heating 
beam

n,=1.5-10"cm3 
Jng=0.5-10^cm^

Fig. 22. Spatiai distribution of the eiectron density in the diamagnetic cavity created in the presence of 
the transverse magnetic fieid of ]0 T in induction.

In the case of a paraitei magnetic tletd, two kinds of ptasma expansion were 
observed, ;.e., the anguiar and axia! one, retated to the target itiumination conditions. 
The more interesting anguiar ptasma expansion is characterized by the deveiopment 
of a specific paraboioid-shaped piasma configuration with the apex situated near the 
target. In the flnai stage of its evoiution, the paraboioid is transformed into a tube of 
about I mm in iength with the radius proportionai to Rg [23], [25], [26]. This shape 
of the piasma stream is shown in Fig. 2 i.

In the second case, the interferometric measurements have shown that a transverse 
magnetic fieid induces an asymmetry of the piasma which is distinctiy visibie in the 
interferograms registered in two mutuaiiy perpendicuiar directions. The piasma 
eiectron density distributions in a piasma stream of the disturbed axiai symmetry, 
reconstructed by the methodoiogy prepared for this experiment, are presented in 
Fig. 22. It has been proved it is the Rayieigh-Tayior instabiiity [22], [29] that is 
responsibie for the disturbance of axiai symmetry of the piasma.
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5. Conctusion

The results of the interferometric measurement of the laser-produced plasma in an 
external magnetic field show that the modern interferometric system used is a very 
complex diagnostic tool for the plasma. The plasma investigated imposes high 
requirements which arc connected with its external parameters such as high dynamics, 
very short life-time, high electron density near the target and relatively small 
dimensions. Therefore, the investigation of the high-temperature plasma stream 
requires both application of the multi-frame automated interferometric systems for 
registration of interferograms and professional software for their fast analysis.

The interferometric system presented here is completely original, and no equivalent 
of the system can be found in articles describing the investigation of the laser plasma 
by means of interferometry. For this reason, the results presented by the authors and 
related to the interferometric studies of the laser plasma (and especially those related 
to the plasma confined by a strong magnetic field) constitute an important and original 
achievement of the authors, which fact is confirmed by numerous publications.
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