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Fundamentals of

the interferometric and polarimetric
measurements in plasma




Simultaneously application for plasma diagnostic of:

® Inteferometry

® polarimetry
® and Shadowgraphy

enables to determine:

electron density and magnetic field in plasma.

the information about magnetic field, and density
can be obtained of

the investigated plasma with good spatial and temporary
resoultion




In the case of a homogeneous and highly ionized plasma
the interferometric measurements enables determining of
the electron density on the basis of a EMW phase shift:
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_ % [ (L~ N)dI 2446-10" 4 n.dI
0 0

Homogeneous and highly ionized plasma:

N =1-446-10"’n,

N - the refractive index

N, - the electron density component



If the EMW propagation in the plasma is
,quasilongitudional”:
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are fulfiled with satisfactory accuracy when:

where: BII - the avarz
u<<l, v<<1 and s<<1



If measurements of () and O are made simultaneously

It Is possible to determine the average magnetic induction
along the probing direction L:

Note that no information on the symetry of the object is
necessary to determine pg,




In the case of the In the plasma
It Is possible to reconstruct not only the average MF projection,
but also the entire distribution of the vector B(r).
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In a cylindrical coordinate frame:

o(y) =524-107 2 [ BO0)vdr

R
_ ~14 n,(r)rdr
5(y)=8.92-10 ﬂjﬁ
yN — )

Expressions for ¢(y) and d(y) can be reduced to a form an
Integral Abel equation:




After transition to the Abel equation one obtains:

fo.(r)=262-10"" ng(B(")ne(r)j

f.(r)=4.46-10"" ARn (r)
S, (y)=2d(y)

for o(y)



Finally we can obtain the expression for B (r) :

B(r)=1.70-10° " . J5(r)

4o fu(r)

(from Inteferometric measurement)




Some limitatins of

the polarimetric and interferometric
measurements




® influence of the plasma self-luminosity

@® nonhomogeneity of the coross section
of the probing beam



@ Nonlongitudional propac
of the EMW () in relatic
with:

the extraordinary (K;) anc
polarizations.

y* ordinary wave

yT extraordinary wave

K=f(L, ne, B, ) K=f(, ne, B, @)

resultant wave
K =f(K,, K, )#0

for linear polarization K=0



with initial turn-angle ¢ (y) of for: k=10"K =0

The optimal uncrossing angle ¢,ldeg] '
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cause some errors.

@® in interpretation and determination of the position
of interference fringes,

@® in redout of the absoulute values of the FR angle ,




Methodology of polari-interferometric measurements is
described In:

Farada’y- rotation method for magnetic field diagnostics

In a laser plasma,
T. Pisarczyk, A. A. Rupasov, A. S. Sarkisov and A. S. Shikanov
Journal of soviet laser research, Vol. 11, No. 1, pp. 1-32 (1990).



Review of
experimental diagnostic systems

and
Investigations results.




Plasma-Focus




In relation to PF devices the polari-interferometric method was
applied very rarely:




As contrasted to mentioned paper thanks to the prepared
special mathodology and apparatus we could obtain
the precise magnetic field distributions from one shot.

Results of our investigation on te PF-360 device
are presented in paper:

Diagnostic method for the magnetic field measurement
In the plasma focus device

S. Czekaj, A. Kasperczuk, R. Miklaszewski, M. Paduch,
T. Pisarczyk, and Z. Wereszczynski,
Plasma Phys. and Contr. Fusion, 31, No.4, pp. 587-594, 1989.
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The way to determine the polarization plane rotation angle

Faraday picture
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* electrodes: 100/150 mm diameter
* voltage: 21 kV
* stored energy: about 60 kJ

 deuterium pressure 3 Torr
e maximum curent: about 1MA
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Some conclusions

- Presented apparatus and methodology have enabled, contrary to the
mentioned paper, to obtain electron density and magnetic field distributions
from one shot.

- Our measurements showed that only about 25% of current flows in the
dense plasma sheath of the PF-360 device,

-This methodologhy was successfully employed by the author on the vacuum
spark device in FIAN (Moscow):




Laser produced plasma




® Recording and investigation of spontenous magnetic
field (SMF) in a laser plasma is very complicated
experimental task.

® The main reasons are small spatial sizes of these
fields (~100 um) and high electron densities in the
plasma regions in which SMF are generated.

® Another important factor is the short life time
(~1ns) of SMF.




The three-channel polari-interferometer for measurement
of SMF in laser produced plasma




Computer analyzis of plasma images

To analyze interferograms, polarograms and shodograms of plasma the special
software was elaborated.

® PRAZKI” procedure: for determination of phase shift distributions
from interferograms,

® ,ROTATOR” procedure: for determination of the rotation angle
distributions of the polarization plane from polarograms
and shadowgrmes.




Block diagram of software for computer image processing

N

-« Shadowgram .
i - — K




» The plasma was heated by one beam with parameters:
[1A=1064 nm, output energy of 10 J, and pulse duration of 1 ns.

» The plasma was probed with the second harmonic of an Nd-laser
(A=532 nm) with a pulse duration of 0,7 ns and a delay of 1 ns
relative to the maximum of the heating radiation.

» The target was an Al foil of 100 um thick.

» The polarograms were obtained at initial rotation angle of the analyizing
wedge of po=1.5 degree.



Fiotrer | 1. Distribwiion of magnetic field calowlated from the profiles of the elecion density and
ithe ratation angle.




PALS experiment




® At present the polaro-interferometric system is used
on the PALS experiment

® This research is carried on within the framework of
the project PALS/013 (reg, no. HPRI-CT-1999-00053)
which is suported by the 5th European Community.

® Main aims of experimental investigation are following:
- optimization of laser ion sources
- general investigations of plasma produced by
high power lasers



Research on the PALS expriment are carried out by international team:

T. Pisarczyk, J. Badziak, A. Kasperczuk, P. Parys, J. Wolowski,
E. Woryna
Institute of Plasma Physics and Laser Microfusion,
23 Hery St., 00-908 Warsaw 49, Poland

K. Jungwirth, B. Kralikova, J. Krasa, L. Laska, K. Masek, M. Pfeifer,
K. Rohlena, J. Skala, J. Ullschmied
Joint Research Laboratory PALS of the Institute of Physics and Institute of Plasma Physics,
Acad. Sci. CR, Za Slovankou 3, 182 21 Praha 8, Czech Republic

M. Kalal
Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in
Prague,
Brehova 7, 115 19 Praha 1, Czech Republic

P. Pisarczyk
Institute of Computer Science, Warsaw University of Technology,
15/19 Nowowiejska St. 00-665 Warsaw, Poland



Polari-interferometer installed on the PALS experiment

Heating
laser beam,
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* The plasma was generated by iodine laser (from planar solid Al and Mo targets).

e Two laser energies of E=100 J and 600 J (t=400 ps) were used.

* For acqusition of images CCD cameras of Pulnix TM-1300 type (1300x1300 pixels)
with frame-grabber card (Matrox Meter-1lI/Multichannel) were applied.
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The analysis of interferometric results allowed us to distinguish
two plasma components:

® afast component appearing in the initial phase of the plasma

expansion (V, =108 cm/s)

® a slow component, observed after the fast component

disintegration (V, =107 cm/s)

The lifetime the fast component: for E=100J — 1 ns and for E=600 J — 3 ns

Fast component: Slow component
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Fast plasma component Exponential profile

',ll
%
__,J
1.5 7]
&
Z1H
2.5

00 05 10 15
z [mm]




The electron density distribution
becames flat in the vicinity

of the target
y /

Slow plasma component
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Together with

the interferometric measurements
the ion investigations

by means of the ion collector

( the time-of-flight technique)
were also carried out

INn our experiments.



Examples of ion collector signals for Al (a) and Mo (b) plasmas
generated by laser pulses with energies 100 J and 600 J.
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Slow ions group (v,<10’ cm/s):
 The slow ions in the collector signal corresponds to the slow plasma
component recorded by interferometry

* This group is produced by the secondary phenomena, such as shok wave,
thermal conductivity, and irradiation of the target material by XUV radiation
emitted from the hot plasma.




Three frame optical system for registration of interferometic
and shadowgraphic plasmaimages.

Massive
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Laser heating

Laser diagnostic
beam (#.=1315 nm or ».=438 nm)

beam (#.=438 nm)



Hitherto results of interferometric measurement
are published in:

Interferometric investigation of an early stage of plasma expansion on the
high-power laser system PALS,
A. Kasperczuk, M.Kalal, B. Kralikova, K. Masek, M. Pfeifer, P. Pisarczyk,
T. Pisarczyk, K. Rohlena, J. Skala, J. Ullschmied,
Czechslovak Journal of Physics, Vol. 51, p.395 (2001)

Fast and slow plasma components produced by the PALS facility -

comparison of interferometric and ion diagnostic measurements,
T. Pisarczyk, K. Jungwirth, J. Badziak, M. Kalal, A. Kasperczuk, B. Kralikova,
J. Krasa, L. Laska, K. Masek, P. Parys, M. Pfeifer, P. Pisarczyk, K. Rohlena, J. Skala, J.
Ullschmied, J. Wolowski, E. Woryna,

Czechslovak Journal of Physics (Suplement D), vol. 52, p. 310 (2002)




Conclusions:

® The polari-interferometric diagnostic is a very important diagnostic
tool in the investigations of a hot and high density plasma

® This method was successfully employed by the authors in many plasma
experiments:




Determination of spatial electron density
In great plasma focus device




® It can be shown that t|
radiation in such narr
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@ Plasma radiation from PF
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This method was elaborated by:

A method for the determonation of spatial electron density
distribution in great Plasma—Focus devices

A. Kasperczuk, M. Paduch, T. Pisarczyk, and K. Tomaszewski,
Nukleonika, 47, No.4, pp. 23-26 (2002).
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lon velocity distributions calculated on
the 1on collector signals: a) for Al, and
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