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िव  फोटी वायर  लाज़मा म इलेक् ट्रॉन घन व मापन हेतु यितकारक 

 

सारांश 

 

अ पकालीन ला मा म इलेक्ट्रान घन व के मापन हेतु एक मेक ज़ेहंडरे यितकारक(म.ज. 
य.) को िवकिसत िकया गया है। एक महीन तार के िव फोट से उ प न ला मा से 
उ सिजर्त अक्स-रे एवं इलेक्ट्रान घन व की गितकी के बीच म सहसबंंध की थापना के िलए 
इस म.ज. य. का उपयोग िकया जाना है। हमारी प्रयोगशाला म पाकर्  गैप एवं महीन तार 
के िव फोट से उ प न अ पकालीन ला मा म इलेक्ट्रान घन व की परीक्षण के िलए प्रयोग 
िकए गए ह। ये माइक्रोसेकंड पिरघटना ह। एक ट्रीक कैमरा की सहायता से इलेक्ट्रान 
घन व म आये पिरवतर्नो को यितकरण ि जो के प म एक िविश ट समय अविध के 
िलए पंजीकृत करते है। यितकरण म ि जो के ता कािलक िव थापन के िव लेषण से 
इलेक्ट्रान घन व के कािलक रेखा िचत्र का पिरकलन का िकया गया है। इस आख्या म हमारी 
प्रयोगशाला म िवकिसत म.ज. य. का िव तारपूवर्क िववरण एवं इसके िसधा तो को प्र तुत 
िकया गया है। महीन तार के िव फोट से उ प न ला मा का मलुभतू पिरचय भी 
िव तारपूवर्क इस िववरणी म समािधत िकया गया है। पाकर्  गैप एवं एक महीन तार के 
िव फोट से उतप न अ पकालीन ला मा म इलेक्ट्रान घन व के मापन हेतु पदर्शना मक 
पिरणामो को भी दशार्या गया है। 
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Abstract 

Mach-Zehnder Interferometer (MZI) has been developed for measuring electron density 

profile in pulsed plasmas. MZI is to be used for characterizing exploding wire plasmas for 

correlating electron density dynamics with x-rays emission. Experiments have been carried 

out for probing electron density in pulsed plasmas produced in our laboratory like in spark 

gap and exploding wire plasmas. These are microsecond phenomenon. Changes in 

electron density have been registered in interferograms with the help of a streak camera 

for specific time window. Temporal electron density profiles have been calculated by 

analyzing temporal fringe shifts in interferograms. This report deals with details of MZI 

developed in our laboratory along with its theory. Basic introductory details have also been 

provided for exploding wire plasmas to be probed. Some demonstrative results of electron 

density measurements in pulsed plasmas of spark gap and single exploding wires have 

been described. 
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1. INTRODUCTION

A number of studies have been carried out on pulsed plasma sources because of their 
emerging demands for various applications. They are rich sources of ions, electrons, X-rays 
and also neutrons when deuterium is used. In present work, we are more interested in X-rays 
emission. Pulsed X-ray sources have a number of potential applications [1-5] such as for next 
generation microelectronic lithography, radiography, material inspection, inertial 
confinement fusion and high pressure studies etc. Powerful electrical discharges like Z-pinch, 
theta-pinch, reverse field pinch etc; distinguished on the basis of direction of current flow in
cylindrical coordinate system; are some of the schemes for such sources. Compression of 
plasma column, process referred to as pinching, gives rise to suitable conditions for strong 
emission of radiation. This is achieved by passage of high current through suitably generated 
plasma and electromagnetic force resulting due to the current and its associated magnetic 
field that compresses the current channel. Pulsed power is required for generating sufficient 
magnetic field to overcome kinetic pressure in short pulses for pinching with current densities 
and time duration lying in range of 106-1010 A/cm2 and 10-4-10-8 s respectively [6]. The 
required currents are generally provided by discharge of fast capacitor banks with the help of
suitable high voltage switches. Power required for such experiments is of order of 106 -1014

W.

Electrically exploding wires (EEW) is one of the ways to achieve Z-pinch process. The 
scheme is relatively simple and feasible and done by passing current into a metallic wire 
which further gets converted into plasma at high input powers. Wires can be configured for 
Z-pinch as a single wire, multiple wires in cylindrical array and in form of letter `X` crossing 
at a point, the scheme being referred to as X-pinch. Present work is focussed on single EWs 
and X-pinches for characterizing X-rays emission from these sources with respect to their 
experimental parameters. In such high power electrical discharges, the electromagnetic forces 
due to current flowing through it, cause both the magnetic confinement and heating of plasma 
to the extent of yielding conditions suitable for radiation emission.  

History of electrically exploding wire is quiet old. Edward Nairne in 1774 was first to 
recognize the phenomenon of melting of wire by passing current through it from a capacitor
discharge. Research progressed subsequently to understand the mechanism with the 
advancement in instrumentation capable of recording fast changes during explosion. Rotating 
mirror photography and spectrographic studies carried out by Anderson et. al. in 1920-1928
were some of the initial efforts to probe and understand its mechanism [7-9]. These
experiments for analyzing the spectrum of radiation from exploding wires revealed the fact 
that single EW could be a good source of pulsed radiation. It was also noted that brightness of 
such a source was greater than that of sun and continuous spectrum extends into extreme ultra 
violet region [10-11]. He along with Smith [7] around the same time reported that EEW acts 
like black body with temperature much greater than 20,0000K. Webb et al. have classified 
EW phenomenon into four categories depending upon the rate of power input and 
documented their work on electrical and optical properties [12] of EEW. Mechanism of 
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generation of electromagnetic spectrum depends on the rate of energy input. If process is 
quiet fast and magnetic fields are so high as to overcome the kinetic pressure of plasma so
formed and to compress it to result in high energy density plasmas then radiation is 
principally bremsstrahlung and electron cyclotron radiation [12]. In 1934, Bennett has 
developed a relation for current for equilibrium of both opposing forces [13-14]. If current 
more than such a limit passes through the wire then magnetic field dominates and it results in 
pinching. Since it did not take into account radiative cooling effects, modifications were 
required in the formula worked out by Bennett for calculating the current required for 
pinching. Radiation coming out of pinch cools the plasma and brings its temperature down. 
This results in drop in thermal pressure and allows for further contraction of pinch column.
Pease-Bragneski theoretically calculated equilibrium current taking into account effect of 
Joule’s heating and free-free radiation processes [15-16]. Though it has not taken into 
account other mechanisms responsible for radiation emission, still this formula gives better 
approximation of the current required for efficient pinching.  

Pinching of EEW Plasmas include various stages of phase transitions. Many models have 
been proposed for understanding this dynamics and mechanism. Snowplough model is a 
basic model proposed by Rosenbluth et al.[17] in 1954. According to this model, current 
flows in an infinitesimally small skin layer depending on frequency of the current which acts 
as piston. As the piston moves radially inwards due to and causing pinch effect, all the 
plasma or gas is assumed to be swept up and accumulated in this skin layer as in a
snowplough. Mass in this layer keeps on increasing. Corona radiation coming out from layer
is also responsible for ablating the wire material further according to theoretical work by S.V 
Lebedev et al.[18]. Rate of change of momentum of this layer comes from pinching force or 
Lorentz force. Shock is developed depending upon the conditions due to impact of thin skin 
layer which acts as piston. Slug model by Potter [19] is a zero dimensional model which 
describes the trajectories of piston and shock. He proposed adiabatic compression of a pinch 
for greater compression as in inertial confinement fusion by carefully programmed current 
waveform. Dynamics of exploding wires differ in various regimes of current parameters 
whether fast (microsecond rise time) or superfast (nanosecond rise time).

At the outset of exploding wire process, current starts flowing and heats the wire as per joules 
heating. If diameter of wire is smaller than skin depth at particular frequency of current, 
uniform heating occurs across the cross-section. Voltage drop across the wire breaks down 
the air surrounding it. Most of the energy in wire is deposited up to this time only. As 
ionizing corona is formed, it short circuits the maximum current and there is no significant 
voltage drop in core. Apart from surrounding corona, rest of material is in mixed solid liquid 
phase. Since rate of energy deposition is quiet fast, inertia restrains the core expansion 
leading to superheating of wire material. Phase explosion occurs afterwards which brings fast 
change in resistance and current of the exploding wire. High density core starts expanding 
after vaporization. Mean free path of electrons is small initially to cause ionization making it 
insulating. This change can be noticed in signals of voltage divider across the load and pick-
up loop in the circuit. As vaporized core expands, mean free path of electrons increases. 
Charged particles accelerate due to voltage left on electrodes. Ionization gets initiated again 
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forming current carrying path and this is called re striking. If it takes finite time for re striking 
then a pause comes in current waveform called as dwell. 

Higher rate of energy deposition results in faster transition from solid to plasma state if 
energy deposited is much greater than sublimation energy. If currents at that instant are 
higher than Bennett current then pinching occurs. Equilibrium stage of kinetic pressure and 
magnetic pressure persists up to the onset of instabilities. Time duration for this stage is quiet 
short (a few ns or less). As equilibrium is disturbed, kinetic pressure dominates disrupting the 
plasma column. Plasma expands afterwards at a fast rate (a few km/s to hundreds of km/s) 
depending on experimental conditions. Current rate required for magnetically confining 
plasma exerting considerable thermal pressure is about 1 kA/ns. 

All the work till 1970 to our knowledge was concerned with single exploding wires. For the 
first time in 1976, Stallings et al.[20] used wire array configuration that resulted in yield of
more X-rays power than single wire experiments. In 1980’s Department of Energy, USA was 
focusing to create fusion conditions at laboratory level for studies and convert fusion energy 
to electricity. Particle beam fusion Accelerator (PBFA-I & PBFA-II) are among the first few 
generators made for this purpose [21]. Thereafter with advanced studies, Sandia Lab. in 1996 
upgraded PBFA-II machine to PBFA-Z or simply Z-machine. The Z machine now works for
the well known Z-pinches where the fast discharge of capacitors in a tube causes collapse of 
plasma towards its centerline under the influence of Lorentz forces. It has huge capacitors in 
Marx configuration which discharge in about a microsecond. The generator was further 
modified to reduce its discharge duration to 100 ns using the dielectric power of water.
Reported X-rays power achieved in 1997 on Z-machine [2, 22] using tungsten wire array was
around 200TW with 60TW/5 MJ driver which delivered around 20 MAs in 105 ns. It has 
been able to yield 350 TWs of X-rays with 26 MA of current using wire array configurations
[23-24]. It is by far the world’s largest generator with maximum conversion efficiency of 
15% from electrical energy to x-rays. The imploding cylindrical plasma which produces an 
X-ray pulse can also create a shock wave in a target structure. The target structure is placed in 
a cavity called `hohlraum` which is located inside the cylindrical wire array. Inertial 
Confinement Fusion experiments can be carried out by keeping the pallets of desired material 
in hohlraum since the temperature and pressures are high enough and quite suitable for fusion 
conditions to occur. High Pressure studies of materials can also be carried out in such 
configurations.

If plasma pinch has to be characterized with respect to electromagnetic emission then its
dynamics needs to be probed with simultaneous measurement of emitted radiations. Electron 
density change in plasma can also quantify pinch conditions. Purpose of the present work and 
experiments is to look for development and implementation of Interferometer for observing
electron density changes with a view to analyze the dynamics of pinching plasma. There are 
several diagnostic techniques employed for determination of electron density. These include 
plasma spectroscopy, Langmuir probe, microwave and laser interferometry and Thomson 
scattering. Laser Interferometry is one of the non-invasive and passive diagnostic techniques 
for determining electron density of pinch plasmas produced in noisy environments of EMI 
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(Electromagnetic interference) as is the case with EEWs. Interferometry is relatively more 
precise than other methods and more advantageous as it can yield account of spatial and 
temporal variation of density changes which is not possible with other methods. In 1956, 
Whitmer et al.[25] used microwave interferometers for determining the refractive index of 
optical medium. With the advent of Lasers, interferometers with wavelengths in visible range 
have been widely used. In 1963, Ashbhy and Japhcott [26] used He-Ne gas laser as an 
infrared interferometer to measure plasma electron density. Gerado and Verdeyen [27] have 
done significant work on laser interferometers around that time. 

In interferometers, two beams out of which one beam passes through the plasma to be 
investigated are made to interfere and result in fringe pattern. Difference in optical path 
lengths of two beams gives rise to fringe shift which accounts for refractive index of plasma 
introduced in path of probing beam. Two beams can be obtained either by wave front division 
or by amplitude division. Fresnel mirrors, Young’s double slit and Lloyd’s mirrors etc. are
used to produce interference by wave front division. Michelson interferometer, Mach 
Zehnder Interferometer, Sagnac Interferometer etc. are examples of amplitude division 
interferometers. Amplitude-division interferometers do not have limitation on the spatial 
coherence of the laser source and can probe larger objects. The most common configurations 
for density measurements are Michelson, Mach-Zehnder and Normarski. One of the 
limitations of the Michelson interferometer is that the probe beam passes through the test area 
(plasma) twice, thereby complicating alignment and data reduction. Density may get changed
in second passage of beam while returning in transient plasmas. This configuration is not 
suitable for pulsed plasmas. The probe beam passes through the test medium only once in 
both Nomarski and Mach-Zehnder interferometers. Based on Wollaston prism as beam 
splitter, the main advantages of Nomarski interferometers are its relative simplicity, the 
absence of alignment and stability problems. This interferometer ensures equal optical path-
length between the split beams and hence it is ideally suited for illumination with very short 
pulses with their inherently low temporal coherence. The Nomarski interferometer may be 
used at different wavelengths without modifications. Mach-Zehnder interferometer [28] is 
also another simple and easy to align system. It has also advantage in the fact that there is 
sufficient possible space between optics for plasma producing set-up. In present work, Mach-
Zehnder configuration was selected for implementation with available optics. It is also 
preferred because data reduction is somewhat easy. Many researchers have used this 
configuration for electron density measurement. There are evidences that such plasmas 
expand symmetrically around the wire. Hence electron density from line integrated density 
obtained from interferometer can be acquired using Abel Inversion Method [29]. If there are 
very high electron density changes in plasma to be probed then shearing interferometry [30]
is a good solution but data reduction is a complicated issue. 

The long term objective of the present experimental studies is to achieve the temporal and 
spatial variation of electron density with variable experimental parameters and to correlate 
this with mechanism as well as characteristics of X-rays generation. This report describes the 
development of a Mach-Zehnder interferometer and its implementation. Since Laser has been 
used as a tool for measuring electron density, it is important to understand its interaction with 
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ionized channel. It is therefore briefly discussed in subsequent section on theory of 
interaction of electromagnetic (em) waves with plasma to understand the effects of plasma on 
refractive index of passing em wave followed by description of interferometer in section after 
that. This also includes the required formulas for calculating electron density. It is 
indispensable to go through the nature of plasmas to be diagnosed such as that of wire array 
pinches created in our laboratory and hence explained in a separate section. Experimental set-
up has been described thereafter. The succeeding section reviews detailed analysis of some 
experimental results followed by the problems encountered. Finally conclusions have been 
presented along with future plans.  

2. INTERACTION OF ELECTROMAGNETIC (EM) WAVES WITH PLASMA

The state of matter may in general be classified as condensed or non-condensed. Solids and 
liquids form the category of condensed matter whereas gases and plasmas are included in 
non-condensed state. In condensed matter, the distance between the atoms is of the same 
order as the size of the atoms themselves and this leads to potential energy between the 
particles being much larger than the kinetic energy of the individual particles. In non-
condensed matter, however, the energy relationship is reversed, and the particles can move 
freely in the space that exists between them. This has the consequence that, while condensed 
material has virtually no response to changes in pressure, the properties of gases are affected 
very much by pressure. The state of matter called plasma is created when atoms or molecules 
in a gas are ionized and separate into electrons and ions. 

Plasma is an electrically neutral medium of unbound positive, negative and neutral particles. 
Since plasma is formed by ionization of gases by collision of electrons with neutral species,
the ions and electrons may get combined again. Plasmas may have different degrees of 
ionization depending on level of energy given to atoms either thermally or by any other 
means. Due to the basic properties of plasmas, plasma oscillations on an average keep equal 
amount of densities of electrons and ions within their time period. The characteristic 
��������	
��
����
����
�����������
������
��
������
���
������
��������	�
�pj given as

��� =  ��� ��	�
�              Eq.(1) 

Where j=e or i stands for electrons and ions respectively. 

For laser measurements, the electron plasma frequency (when j=e) is particularly important, 
and this is given by 

��� = �. � ��� (rad.  S-1)                                               Eq.(2) 
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Propagation of em waves gets modified due to electrical properties of plasma. We can see the 
behavior of charged particles under the effect of electric and magnetic field of em waves 
using the Maxwell’s equations i.e.    

� × � =  � ����                          Eq.(3)
                                                              � × � =  �� + �� ���� Eq.(4) 

If we eliminate B by taking ��× (the first) and d/dt (the second) equation, we get 

� × (� × �) + ��� ��� + �� ����� = � Eq.(5) 

If plasma is assumed to be homogeneous in space and time, and also assume that wave fields 
are small enough so that the current is a linear function of electric field, then Fourier analysis 
of fields and currents can be carried out. Each component of electric field treating each 
Fourier mode �(�, �) separately can be written as:  

�(!, �) =  � �(", #)�$(".!�#�) %�"(�&)�  %#�&                             Eq.(6) 

Applying ohm’s law for linear variation of current density with electric field, we obtain

�(", #) = '(", #). �(", #)                           Eq.(7) 

w����
�
 �����
 ��
�����������	
 ���
�
 ������
 �������
����
����
could be a tensor as plasma 
may be anisotropic medium. Rewriting Eq.(5) we get

" × (" × �) + $#(�'. � �**�������                                              Eq.(8) 

Equation representing the homogeneous simultaneous equations of three components of E 
can be written as

�"" � "�- + #�/�  �� . � = �                           Eq.(9) 

where 1 is dyadic and  * is dielctric tensor given as 
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� = (- +  $#�  ')                                              Eq.(10) 

In order to have non-zero solution of Eq.(9), the determinant of the matrix should be zero i.e. 

0�1(22 � "�- + #�/�  3) = �         Eq.(11)  

This gives “Dispersion relation” of plasma ��������
���
���
����

Since mass of ion (mi) >> mass of electron (me), we are considering only contribution of 
electrons under influence of electric and magnetic field. Proceeding with the first principle, 
equation of motion of electron under the influence of E and B of em wave would be: 

                                                           	� 0401 = ��(5 + 6 × 7�)                                                  Eq.(12) 

For a single fourier wave mode, velocity of elctron (v) is purely harmonic and proportional to 
exp(-����� Simplifying the algebra and taking z-axis as direction of B0 in Eq.(12), its three 
components in cartesian co-ordinate become

�	�8�69 = ��59 � �7�6:�	�8�6: = ��5: + �7�69�	�8�6; = ��5;                                                                Eq.(13) 

We may readily solve the above for v in terms of E i.e.

69 = �8��	�
-- �  <� ��> ?59 � 8 <� 5:@

69 = �8��	�
-- �  <� ��> ?8 <� 59 + 5:@

6; = �8��	� 5; ,                                                                       Eq.(14) 

where A B CD0 F GC  is cyclotron frequency and current density is 

� = ����6 = H. 5                                                             Eq.(15)
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Here I, the electrical conductivity specifically that of electrons, that is

' = 8����	�� J --�<��� K - �8</� �8</� - �� � - � <�/��M Eq.(16) 

Dielectric tensor could be written from Eq.(10) as follows: 

                              

3 =
NOO
OOP- � #Q�#��<� $#Q�<#R#��<�S �

�$#Q�<#R#��<�S - � #Q�#��<� �
� � - � #Q�#�TUU

UUV Eq.(17) 

where Wpj  =  �nj e2mj Y0 is plasma frequency. Converting Eq.(17) into non-dimensional 

quantities; X, Y and N such that,  

Where Z = ���/�� , [ = </� , \ = 2]/� Eq.(18) 

Putting values of from Eq.(17) into Eq.(11) and choosing such that kx=0, then 

k = " J (�, ^8� _, ]`^ _)                                                    Eq.(19) 

where � is angle between k and B0. Determinantal equation then becomes       

a�\� + - � Z-�[� 8Z[-�[� �� 8Z[-�[� �\�]`^�b + - � Z-�[� \�^8��b]`^�b� \�^8��b]`^�b �\�^8��b + - � Za = 0 Eq.(20) 

Non dimensional quantity N indicates the refractive index and it can be obtained after solving 
Eq.(20) as
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                               \� = - � Z(-�Z)-�Z�-�[�^8��b±[(-�[�^8��b)�+(-�Z)�[�]`^�b]- �> Eq.(21)

This is the so called Appleton Hartree formula for refractive index. 
If there is negligible magnetic field then Y=0 so that 

                                     N2 =1- X 	
�����2 = 1-��p���2                                                 Eq.(22)

This is refractive index of plasma which is directly related to the density of electrons.Using 
the electrical property of plasma, we can probe refractive index of plasma. Thus, if there is 
change in refractive index of em wave passing through a plasma then it can be detemined
with the help of interferometer.

Laser is used as light source beam in MZI. Laser wavelength needs to be decided by the kind
of plasmas to be probed. From Eq.(22), it is clear that if frequency of probing beam exceeds 
plama ferquency then refractive index is less than one and positive. Refractive index always 
exceed one in case of transparent mediums but it is less than one in case of plasma. This is 
due to the fact that major contribution in refractive index is from free electrons. Phase 
velocity of beam exceeds speed of light in case of plasmas, but group velocity is always less 
than speed of light.  

If plasma frequency exceeds frequency of laser then refractive index becomes imaginary. 
That means propagation constant will be an imaginary quantity (k ���
 ���
 ���������
 ��

electric field of wave will attenuate constantly with distance and can not transmit through 
plasma which will cease functioning of interferometer as can be seen in Eq.(23).  

E=E0expi(kx-���                                                     Eq.(23) 

If plasma frequency is equal to frequency of laser then refractive index will be zero.This is 
critical frequency and corresponding electron density of plasma is called critical density. At 
the critical frequency, em waves gets reflected, so that we can rewrite refractive index in 
terms of electron densities:

\� = - � #Q�#� = - � ��/�/ Eq.(24)
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Fig.1. Variation of square of refractive index Vs. electron density in plasma  

(Fig.1) shows a graphical variation of refractive index with electron density and it is evident from 
here that frquency of laser should be greater than frequency of plasma to be probed.  

3. MACH ZEHNDER INTERFEROMETER (MZI)

As noted earlier, MZI is an amplitude division interferometer for which a coherent source i.e.
laser is required for interference. A beam splitter is used for dividing the laser beam into two 
beams.

(Fig.2) shows a schematic of MZI. Two beams coming out of beam splitter are perpendicular 
to each other. After coming out of beam splitter, they get reflected from the two mirrors 
which are positioned at 450 to incoming collimated beams. This arrangement comprises of 
two arms of almost equal lengths and a parallelogram is formed. Mirrors and beam splitters 

Fig.2. Schematic of Mach Zehnder Set-up 
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are specially given a tilt to form initial straight fringes in a setting referred to as wedge fringe 
setting. They recombine with each other on the plane of second beam splitter to form fringes. 

Two wave fronts overlap to result in a pattern of straight fringes. Fringe pattern known as 
interferogram can be seen in two directions with the help of a suitable detector. Fringes so 
formed are localized. This is yet another advantage with MZI that fringes can be focused in 
any desired plane either in front or behind the beam splitter depending up on convenience. 
This is done by adjusting the alignment of mirrors and output beam splitter. Plasma to be 
probed is positioned one of the arms of MZI. Optical path difference between two beams due 
to introduction of pulsed plasma in one path causes the fringes to shift. This fringe shift can 
be monitored in interferograms. Following formulations can be utilized to estimate electron 
density from the observed fringe shifts. 

Optical Path length difference between two arms accounts for phase difference between two 
beams given as

                                    (��1-�2) = �&
�

 (f- � f2) = � x no. of fringes                  Eq.(25) 

Where (�1-�2) gives phase difference between two beams. Thus one fringe shift corresponds 
��
�����
 �����
��
!� while total phase difference can be related with the total no. of fringes 
shifted due to plasma. This phase shift corresponds to line integrated electron density of 
plasma and can be written as

�� = �&
�

 g(\ � -) 0h Eq.(26) 

Here, plasma length is L; N and 1 are refractive indices of plasma and air respectively since 
other beam is passing through air for same length.

From previous section, it is apparent that refractive index becomes imaginary if electron 
density of plasma exceeds critical electron density for a laser wavelength which implies 
reflection of incident laser beam. As the plasma density approaches a fraction of the critical 
density; refraction and opacity effects can significantly limit usage of such diagnostics.
Electron density which can be probed should be much less than critical density so that
refractive index can be represented as

\ = - � -� ne/nc Eq.(27) 

From Eq.(25-27), no. of fringes shifted after introducing plasma in one of the arms of 
interferometer is given by: 

                             No. of fringes shifted = - �� ��(�i �] ) dL� Eq.(28) 

Here negative sign refers to refractive index of plasma less than unity. Since, the probing 
laser wavelength and corresponding critical electron density are known, line integrated 
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electron density can therefore be determined. Free electrons contribution is dominant in 
plasmas which have been taken into account for refractive index change. If effect of neutral 
atoms or molecules has to be observed then interferometry with two different wavelengths
needs to be utilized. We can diagnose and study the pulsed plasmas such as opening switches, 
spark-gaps, wire array, Plasma Focus or gas pinches with help of such an interferometer 
depending upon the requirement.

4. EXPERIMENTAL SET-UP

Experimental set-up has been designed and developed for pulsed plasmas produced in air. 
He-Ne laser and solid state laser with wavelengths of 632 nm and 532 nm respectively have
been used in different experiments. These wavelengths are capable of probing plasmas with 
maximum densities of around 2.8 x 1027 m-3 and 4 x 1027 m-3 respectively.

Optical components are positioned on mechanical mounts and height is adjusted according to 
the beam height of laser. Band of straight fringes were obtained with Mach-Zehnder 
Interferometer and recorded in a streak camera. Streak mode of camera registers the event for 
certain durations (6 µs, 20 µs, 60 µs etc.). Time duration can be set according to experimental 
requirement. It is necessary to synchronize triggering of camera with start of the event. 
Change in fringes due to plasma formed in one of the arms of interfering beam can be 
registered for particular sweep duration only. Synchronization has been accomplished with 
help of an optical fiber. Optical pulse was generated by light produced in open air spark gap 
at the time of switching of the capacitor bank. This pulse triggers the camera using optical 
trigger unit. 

Fig.3. Schematic of experimental set-up for discharging capacitor through load and 
synchronizing this event with streak camera

 

 

 

In one arm of 
interferometer

12



Pick-up loop is used to get dI/dt pulse which also starts with closing of the spark gap. Both 
pulses are simultaneous and camera was synchronized to capture the event. Delay can be set 
between these two pulses using a circuit if camera is to be triggered after specific delay. 

Fig.4. Mach Zehnder Interferometer set-up for probing sharp edged spark gap plasma

At present, MZI has been utilized to probe spark gap and single exploding wire plasmas.
Spark gap has been used as closing switch in a capacitor discharge circuit. This spark channel 
was introduced in one path of interferometer. Capacitor was charged to 6.5 kV and delivered
a peak current of around 0.8 kA. 

Schematic of complete experimental-set up and MZI set-up in laboratory for spark gap 
plasma can be seen in (Fig.3 and 4) respectively.  

Single copper wires have been exploded with slow rate of increase of current (4-8 kA/"��.
Capacitor of 4 "#
was charged to 8 kV ��
�$�����
���
��
%&
"� diameter.  Peak current was 
14 kA. 

5. RESULTS AND DISCUSSION

Interferogram and corresponding signals of Spark gap plasmas used as closing switch in 
capacitor discharge with peak current of 0.82 kA are shown in (Fig.5(a) and 5(b)) 
respectively. In spark gap plasmas, electron density and its rate of change is low as compared
to EW plasmas. Fringe shift is observed as plasma expands across into the laser beam. Streak 
interferogram in (Fig.5(a)) �������
 ���
 ����������
 ����$
 ������
 ���
 '
 "��
 (���
 �����
 ��

streak camera wa�
 )
 "�*��
 ���
 ����
 �����
Waveform numbered as 1 in (Fig.5(b)) depicts 
triggering pulse of camera with 17 ns delay from pick-up loop signal (dI/dt) [waveform 
numbered as 2]. 
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Initially there is no change in fringes. As plasma is produced in sharp edged spark gap, 
fringes start shifting vertically with its expansion velocity along the diameter of laser beam. 
+����
&�,'
"�
������nt of peak current) from trigger of open spark gap, fringes start shifting 
from bottom of interferogram. This shift travels to top of the interferogram.

(a) (b)

Fig.5. (a) Interferogram of Spark gap ������
 ��
 ����
 ������
 ��
 �
 ���
 (b) Signals 
observed in oscilloscope for spark gap plasma; waveform numbered as 1 is 
camera triggering pulse and waveform numbered as 2 is dI/dt pulse obtained 
with pick-up loop.  

Fringes are constant for some time, after����
�������
��
-�)
"�
�����
��
���� current again) 
and then there is gradual shift in opposite direction after -�,.
 "�. If neutral atoms density
dominates then shift is in opposite direction. It is seen that there is not enough electron 
density to bring change in fringes at subsequent instants of peak current. Electron density 
calculated from fringes shift with first order approximation of plasma column length comes
out to be of the order of 1023 m-3. Experimental value matches with theoretically estimated 
value which has been calculated from current parameters at that instant. Results for some the 
shots are summarized in (Table.1). 

Table.1

S.No. 
Current 
(kA)

Current 
Density 
(A/cm2) 

Time 
Period 
�"��

Distance 
between 
laser and 
wire 
(mm)

Time 
Window 
of camera 
�"��

1 9 2.33*108 12.6 0 20
2 9 2.33*108 12.5 2 20
3 9.3 2.41*108 12.1 2.5 20
4 4.4 1.13*108 25.8 2 20
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Single exploding wire plasmas have also been characterized using the MZI developed here.
/�������������
�0������
 ���
 ������
123
��
 ��������
��������
%&
"�
���
.
"#
��
,
�4
���

shown in (Fig.6-9) corresponding to S.No. 1 to 4 respectively tabulated in (Table.1).  

(a) (b)

Fig.6. ���
  ���!��!�"!��
��
�#������"
��!�
 ��
 ����
������
��
$�
��
���%
�#��!�������

parameters mentioned at S.No.1 in (Table.1) (b) Waveforms observed in 
Oscilloscope; waveform 1 is camera triggering pulse and waveform 2 is dI/dt 
Pulse of current flowing in circuit.

(a) (b)

Fig.7. ���
  ���!��!�"!��
��
�#������"
��!�
 ��
 ����
������
��
$�
��
���%
�#��!�������

parameters mentioned at S.No.2 in (Table.1) (b) Waveforms observed in 
Oscilloscope; waveform 1 is camera triggering pulse and waveform 2 is dI/dt 
Pulse of current flowing in circuit.

15



(a) (b)

Fig.8. ���
  ���!��!�"!��
��
�#������"
��!�
 ��
 ����
������
��
$�
��
���%
�#��!�������

parameters mentioned at S.No.3 in (Table.1) (b) Waveforms observed in 
Oscilloscope; waveform 1 is camera triggering pulse and waveform 2 is dI/dt 
Pulse of current flowing in circuit.

(a)                                                           (b)    

Fig.9. ���
  ���!��!�"!��
��
�#������"
��!�
 ��
 ����
������
��
$�
��
���%
�#��!�������

parameters mentioned at S.No.4 in (Table.1) (b) Waveforms observed in 
Oscilloscope; waveform 1 is camera triggering pulse and waveform 2 is dI/dt 
Pulse of current flowing in circuit.

Current density is approximately same except in the last shot in (Table.1). Rise time of 
current �'�.,
"��
is slower in last shot as compare to ����
����
�)
"��
��
first three shots. 

Wire is at the bottom of laser. Fringes start shifting from top upward as plasma travels across
laser (camera records inverted image). Oscillatory behavior of fringes is observed in every 
shot. It becomes prominent as laser beam is aligned further away from wire. This may be 
because of relative increase of neutral atoms density than of electrons. Fringes get shifted in 
opposite directions because of electrons and neutral atoms density. 
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Since expansion velocity is not constant with time [31], time averaged value of expansion 
velocity predicted from interferometer has been considered for estimating approximate value 
of plasma radial dimension. This plasma length has then been used to get an idea of electron 
density as interferometer gives value of line integrated electron density. This way, electron 
density comes out to be order of the 1024 m-3. 

Theoretical calculations have also been carried out to estimate electron density in exploding 
wires of every shot. Here we discuss for a particular shot shown in (Fig.8). Distance between 
wire and laser beam is around 2.5 mm. Time difference between camera triggering and the 
instant where fringes start disappearing indicate that surface of plasma formed in wire 
expands with time averaged velocity of about 7 km/s. This is averaged over the time i.e 350 
ns which plasma takes to reach the bottom of laser beam. Initial speed of expanding plasma is 
expected to be much higher than this and expected to decrease with time31 as thermal kinetic 
pressure decreases. After 350 ns, expansion speed has been computed from time rate of 
change of initial displacement in each fringe in interferogram coming across the full beam 
diameter of 4 mm. The time averaged speed for crossing the beam diameter comes out to be 
order of 4 km/s.  

Theoretically estimated electron density passing through plasma after explosion in time 
duration in which first fringe started shifting comes out to be of same order as experimentally 
observed with interferometer. Electron density required to shift a fringe for particular 
duration has been estimated by integrating current for that interval.

(a) (b)
 

Fig.10. (a) Interferogram of ���"��
�#������"
��!�
���%
�����
�����
��
&�
�����

(b) Temporal electron density corresponding to interferogram shown 
in (a) in time window ��
'
��
��
$$
���

Time (microseconds) 
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(a) (b)

Fig.11. (a) Interferogram of single exploding wire with same experimental parameters 
as for shot shown in (Fig.10) ���%
 �����
 �����
 ��
 &��
 �����
 �(�
 )����!��

electron density corresponding to interferogram shown in (a) in time window of 
��
��
��
$��
���

Temporal electron density profile can be plotted using a FORTRAN program which has been 
developed to interpret interferograms for fringe shifts. (Fig.10 and 11) depict the electron 
������	
�������
���
��
���������
����
���������
���
.
"�
��
55
"�
���
'&
"�
��
5&&
"�
���
����

�$����������
�����������
6�����
���
��
,7
"�
��������
��
�$������
���
���������
��
.

"#
���������
��
��������
�������
��
,
�4�
6������
�ensity was of the order of 4 x 108 A/cm-2.
Wire was at 1 mm below the centre of laser beam diameter of 2mm. Temporal profile has 
been plotted noting shift in first five clear fringes from the bottom in interferogram.  

A combined graph of two time windows in (Fig.12) shows electron density profile from .
"�

��
 5&&
 "� for two shots taken separately at same experimental conditions. Lowest and 
uppermost curve correspond to data points from lowest first and upper most fifth fringe out of 
a set of five clear fringes. Maximum electron density comes out to about 5.2 x 1024 m-3 ��
.
"��
Electron density may be higher than this at the time of pinch but fringes are not visible at 
times prior to this.  

Fig.12. )����!��
*!�����
��
����!��
������+
�!��
'
��
��
$��
���

Time (microseconds) 

For 4-55
"�

For 60-200 "�
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Electron density falls to its 1/e value in next 10 microseconds. After that rate of fall is 
decreasing with time and becomes almost constant after 100 microseconds. Though density is 
decreasing continuously with time but rate of decrease is varying with time.

6. USING MZI OVERCOMING LIMITATIONS IN CURRENT EXPERIMENTS  

As noted earlier, wavelength of the probing laser in interferometer decides limitation to 
maximum electron density that can be measured. Measurable density should be much less 
than critical density as discussed in section-2. If measurable electron density is comparable to 
critical electron density then refraction and opacity effects can significantly limit these kinds 
of diagnostics. Generally plasmas produced are not uniform and can change wave front 
alignment of probing beam when introduced in its path. Refraction may change alignment 
and can result in very dull phase contrast. For this, probing frequency should not only be
higher rather it should be considerably higher than plasma frequency. Electron density at time 
of pinching has not been observed in our experiments as fringes are not clear at the time of 
pinching. This may be because the density is a significant fraction of critical electron density 
or may further be higher.  

Main problem appears to be the density gradient in such (EW) plasmas. Electron density is 
not uniform which causes phase shift of beam passing through it. There are also not plane 
boundaries of plasma medium. So this may behave like lens as plasma formed have axi-
symmetric cylindrical curves of different densities. If plasma medium does not have plane 
boundary then this lens kind of nature refracts beam out of the line and there would not be 
proper interference through the whole diameter of beam. If refraction is large, then full
probing beam could be escaped for interference and no information can be retrieved. But if 
refraction is small, then it can be ignored. This happens in case of lower density gradients as 
in case of spark gap plasma. But as density gradient increases then modifications are required 
to observe changes in fringes. Big diameter of laser beam can be used in MZI with short arm 
lengths to get better interferograms. Efforts are underway to estimate angle of refraction with 
increasing current density in EW plasmas. Measurement of angle of refraction can also give 
electron density.  

White light intensity at time of burst in EWs is so high that it affects fringe contrast badly. 
Filters of very narrow window for laser wavelength are being used to make contrast better. 

 7. SUMMARY AND CONCLUSION

Dynamics of pinches can be well understood by measuring the electron densities and current 
profiles of such plasma configurations. The X-rays output, efficiency, and implosion 
instabilities of high current pinches are correlated with history of the electron density and 
current profiles. Measuring these profiles with high spatial and temporal resolution enables 
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the dynamics of the implosion to be examined. This also facilitates the energy coupling of the 
pinch to be inferred.  

Presently, a Mach Zehnder Interferometer has been designed and developed for electron 
density measurements. Interferometer has been used for temporal electron density profiles in 
EW plasmas. Initial experiments have been carried out on low density plasmas like that of 
spark gap and subsequently EW plasmas have also been probed. Further modifications are 
underway to get better clarity in interferograms at the time of pinching and with higher 
current densities.  

It has also been planned to determine spatial profile which could be achieved using either a
laser beam of large diameter and capturing the image in frame mode, or using a small 
diameter laser beam at different chords of the plasma and capturing the image in streak mode. 

Further work is in progress for characterizing x-rays emission with respect to experimental
parameters like wire-diameter and configuration or charging voltage. Finally interferometry
will be used to determine electron density changes with similar experimental parameters and 
thereafter to correlate plasma dynamics with x-rays emission.
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