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Abstract • 

The work presented in this thesis is directed at the developement 

of the new field of holographic interferometry as applied to plasma 

diagnostics. The first aspect of the work is the exposition of the 

basic principles of holography and the laying down of the criteria 

for the choice of an experimental setup. The use of the Scatter-plate 

system is shown to be very fruitful for holographic interferometry 

of the plasma due to its minimal demands on the quality of the laser 

and the associated optics. 

The second aspect of the work is the demonstration of the 

technique to yield quantitative results of accuracy comparable to that 

of conventional interferometry, but with much greater ease. The 

technique is used for this purpose to determine the time resolved 

electron density distributions in the Z-pinch discharge whose construction 

is also described. 

The measurements are performed with side-on configuration to 

reduce refraction of the probing beam due to large refractive index 

gradients in the pinched plasmacolumn.This becomes acute in end-on 

configuration. The holographic interferometry is shown to have a smaller 

error in the fringe shifts due to refraction as compared to that with 

conventional interferometry. This and many other advantages of holographic 

interferometry are emphasized to estabilish its worth over other dignostic 

methods. 

The results obtained with holographic interferometry are 

compared with those obtained by the complimentary technique of Michelson 
interferometry using He-Ne cw laser. These are found to agree very well 

with each other. The Michelson interferometry is also shown to be very 

valuable in its own right for performing measurements on a very fast 

discharge as used in the present work. 



The behaviour of the discharge under various experimental 

conditions is qualitatively explained on the basis of simple plasma 

theory. The prospects of using holography for determining plasma 

temperatures by plasDa absorption of the laser radiation are also 

discussed. Some calculations of the resonance absorption of ruby laser 

radiation in nitrogen plasma with 	line at 6942.9 R are presented 
for enabling the measurements of temperature by this method. 

Finally suggestions are made for futUre work on plasma 

diagnostics by both holography and holographic interferometry. 
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Chapter 1 

1.1 Introduction 

For any meaningful study of the plasma, it is essential to have 

reliable and accurate diagnostic methods at one's disposal. Although 

various techniques were previously available for the measurement of plasma 

parameters, such as electric and magnetic probes, high speed photography 

and plasma spectroscopy, these, however, provided approximate results and 

required various assumptions about the plasma state for the interpret-

ation of these results. It is only after the advent of lasers that 

plasma diagnostics has acquired a sound base. 

The study of the interaction of the external probing electromagnetic 

radiation with the plasma, resulting in the attenuation, scattering or 

pure phase changes of the radiation, leads to a knowledge of the plasma -

state. It is due to the laser that the techniques namely the Thomson 

scattering, resonance and bremsstrahlung absorption, laser interferometry 

and holographic interferometry have become possible. Although these 

techniques have been successfully applied to measure various plasma para-

meters, these are still being developed and perfected. The most recent 

of these techniques are the holography and holographic interferometry of 

the plasmas. When the present work was started, these were still in 

their infancy. Although the basic principles were established, a con-

vincing application to the quantitative study of any plasma was still 

lacking. - In this thesis it is intended to provide exactly this. 

The objectives are defined as 

i) to examine the usefulness of holography and holographic interferometry 

to plasma diagnostics, i.e. to find out exactly what information about 

the plasma can be extracted by using these techniques, 

ii) to examine the demands this technique places on the resources of 

apparatus etc.;to judge the relative ease of obtaining the same inform-

ation by other techniques, 

iii) to apply the technique to a particular plasma, sort out all the 



practical details -and to show its usefulness to obtain results of reason-

able accuracy. 

These objectives are partly discussed in the next section and the 

discussion is carried through in the succeeding chapters. 

It is shown in this thesis that holographic interferometry can be 

very useful to study plasmas in the situations which fall beyond the 

range of most other diagnostic methods. This is partly done in Chapter 

5 where a comparison is also made with its sister field, namely the 

optical interferometry, using for instance the Mach-Zehnder system. 

The science of holography is a branch of applied optics. Due to 

its rapid expansion in the last few years, the time involved is rather 

short for its proper dissemination even among scientists. This is 

because until very recently no text was available explaining the physical 

principles and the practical details of holography. As a by-product of 

the work on plasma diagnostics, the thesis also tries to fill this gap 

by giving a thorough exposition of the basic principles and the experi-

mental details of holography and holographic interferometry. This is 

done in chapters 3 and 4. 

Since holographic interferometry is only one of the numerous diag-

nostic techniques employing lasers that measure electron densities, its 

usefulness can not be properly assessed unless a comparative evaluation 

is made of these techniques as regards their relative ease of operation 

and the range of measurements each affords. This is done in the next 

section. 

1.2 Comparative evaluation of various diagnostic techniques using lasers  

The parameters of interest in a plasma are the electron and ion 

density distributions, their temperature distributions and the magnetic.  

field in the plasma. Before the advent of laser, only the plasma spec-

troscopy provided means of studying the plasra with non-interfering probes. 

This was done using the plasma light itself. It was almost impossible 



Technique Ne Te  Ni 

Thomson 
Scattering (a«1) 

Collective 
Scattering (a»1) 

Mach-Zehnder 
Interferometry 

Holography 
(interferometry) 

Holography 

Yes Yes 

Yes 	Yes Yes 

Yes 

Yes 

Fesonance 
ausorguion 
in NII line 	o -- 

(6942.9 A) *, 

- - 

- - 

Table 1.1  

CW Gas Lasers 

a 

laser wavelength Electron Density Electron Temperature Magnetic Field 

He - Ne laser 0.63 p Interferometry - Faraday rotation 

3.39 p ,, Free-Free Absorption 

Argon laser 4880.8 Interferometry Resonance Absorption Faraday Effect 
(non-resonant in Argon plasma (also using resonant 

transmission) measured using holography)
Ar
laser radiation in 
Argon 

5145 R " " - 	. 

COI2  laser 10.6 p Interferometry Free-Free Absorption Faraday rotation 

flicr\I 	laser 337 	p Interferometry Free-Free Absorption Faraday rotation 

Ruby Laser (6943 R) 
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to use external electromagnetic waves in the visible region of the spec-

trum to act as the non-interfering probe. This was because the intense 

plasma radiation in the visible range of the spectrum nearly always 

masked the probing radiation. The laser with its unique characteristics 

(section 1.2.1) made it possible to overcome this limitation. This 

opened a whole new field of diagnostic methods which are listed in 
Table (1.1). 

The purpose here is to make a cumparison of these techniques with 

holographic interferometry as regards their relative ease of operation 

and the amount of information each yields. This is best done by examining 

each method separately as in the following. 

1.2.1 Plasma diagnostics by light scatterin  

The measurement of light scattered by the plasma electrons was not 

possible before the advent of laser because of the extremely small value 

of the Thomson scattering cross-section. The laser overcame the limit-

ation of large plasma background radiation because of 

i) the very large intensity of the laser beam 

ii) .its monochromaticity allowing the use of narrow-band optical 

filters to suppress the plasma radiation 

iii) its directionality; allowing the use of narrow apertures for 

stopping undesired plasma light reaching the detectors 

iv) its polarization; since the plasma radiation is essentially 

unpolarized and hence can be eliminated by using appropriate optics. 

As, can be seen in Table (1.1), the scattering experiment allows the 

measurements of the electron density and electron and ion temperatures. 

These are both spatially and temporally resolved. The theory of light 

scattering by plasmas has been extensively developed and an excellent 

review is given in Reference (2). To get an understanding of how the 

above mentioned parameters can be measured, the results of the theory are 

briefly outlined in the following. 



The density fluctuations in a plasma are considered in two parts: 

one containing the fluctuations of freely moving electrons and the other 

containing the electron fluctuations correlated with the motion of the 
ions. Salpeter(1) has shown that the form of these components is 

determined by a parameter a defined by 

a 	47rXD  sin e 2 

where XD is the Debye length, X0  is the wavelength of the incident rad-

iation and e is the angle between the direction of the incident and 
scattered radiation. 

When a « 1, the correlations between electrons and ions are neglig-

ible. The width of the spectral distribution of the scattered signal 

gives the electron temperatures and the peak intensity of the scattered 

light is a measure of electron density. 

When a » 1, the spectra are determined completely by collective 

effects between the particles. They consist of three lines; a central 

line which has a half width determined by the thermal velocity of the ions 

and two small symmetrically located so-called plasma lines. The separation 

of these sate-Late lines from the central line determines the electron 

density while their half width determine the electron temperature. 

The Fig. (1.1) explains the various regions of operation and the assoc-

iated parameters that can be measured. 

Although in principle this technique appears to be the best as it 

can yield information about various plasma parameters, in practice it is 

very difficult to carry out these measurements. This is because in the 

case a » 1, the plasma line is very faint and extremely difficult to 

detect and to measure its width. The extremely small scattered light 

causes the signal/noise ratio to be small where noise, is the shot noise 

in the photodetector. Also the large plasma background radiation makes 

the detection of the scattered signal difficult. To overcome these 

limitations more powerful lasers are required which made the whole 
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Fig (1.1) The diagram showing the range of parameters measurable 

under various operating conditions. 

2. 	3 	is 	2a if d 60  " 
Ad A A° 

r) 
2. 0 

10 — 

CASE WHEN 

7e <CJ 
►. 0 

p
@

JG
Q.

q.P
O

S
  

OYLE) 



operation very expensive. Also the sophicticated detection systems add 

their share to the expenses. 

One other limitation of the method is the fact that it is difficult 

to measure particle density and temperature distributions due to the 

practical difficulty of scanning through the plasma. 

If one considers the ease with which the electron density distrib-

utions can be measured by gas laser interferometry (1.2.2) and holographic 

interferometry (1.2.3), then this certainly seems to outweigh the advan-

tages offered by the scattering experiment. 

1.2.2 Electron density measurements with cw laser interferometry  

This technique is in many ways complimentary to holographic inter-

ferometry using a ruby laser. The latter yields time resolved spatial 

distributions of plasma refractive index while the former measures its 

time variation at a particular point in Space. One therefore has to 

scan the plasma to build a picture of the spatial distributions of the 

refractive index. The disadvantage of cw laser interferometry thus 

is the fact that for obtaining electron density distributions one has 

to depend on the reproducibility of the plasma. 

In the present work this technique was used to check the measure-

ments of holographic interferometry. This work is presented in Chapter 

7. There is a whole range of adaptations of the method for obtaining 

various time and space resolutions and sensitivities in different plasma 

conditions. These are shown in tabular form in Table (7.1). In 

some of these interferometers the laSer is used simply as a source of 

light while in others it is coupled to the reference cavity containing 

the plasma. The frequency response in the latter case where the laser 

and reference cavities are coupled is much smaller than in the former. 

This is further discussed in Chapter 7. 

To perform measurements on fast pinches, such as the one used.in 

the present work (Chapter 5), the frequency response of the interfero- 
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meter must be large. The Michelson and Mach-Zehnder interferometers 

(section 7.2) are ideal for such measurements because of small number 

of transits of the beam in the system. These also allow the use of 

very narrow pinhole apertures to provide good spatial resolution of the 

measurements, This is explained and discussed in Section (7.4). 

where it is also shown that the use of narrow apertures is not possible 

in Fabry-Perot interferometers due to large diffraction of the light by 

the pinhole. Such a problem does not arise in Michelson system because 

the pinhole is outside the interferometer. 

As a consequence of using a beam of very small effective diameter in 

the Michelson system, it was possible to identify sharp shock front, 

generated by the current sheet (8.2.2), moving across the beam. The 

observation of this interesting effect made it possible to estimate the 

shock speed in the collapsing phase of the discharge. This result was 

used to obtain a rough estimation of the total energy stored as the 

kinetic energy during the implosion (section 8.3). 

The results obtained by the Michelson interferometer using He-Ne 

laser agreed very well with those of holographic interferometry. 

Fortunately, the discharge was reproducible and hence the measurements 

with gas laser interferometry could be performed as accurately as with 

holographic interferometry, 

1.2.3 Holography and Holoraphic Interferometry 

Although holography has been applied to measure pure phase changes 

caused by the plasma, as also is the purpose of this thesis, it has been 

shown to be equally good for measuring the absorption of light by the 

plasma. This latter fact can be used to measure the plasma temperature 

using holography. In the conventional method for measuring the plasma 

resonance absorption by using a photodetector the main limitation arises 

due to the large resonance line emission acting as a noise. The holo-

graphic method has the distinct advantage over the conventional method 

that the reconstructed image of the hologram is completely insensitive 



to the incoherent plasma light. 

In the usual laboratory plasmas such as pinch discharges, there is 

detectable free-free absorption only at infra-red frequencies where it 

is not possible to make a hologram. One can, however, use lasers in the 

visible range of the spectrum to measure resonance absorption by holo-

graphic method and hence obtain plasma temperature. This is possible 
using argon laser at 4880 R with the All plasma line at the same wave-
length. This is discussed in Appendix I, which also describes some 

calculations performed to examine the feasibility of resonance absorption 

using ruby laser (6943 R) in nitrogen plasma with N11  line at 6942.9 R. 

Holographic interferometry is used in our work to measure the refrac-

tive index distribution in the plasma. The refractive index of the 

plasma is mainly due to electronic contribution as shown in Chapter 5. 
The non-electronic contribution, if any, can be eliminated by interfero-

metry at two different wavelengths. The need for this, however, did not 

arise in the present work. 

Most of the systems, reported in the literature, for holographic 

interferometry require a mode-controlled ruby laser and expensive optics. 

Single mode operation of the laser is achieved at the expense of power 

and energy of the output pulse as shown in Chapter 2. In our present 

work the problem is solved by the use of scatter-plate interferometer 

which relaxes the demands both on the laser as wall as the optics as 

discussed in Chapter 4. 

Holographic interferograms of the plasma can be obtained by using 

ordinary optical elements without distorting the interference fringe 

pattern. This contrasts distinctly with conventional interferometry 

which requires expensive good quality optics if one is to obtain undis-

torted interferograms of the plasma. 

1.3 Layout of. the Thesi 

This Chapter (1) describes various diagnostic techniques that can 
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be performed using lasers. These techniques are compared with holo-

graphic interferometry and their usefulness evaluated. 

Chapter 2 describes the ruby laser to be employed for holographic inter-

ferometry of the plasma. It discusses the pumping characteristics from 

the basic rate equations derived from the energy level diagram of the 

ruby. A Q-switching method giving well timed short-duration pulses 

utilizing a simple combination of active and passive Q-switches is des-

cribed. Relevant mode structure of the laser is discussed because it 

has a direct bearing on the coherence of the output radiation - a para-

meter of significance in holography. 

Chapter 3 contains an elaborate discussion of the basic principles of the 

science of holography. A simplified approach giving a physical insight 

into the working of a hologram is adopted. Magnification considerations 

of a holographic system are described in view of their usefulness in 

determining the object size from the reconstructed image. Coherence 

requirements of the laser illumination to form and reconstruct the holo-

grams are discussed. Other practical considerations helpful in c4ing 

an experimental system for holography of the plasma are outlined. 

Chapter 4 desCribes the scatter plate system to be used for holographic 

interferometry of the plasma. The aberrations in the optical system are 

shown to place a demand on the degree of coherence of the radiation. 

Practical considerations of the photographic materials and processes are 

discussed as they are of much importance for obtaining good holograms. 

Chapter 5 discusses the contribution of various components of the plasma 

to its refractive index. The "sum of all non-electronic contributions:  

is shown to be less than a few percent of the electronic contribution 

to the refractive index of the plasma. The construction of a Z-pinch 

device is described. It is shown that when electron density gradients 

are large, it is only in side-on configuration that the probing rays do 

not suffer appreciable deviation to distort the fringe pattern. The 

chapter closes with the description of preliminary measurements on the 

Z-pinch device. 
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Chapter 6 describes the experiment which combines the principles and 

techniques described in the last four chapters, The most suitable holo-

graphic system is assembled along with the simple laser source for per-

forming holographic interferometric measurements on the Z-pinch plasma. 

The radial distributions of the electron densities are calculated by Abel 

inversion of the fringe distribution obtained in circularly symmetric 

case, some results of electron density distributions under various 

experimental conditions are presented. The sensitivity of measurements 

and influence of various factors effecting the results are discussed. 

The chapter ends with the description of some miscellaneous techniques 

that could be usefully applied to study plasmas under various circumstances. 

Chapter 7 describes the Michelson interferometry of the plasma with He-Ne 

laser performed to verify the results of Chapter 6. A comparison is 

made of the results obtained by the two methods for plasma under similar 

circumstances. 

Chapter 8 contains a simplified theoretical discussion of the mechanisms 

involved in the Z-pinch collapse. It explains various experimental 

observations such as time to pinch, the presence of appreciable axial 

electron densities well before the pinch, peaking of the electron density 

at a certain filling pressure etc. on the basis of relevant plasma theories. 

Plasma temperature is estimated from the energy balance considerations 

with the knowledge of a few plasma parameters, namely, the electron 

density, the radius of the pinch and the current at the pinch. 

Chapter 9 contains the concluding remarks about the work presented in 

this thesis and suEEestions for the fUture work. 

The Appendix (I) contains the calculation of the absorption of the ruby 

__ laser  light in NII line at 6942.9 R in a nitrogen plasma. The measure-
ment of absorption enables one to obtain directly the plasma electron 

temperature from the above calculations if the plasma electron densities 

are known. Difficulties involved in carrying out the measurements with 

the present Z-pinch plasma are described. A simple situation is sug-

gested where these absorption measurements could be performed both with 
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conventional methods and also with holography of the plasma. 

The Appendix (II) contains the simple computer program to calculate the 

radial distribution of electron densities by Abel inversion of the 

experimentally obtained fringe distributions. 
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Chapter 2  

The Ruby Laser  

2.1 Introduction 

The application of holographic interferometry for plasma diagnostics 

necessitates the use of a giant pulse ruby laser as the source of the rad-

iation. In this case the most important characteristic of the laser 

output is its coherence. The output from a normal Q-spoilt laser con-. 

sists of many axial modes of the resonant cavity contained within the 

ruby fluorescent line and also of many transverse modes. As discussed 

in the following chapters, good quality holograms can be obtained only 

if the laser output has a reasonable degree of coherence which is deter-

mined by its mode structure. 

In this chapter various factors contributing to the mode structure 

of the laser output are discussed. The exact nature of the mode structure 

depends, among other factors, on the method of Q-switching the ruby laser 

cavity. For this reason the Q-spoiling dynamics using both active and 

passive Q-switches are discussed. This moreover, helps to obtain short 

duration well timed pulses essential for time resolved study of the fast 

moving plasma. 

2.2 Principle of operation of the laser 

After the first successful operation of the laser by Maiman(1)  , its 

behaviour has been thoroughly investigated by various workers. Lasing 

has been achieved in materials in all the four states of matter, i.e. 

solid, liquid, gaseous and plasma states. The following discussion will 

be confined to ruby crystal lasers. Since many thorough accounts exist 

. in the literature, only relevent aspects will be briefly described. 

The reasons for the feasibility of laser action by stimulated emission 

in ruby can be understood with the help of the energy level diagram of 
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the pink ruby (0.05% chromium) shown in Fig. (2.1). When the ruby is 

irrariated by green wavelength 5600 R causing the transition 4A2  412 

the output is almost all in red by the transition 2E + 4A2. The quantum 

efficiency of this process is almost unity. This is because the tran-

sition. 4F2  ÷ 2E is almost non-radiative and the transition 2E .4- 4A2 is 

almost entirely radiative. The presence of wide absorption band 4F2  

makes it possible to indirectly transfer larger numbers of ground state 

electrons to metastable level 2E by optical pumping. This produces 

the condition of population inversion thus bringing the ruby in a state 

of negative absorption. 

The laser action is produced in the ruby by placing the active 

medium, i.e. in the state of population inversion, in an optical resonant 

cavity. Any photons emitted by spontaneous emission in the direction of 

the cavity mirrors are reflected back to the active medium and are thus 

amplified as they pass through it. 

The gain per unit path length a is a function of temperature, doping and 

population inversion. For a 0.05% doped ruby at room temperature the 

gain is given as(2)  

a 	0.4 
(N2 - Ni) cm  1 - (2.1) 

No  

where No  is the total number of chromium ions. 

Assuming the losses to be entirely due to transmission from the 

resonant mirrors, the threshold condition for relaxation oscillations is 

RI R2  e26L 
	

- (2.2) 

where L is the ruby length and R11R2 are the reflectivities of the mirrors. 

To estimate the amount of input light energy to bring the laser to-

the threshold of operation, the rate equations of ruby treated as three 

level system have to be solved. These equations can be written with the 
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• Fig (2.11 An approximate Energy - Level diagtam of the ruby. 



_16 

help of the Fig. (2.1). If we make the assumptions that N1  » N3 and 

the transition probability A31  is negligible in comparison with W31, 
the probability of stimulated emission, then the rate equations can be 

written as 

dt 7 W13  N1 - N3.S32  

dN 
dt = N3 S32 - N2(A21 + - W21) W12 Ni 

NI + N2 + N3 	 - (2.3) 

Noting that W21 = W12, the above equationt can be solved for the 
relative population inversion, and since in a steady state the derivatives 

are 0, we obtain 
N2 - N1 , W13 - A21  
No 	W13 A21 2W12 	

- (2.4) 

The quantity W13 is proportional to the incident exciting light and WI2  
is proportional to the laser action in progress. At the threshold of 

oscillations W12 = O. 
, 

Knowing EI, R2 and L, ( m_
N2 - N1 

 ) 	can be determined from Equations 
-0  threshold 

(2.1) and (2.2). The minimum value of W13 necessary to achieve the 
threshold of oscillation is then obtained from Eq. (2.4). The flash 

tubes pumping the ruby are black-body radiators. The knowledge of W13 

enables one to estimate the minimum temperature of the black-body source 

which may produce population inversion in a three-level system. 

2.3 Considerations of the pumping of the ruby  

In the practical design of the laser, the parameter of interest is' 
the efficiency of laser operation;  i.e. the ratio of the output laser 

light energy to the electrical energy fed to the flash tube. The overall 
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efficiency of the optically pumped lasers is less than one per cent. 

This is because of poor conversion of electrical energy to light energy 

absorbed by the crystal and also poor utilization of this absorbed energy 

in contributing to the output of the laser. The latter is about 50% 

and hence the low efficiency is mainly due to the low pumping efficiency. 

The output from the flash tube is mainly blackbody radiation(3). 
The narrow absorption band of the laser crystal combined with this broad 

emission band of the tube gives an intrinsic low effeciency. Although 

the plasma has a blackbody spectral distribution it has a low emissivity, 

Moreover only a very small amount (-5%) of the radiation incident on the 

ruby is absorbed, some is reflected and the rest passes through. 

The disadvantage of the above method of pumping apart from poor 

efficiency is the heating it produces on the ruby rod and the cavity. 

The practical limitations of the cooling rate of the cavity limits the 

frequency of operation of the laser. The above disadvantage can be 

easily overcome by the use of plasma theta-pinch for the pumping of the 

laser rod. Such a system has been investigated by Feldman et. al.(4s5) 

and also by Aisenberg et. al.(6). The light output from the electrode-

less flash tube is primarily line spectra in contrast to blackbody rad-

iation from Xe-flash tubes normally used, This has the great advantage 

of not heating either the ruby or the flash tube and hence the laser can 

be operated with larger repetition rates. Moreover the line spectrum of 

the plasma can be adjusted to coincide with the absorption bands of the 

laser rod and a much higher efficiency of energy utilization can be 

attained. This can be done by the choice of the gas and the operating 

pressure and voltage and the rate of change of discharge current in the 

theta pinch coil. 

The results reported by the authors referred to above were very en-

couraging. They attained lasing both in ruby at 6945 A° and in Nd3+ 

glass rods. The output power with this method of pumping was larger 

by an order of magnitude compared to the Xe-flash tubes for the same 

input energy. The output pulse had also very different characteristics. 
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In ruby a pulse with a width of 10 usec, was obtained in contrast to 

spiking for 100 usec. when pumped with conventional flash tubes. The-

better matching existed between the blue U.V. (3200 -'4400 R) ruby pump 

band (see Fig. 2.1) and argon at 10 torn filling pressure. 

Due to the very desirable output characteristics of this method of 

pumping,a similar project was undertaken by the present author. This 

was with the intention of trying to operate such a laser with Q-switching 

for obtaining very short and powerful laser pulse to be used for plasma 

diagnostics. A small theta pinch device built by Key(7), was available. 

A glass flash tube was made which would hold the ruby along the axis of 

the tube allowing it to be pumped both by plasma light and also by direct 

impact of the plasma on the crystal. It was following the idea of 

Fonda-Bonardi(8). Since the theta pinch system was about six years old, 

unfortunately the insulation at the spark gap broke down at 30 KV. The 

project had thus to be abandoned, due to the pressure of other work on 

holography etc. 

In conclusion it may be remarked that the theta pinch pumping can 

be a very useful method if a large repetition rate of the laser is required. 

This especially applies to bubble chamber holography and also strobos- 
(9) copic applications. Haskell et. al. 	have reported operation of Nd3+ 

glass laser with 60 pulses per second. The coherence properties of the 

output and its mode structure need yet to be investigated. 

2.4 Q-switching techniques,  

It is necessary to obtain short duration -large intensity pulse for 

obtaining time resolved interferograms of the plasma. Although the 

fast theta pinch pumping of the laser discussed in the last section pro-

duces a single pulse of the laser output, it is not narrow enough to 

give sufficient time resolution of fast plasmas. One can however employ 

various Q-switching techniques for this purpose. These are generally 

classified as active and passive -switches, As the name implies, the 

former type can be employed to give a controlled well timed output pulse; 
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while in the latter, which includes saturable dyes no accurate control 

of the timing of the output pulse is possible. 

• The electro-optic modulators including the Kerr and Pockels cells 

are among the fast switches. In these modulators the change of cavity 

from low to high Q condition is achieved in a time short compared to the 

time taken for the laser pulse to form. The rotating prism type of 

mechanical modulator can also be called fast switch if the rate of 

rotation is large. Usually a mirror rotation rate of 20,000 r.p.m. 

with a meter long cavity with an average quality ruby produces pulses of 

50 nsec, duration. With a rotating 'roof' prism and a stationary low 

reflectivity mirror the light of superior coherence is produced. This is 

because the cavity contains only the laser material and this causes the 

beam to emergy in a diffraction limited cone. This method has the dis-

advantage of a time jitter produced by slight movement of the stationary 

mirror. This together with the difficulty of making a mechanically 

stable rotating prism and timing apparatus barred it from the choice. 

The Pockels cell employing a KDP crystal is often used as a fast 

Q-switch. It has the disadvantage of lower optical quality, inherent 

birefringence and its rapid deterioration in humid air. The Kerr cell 

uses nitrobenzene which is a loss free Kerr material. However, nitro-

benzene often causes large deviations in both pulse shape and spectrum 

when the light energy flux in the cell becomes of the order of 10 MW/cm? 

or larger. This is mainly because of stimulated Raman scattering in 

nitrobenzene. 

The effect of the Raman transition on the spectrum of a giant pulse 

produced with a nitrobenzene Kerr shutter was first shown by McClung et. 
16). At higher powers the spectrum is smeared out over several ang-

stroms. This causes an effective shortening of the coherence length 

of the radiation, thus imposing stringent constraints on the holographic 

set-up. In our experiments, however, the power level of laser.output 

was not too high to produce any serious smearing out of the spectrun. 

The Kerr cell was used in X/4 switching mode. This was because of 
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its simplicity and since no large power levels were required which would 

be attained by using X/2  switching. In the first method, the average-

gain per pass is modulated by modulating the polarization of light inside 

the cavity. It utilizes the fact that the ruby R line pumped to inver-

sion has a largerabsorption cross-section al for light plane-polarized 

perpendicular to the plane of the c-axis than all  for light polarized 
parallel to the c-axis. 

Under low Q condition with the Kerr cell being active, the coupling 

and gain on every other pass is reduced. Under high Q condition, the 

laser photons remain polarized perpendicular to the plane of the c-axis 

and experience full gain on every pass. This method works because in 

ruby cra/a 	- 5. However, if the degree of over-inversion exceeds 1.7 

the threshold of low Q cavity is exceeded and a "spill over" occurs resul-

ting in relaxation oscillations, This can be prevented by using a polar-

izon in series with the Kerr cell acting as a Kerr shutter. 

The loss in low Q condition is not quite 100%, because small reflec-

tions at various dielectric interfaces cause some photons to be fed back 

through the ruby. However, the low Q-threshold is considerably increased. 

Since the introduction of additional surfaces in the cavity causes the 

losses to increase, the use of X/4 switching was preferred. 

The Kerr cell voltage was set at 11.6 KV for X/4 switching. The simple 

check could be made using already polarized light of He-Ne laser. The 

arrangement is shown in Fig. (2.2). The rotation of the polarization 

vector is given by 

nr2  x 
—2—d . 

- (2.8) 

where j is the Kerr constant which varies only- very slowly with wave- 

length and is practically the same for the ruby and He-Ne laser wave- 

' length. V is the potential difference across plates. 

t is the length the light.traverses between the plates and d the separation 

of the plates. 
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For the same rotation we have 

2 al  = V'2
2 V1   

For X1 = 6328 R and X2 = 6943 R 

V1  = 1.048 V2. 

The analyser was set to give maximum signal in the photomultiplier. 

When V2 was applied to the Kerr cell, it changed the polarization of E ray 

by Tr/2  in double transit through the cell. The signal dropped to about 

5% of the initial value, This agrees with the expected value for 6328 R 
since the voltage was set for 6943 R. 

As mentioned before the saturable dyes can be used to Q-switch the 

laser cavity. The giant pulse output in this case is determined by the 

unbleached absorption of the dye. The pulse will occur as soon as the 

ruby reaches the threshold level of bleaching of the dye. The population' 

inversion will be depleted by the pulse but if the pumping is continued 

further pulses will occur, 

Since the use of saturable dye alone does not yield a well timed 

pulse, it is used with a Kerr cell for this purpose. It produces a 

timed pulse of higher initial inversion/threshold inversion than is pos-

sible with the Kerr cell alone. It however requires a careful control 

of the amount of the input energy such that the threshold for the 

saturable material does not exceed much earlier than the electrical 

switching time. If this happens, then the level of over-inversion ex-

ceeds the value which the Kerr cell can hold. This results in an early 

pulse.• On the other hand, no pulse may emerge if the level of over-

inversion is less than the threshold for the saturable material even 

after opening the Kerr cell, 

- The use of saturable material either with or without the Kerr cell 

results in an improvement of coherence of the emerging beam. This 
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results from the mode selection properties of the saturable dyes as dis-

cussed in a later section. 

2.5 Description and operation of the ruby laser system 

The laser was basically that designed by Key(7)  but with many alter-

ations. It is shown in Fig. (2.3) and consisted of a mirror M1 having 

dielectrically coated surface with a reflectivity of 99.9% at 6943 R, 
a A/4  Kerr cell, 3" x 3/8" ruby in an aluminium cavity and the mirror M2  

with 60% reflectivity. A 3" long and 9 um. diameter flash tube was 

energized from a capacitor bank of 624 pf, consisting of capacitors of 

2.4 KV maximum charging voltage. This stored a maximum of 1.79 kilo - 

joules. Only about 66% of the energy was delivered to the flash tube, 

the rest being dissipated in the cables and the inductance. Thus the 

maximum energy utilized in the flash tube was 1186 joules. 

The inductance consisted of 90 turns of 10 s.w.g. insulated copper 

wire, would on a tufnol tube former of approximately 8" diameter giving 

an inductance of 520 pH, To switch the Kerr cell for X/4 operation a 

voltage of 11.6 KV was applied across its electrodes through a thyratron 

unit. The latter was triggered from a timing unit to obtain a controlled 

giant pulse output. 

The laser cavity was aligned using a He -Ne laser, its beam passing 

through a pinhole to the ruby laser cavity. The various surfaces are 

adjusted such that they all reflect the laser beam on to the pinhole. 

If the gas laser is not far enough from the ruby laser cavity, the align-

ment is not perfect. The final alignment was made using an auto-

collimator. 

Originally the flash tube used was XL 615/9/3 of English Electric, 

This had to be triggered by 16 KV pulse applied to a thin wire coiled 

over the quartz envelope of the tube. This was found to be a source of 

irritation because the spacing of windings of the wire and also the 

distance of the last turn from the live electrode were quite critical 

factors. If the latter was slightly less than the critical value, the 
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tube was found to breakdown by itself. The reason for this could be that 

any electrostatic fields between the live electrode and the trigger wire 

would help to accelerate stray electrons and thus could breakdown the tube. 

Moreover the relatively large value of the trigger pulse was a disadvan-

tage as it was more apt to spark' over to the cavity, thus damaging the 

flash tube. An insulation of the flash tube was provided by using 

rpyrophtgter, a mm4hinable asbestos which had high electrical resistance. 

Later T.W. Wingent flash tube type Xe/s/9/7.61k with 450 mm. filling 

pressure of Xe was used. This was cheaper and much quicker to obtain 

and had reasonably long life. The tube was triggered by a 14 KV pulse 

directly applied to the live electrode through a low inductance high 

voltage capacitance. The latter prevented the triggering pulse amplifier 

being ruined by the flash electrical energy shorting through it. This 

proved to be a reliable triggering method. 

The threshold of laser operation was a 'unction of cavity losses. 

These depended on the reflectivity of the output mirror, the mirror 

separation, the surface conditions of the liners in the aluminium cavity 

and also the age of the flash tube etc. Under the optimum conditions 

the threshold for relaxation oscillation was 540 Joules and that for 

giant pulse was - 590 Joules for a 50 ems. long cavity. 

At one time the giant pulse output from the laser was found to con- 

sist of wide single or double pulses of half-widths about 200 nsec. 

Since these were too wide to allow sufficient time resolution, a system- 

atic search for the cause of the phenomenon was made and is discussed 

in Sec. (6.4.1)., It was discovered that due to a fault in the electrical 

circuit of the preamplifier for the thyratron„ the latter was switching 

the Kerr cell much more slowly than normal. As discussed in Sec. (2.7) 

it produced pulses corresponding to slow switching case where the rate 

of change of cavity Q is slower than the puiRe build-up rate. A set 

of output pulses obtained under various operating conditions is shown 

in Fig. (2.4). 
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Before the electrical fault could be eliminated, it was attempted 

to obtain well timed narrow pulses with the saturable dye solutions in-

conjunction with the Kerr cell. As has been discussed in the last 

section (2.4), the attempts were crowned with success but only so under 

rather critical limits to the input energy to the flash tube. Some 

pulse shapes with saturable dyes alone are shown in Fig. (2.5). In 

addition to the normally used cryptocyanine dissolved in methanol, a new 

dye Vanadyl phthalocyanine in nitrobenzene was also used. The latter 

is much more stable and the cell needed no replenishing for a long time 

unlike the other dye solution. 

The rather strange shape of the pulse in Fig. (2.5a) was also repor-

ted by Key(7). However, the reason for this shape was not the mirror 

damage and subsequent additional loss in the cavity causing a slow fall 

off as postulated by Key. It was found to be due to the saturation of 

the photomultiplier, This was confirmed by the simultaneous measure-

ment of the laser power using the £I' photodiode F4000 which produced 

a normal pulse shape. The further confirmation was provided by using 

the photomultiplier in its linear range by attenuating the input light 

signal as seen in Fig. (2.5b). 

The.pulses of smaller amplitude following the main pulse in Fig, 

(2.5c) are the reflections at the mismatched coaxial cable. Later the 

use of proper coaxial matching resistor of 50 c with a 50 sl cable elim-

inated such reflections. Fig, (2.5f) shows multiple pulses due to heavy 

pumping producing much higher over-inversion than the threshold of 

low Q cavity. The pulses were of increasing power as also discussed by 
( Key 7)  . 

As discussed earlier, the final arrangement was the use of A/4 Kerr 

switch with saturable dye to produce single pulse at 1155 Joule input 

energy. 

2.6 Power and Energy measurement of the Ruby Laser output  

To understand the behaviour of ruby laser operation it was essential 



28 

to know the power and energy in the output pulse. For this purpose 

three different methods were utilized. The first was the measurement of 

absorption of the ruby output in a saturated solution of Cu Soil  in 

water. The second was the use of a calibrated fast photodiode 

F4000 and the last was a power meter using non linear polarization in 

quartz crystal. These methods are described in the following. 

1) Absorption in Cu SO4 cell  

The method is based on the fact that a saturated solution of Cu Soli 

has a large absorption coefficient at 6943 R equal to -3.6 cm 1. The 
cell was constructed in perspex with thin microscope coverslides as glass 

windows. For a path length of 0.6 cm. in the solution the absorption 

is 89%. The cell diameter was also 0.6 cm. It rested on rubber pads 

on perspex block to ensure minimum loss of heat by conduction. 

Since the thermal capability of the cell was small a detectable 

temperature rise was produced by the absorption of laser energy. This 

was detected by a thermocouple junction cemented in the side of the cell. 

A Cu-constant(Ln thermocouple was used with very short leads to give low 

resistance. The other junction was immersed in an identical solution 

in a small reservoir to keep the temperature constant. Using a very 

sensitive lamp and scale arrangement, very small temperature rise could 

be measured. 	The cell was calibrated by passing an electr:',c current 

through short length of constantan wire placed in the cell, The current 

was passed for a very short time (3 secs), compared to the time of the 

system to respond. This was to avoid any errors being introduced in 

the measurement of input electric energy due to radiation loss analo-

gous to the absorption of the laser energy. 

The amount of deflection depended on the position of the heating 

coil in the cell. A difference of - 12% was observed between the cen-

tral position and the coil at maximum distance from the thermocouple 

junction. Since the laser beam was focused to be absorbed at the centre, 

the calibration was performed by placing the coil centrally in the cell. 
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As seen in Fig. (2.6) the maximum deflection for each input energy occurs 

almost at the same time. The calibration curve showing the deflection 

of the galvanometer spot on the scale versus the input energy is shown 

in Fig. (2.7). The sensitivity of the cell used with the lamp and 

scale galvanometer arrangement was 5 ma, /0.1 J. 

At 600 Joules pump energy the energy output in the relaxation oscil-

lations was measured to be 0.18 ± 0.02 Joules, This was for the cavity 

having 3" x 3/8" ruby and 98%, 60% reflectivity mirrors. 

2) Calibrated photodiode 

The ill Biplanar Photodiode F4000(sL) was available for measure-

ments of power and energy of the ruby laser output, This photodiode 

has plane parallel (biplanar) and coaxial electrode geometry and when 

used with a terminated coaxial cable has a rise time of less than 0.5 

nsecs. The rise time of the output current is largely determined by the 

transit time of the photoelectrons as they move from cathode to anode and 

by applying larger voltages to the gap (usual spacing 0.25") can be made 

very small. The calibration charts could be available from the manu-

facturers, which enables.one to determine the power and energy of the 

pulse at a particular wavelength. Since the photodiode could provide 

large output currents, no preamplifier was needed which would otherwise 

degrade the time response of the system. 

The Fig. (2.8) shows the traces with relaxation oscillations of the 

ruby output. The upper trace gives the energy and is obtained by inte-

grating the signal from the photodiode. With a 50.s terminated cable, 

the 1 volt output signal corresponds to an energy of 120 mJoule. The 

• lower trace measures the power of each spike in the relaxation oscillation 

output, 	The sensitivity of measurement at 6943 R is 1.08 KWatt/ampere. 

The ruby laser output consists of - 40 - 50 spikes, with rangom fluc-

tuation.of height. At input energy of 824 Joule to the flash tube, the 

peak power in a spike is only - 45 K.W. 

The output energy is much smaller than expected at these input energy 
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values. On an examination of the ruby cavity, it was discovered that 

the silver coating on the stainless steel liners of the cavity was com-

pletely destroyed by the heat from the flash tube. This caused the 

pumping of the ruby to be very inefficient. The liners were originally 

coated with silver because the stainless steel has a strong absorption 

coefficient near the ruby absorption band, It was found that the alumin-

ium coating was much more durable although it had a slightly smaller 

reflection coefficient as compared to that of silver coating. 

On replacing aluminized liners the power output of the ruby increased 

by an order of magnitude. The Fig. (2.9) shows the giant pulse output 

at various input energies. The output was measured with photodiode 

using Tetronix Type 454 oscilloscope which has a rise time of 2.4 nsecs. 

The Fig. (2.10) shows the plot of output power and half-power width of 

the giant pulse versus the input energy. The output power exponentially 

increases while the half-width of the pulse approaches the minimum value 

of - 40 nsec. 

The otherwise normal pulses are seen to be modulated by a periodic 

structure. This is due to the interference of adjacent axial modes of 

the cavity as discussed in Sec. (2.8). The power output of the giant 

pulse from the ruby agrees closely with the measurements by Key(7). 

However, these measurements are smaller than his computed results. 

The reason is that the computations are based on many simplifying assum-

ptions. 

3) Power meter using non-linear polarization in quartz crystal  

A power meter utilizing the dc polarization produced by high inten-

' sitY laser beam in a crystalline medium that lacks inversion symmetry 

was constructed. The principle of the device has been described by 

Kamal and Subramanian(11) and is briefly presented in the following. 

When an electromagnetic wave travels though a non-linear medium, 

the scalar form of polarization produced in the uniform and isotropic 
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medium is given by 

P = alE + a2E
2 + a

3
E3 + . . . 	- (2.9) 

where al, a2, a3  . . . are the 1st, 2nd, 3rd . . order polarization 

coefficients. 	Writing E = E0  cos wt in Eq. (2.9), one obtains 

. P = al Eo  cos wt + a2  Eo2  (1 + cos 2wt) + 	E03  (3 cos wt + 

cos 3wt) + . . . 	 - (2.10) 

Thus it can be seen that a dc-polarization of magnitude a2 E02  is 

developed in the medium in the same way as de currents are 2  

produced in a square law detector. The contributions from higher 

harmonics are negligible because the higher order polarization coeffic-

ients are much smaller than a2. 

The dc-polarization is proportional to the power in the radiation field. 

If one writes the more general equation for the polarization, the 

term which contributed to the dc polarization is given by(12) 

Tr 
Pi = Xijk 	Ek  - (2.11) 

	

tr 	 - 
The coefficientXiik  is a tensor possessing the same symmetry properties 

as the piezoelectric modulus and is present only in crystals that lack 

inversion symmetry. Quartz belongs to the class of such crystals. 

For a linearly polarized plane wave plwagating in the Z -direction 

of the crystal (Ez = 0), the dc polarization is shown by Kamal et. al.(11)  

to be • 

IPI = 	(ax2 	ay2) 	 - (2.12) 

where a is a constant involved in the second-order polarization tensor-

for quartz. ax  and %, are the components of the amplitude of the 

electromagnetic wave along x- and y- direction. 
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Thus for linearly polarized wave the dc polarization caused by the 

propagating wave is directly proportional to its power. A measurement 

of the former would give the latter. 

To see how the power in a linearly polarized beam can be experi-

mentally measured with the help of Eq. (2.12), consider a cylindrical 

quartz rod of radius b. The Fig. (2.11a) shows the cross-section of 

this rod with its Z-axis perpendicular to the plane of the paper. 

The incident plane-polarized unfocused laser beam of radius a propagates 

along the Z-direction. It causes a uniform dc polarization Po  given by 

Eq. (2.12) in the transverse direction making an angle ¢ with the x-axis 

of the crystal. Kamal et. al.(11) have solved the two-dimensional 

boundary-value problem for the case of the crystal of infinite length, 

and obtain the potential distribution outside the quartz crystal as 

Po a2  	1 V = 	cos (e - ¢) ea (1 + er) 	-1; - (2.13) 

where co  = permittivity of free space surrounding the crystal 

er  = relative dielectric constant of the quartz medium 

and 	e = the angle any vector makes with the x-axis (see Fig. (2.11b)). 

The electric field intensity E of the laser beam of power PI, is 

given by (DES units) 

2 PL n 1 
rr 	a2 

where n is the intrinsic impedence of the electromagnetic wave. 

By combining Eqs. (2.12) and (2.14), the Eq. .(2.13) can be written as 

V = 	2 a n 	1 
PL  - - cos (e - 0) 

W Co' 	er) 	r — (2.15) 

If the electric vector of the laser beam is in the direction of crystal 

X-axis, then ¢ = 0. The equation (2.15) then describes equipotential 

lines shown in Fig.. (2.11b). Also the curves r = k cos e describe 

- (2.14) 
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Fig (2.11a) Cross-section of Quartz Rod ( radius b ) with the 

concentric laser beam ( radius a ). 

Fig (2.11b) Equipotential lines outside Quartz cylinder. 
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equipotential surfaces, where k is an arbitrary constant. 

Substituting r = k cos e and (I) = 0 in Eq. (2.15), one obtains 

V = K PL1  
	 — (2.16) 

where 

K1  2 a n — (2.17) k rt co  (1 + Cr) 

For various values of k, Eq. (2.16) describes equipotential surfaces 

outside the quartz cylinder which are pairs of circles with centres at 

et k K1  PL 0) and of radius k El  PL as can be observed in Eq. (2.15). 
2 	2 

If a pair of electrodes is placed along these equipotential lines 

± V corresponding to r = k cos e and aligned perpendicular to the x-axis 

of the crystal, the plates form a capacitance with voltages +V and -V on 

the two plates. Thus from Eq. (2.16), the voltage across the plates 

can be written as 

V = 2  P2 

where 4 a  n  K2 	
kl  71.  eo  (1 + er) 

- (2.18) 

- (2.19) 

The equation (2.18) shows that the output voltage is directly prop-

ortional to the power of the laser beam. The equivalent circuit for 

the system is shown in Fig. (2.12). CE  is the capacitance formed by the 

two electrodes, C the input capacitance and R the input resistance of the 

measuring device. Thus one would measure the peak output voltage Vo  

given as 

K2 PL CE 
_ 	 

C CE  
- (2.20) 

The greatest output voltage will be measured with the input capac-

itance as small as possible. To obtain the output voltage resembling 

the laser pulse shape without distortion, the time constant RC of the 



circuit must be large compared with the duration of the pulse. 

Construction of the device  

Although the assumption of infinite length of the crystal was made 

in deriving the Eq. (2.13), the results are generally valid if the length 

of the cylinder is larger than its diameter. A Z-cut crystal of approp-

riate size could be commercially obtained by getting it made to the spec-

ifications but was of prohibitive cost. A simpler and cheaper method 

was adopted. Very cheap and almost perfect natural crystal of quartz 

was obtained from a mineralogist and turned to a cylinder of-a length of 

4 cms and 1.5 cm. diameter in the optical workshop of the Applied Optics 

Section at Imperial College Physics Department. The optic axis of the 

crystal was along the crystal axis. The ends were parallel to l' of 

arc and flat to one fringe of mercury green light. Unfortunately the x 

and y axes of the crystal could not be initially marked before cutting 

the crystal and so had to be determined using x-ray diffraction method. 

The crystal and the electrodes were mounted in a perspex holder. 

The latter was machined to hold these firmly but still allowing adjust-

ment by merely screwing off the lid. The Fig. (2.13) shows two views 

drafArn to the scale. A photograph of the actual assembly and the assoc-

iated electronics is shown in Fig. (2.14). 

The choice of the parameter ki  om Eq. (2.19) was dictated from the 

consideration of maximizing the output voltage, kl  being the diameter of 

the electrodes. A smaller kI will result in a larger output voltage as 

seen in Eq. (2.19). But the capacitance of this assembly has to be 

maximized so that a larger fraction of the voltage appears across the 

measuring device. A very rough guess for the capacitance from the para-

llel plate condensor formula requires a larger surface area of the elec-

trodes. As a compromise between the two contradictory criteria, the 

value of k1  =_2   cm.. was chosen. An estimation of the expected value 

of the output voltage for a certain power input in the ruby laser pulse 

is made in the following. 
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Using MKS units, the various factOrS in Eq s. (2.19) and .(2.20) 
are given below. 

n = intrinsic impedance of electromagnetic waves in quartz 

/17°--  c 	
4.5 £0  

= 178 11 

1 ki = 2 cm. = -5-(5  meter 

c = 8,854 x 10 12  Farad/meter 

= 4.5 (relative dielectric constant in the transverse direction 

of the optic axis). 

a = 1.42 x 10 23  Farad/volt(13)  

CE 	= 1 
UTcE  2 

For a laser pulse of power PL = 106 watts we obtain, 

from Eq. (2.20) Vo  = 1 m volt. (per mega watt). 

The input capacitance of the emitter follower could be made very small 

by the use of the stable wideband emitter follower using Fairchild tran-

sistors 2N917. The resultant input capacitance of the circuit, as 

discussed in reference (14) is 0.3 pf. A wide band pulse amplifier with 

a gain of 30 db was used in conjunction with the emitter follower. 
This amplifier is the slightly modified version of the amplifier described 

in reference (15). 	These circuits along with their batteries were 

housed in screened boxes to prevent interference from the electromagnetic 

pick up as seen in Fig. (2.14). 

Results- obtained with the device  
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The device was used to measure the power of the pulse from the ruby 

laser described above. 

Initially Kerr cell was used as a Q-switch but the excessive elec-

tromagnetic pick-up from its thyratron unit submerged the signal, if 

any, from the power meter. This was in spite of the power meter being 

screened. For this reason the passive Q-switch alone was then used to 

obtain the giant pulse. 

The signal from the power meter was observed on a dual beam Tetronix 

555 Oscilloscope. The time base A was triggered by the photomultiplier 

signal and it simultaneously triggered the time base B which monitored 

the signal from the power meter. 

When the electric vector of the laser beam was in the direction of 

the x-axis of the crystal and the electrodes were placed perpendicular 

to the latter axis, the signal obtained was at its peak value. 

Since both the emitter follower and the preamplifier had very wide 

bandwidths no significant distortion of the laser pulse shape was obser-

ved, The measured value of the peak power was, however, smaller by a 

factor of four, This could be explained with reference to Equations 

(2.19) and (2.20). Since one of the electrodes was earthed, the output 

signal was thus halved as compared to that given by Eq. (2.18), since 

is reduced by this amount, The other cause of the discrepancy was the 

fact that in the above estimation of the output signal, C was assumed 

equal to CE. Since both C and CE had very small magnitudes, of the 

order of a picofarad, it was difficult to experimentally ascertain their 

value, The stray capacitance must add on to C and hence reduce the 

output voltage. 

The output signal was confirmed to be proportional to the laser 

power, as predicted by Eq. (2.18). The Fig. (2.15) shows a plot of the 
peak laser power against the detector output signal. As can be seen 

it extrapolates to the'brigin 



Fig( 2,14) The Laser Power Meter. 
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Fig (2.16)  Reflectance against wavelength for the resonant 
reflector with 2-mm plates of Schott SF6 glass separated 

by 25-mm of air, 
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2.7 Dynamics of Q-modulation 

Any theory of giant pulse production must predict and confirm the 

characteristics of the experimentally obtained output pulses, The 

total energy in the pulse, power output, the rise and fall times and any 

modulations due to mode interactions must be accounted for by that theory, 

Although the problem of cavity mode interactions is much more difficult 

to deal with theoretically, the rest of the characteristics can, however, 

be accurately explained by making some simplifying assumptions. Many 

authors have solved the problem analytically and numerically(17,18,19,20) 

and the general approach will be briefly outlined below, 

The first simplifying assumption made is that the laser fluorescent 

line is homogeneously broadened. This is experimentally confirmed by 

Hellwarth et. al.(16)  . Their results show that the ruby line is fairly 

homogeneously broadened for changes slow compared with 5 nsecs since the 

relaxation of Cr3+  ions between their E and g levels (see Fig. (2.1)) 
in pink ruby occurs in less than 5 nsecs. 

The second assumption is that the density of laser photons inside 

the active volume of the laser material is uniform. This assumption 

requires that the spatial distribution of the light energy inside the 

cavity does not change while the total cavity light energy is changing 

in time. This would be true only in a laser operating in a.single trans-

verse mode of the cavity, The simplified theory, however, does not 

explain the short time fluctuations such as occur from mode interference 

as seen in Fig. (2.9). 	The equations giving the rate of change of 

photon density in the cavity and the inversion in the ruby can be written 

down from the following considerations. 

The fractional rate of increase in-the photon number density (I) for 
cta, a photon once passing through the laser medium is — where t1  is the 

single transit time of the photon in the cavity and 
1 
 LI is the total - 

gain in the laser medium. There is also a fractional loss rate for (I) 

given by 1-1ti , where T is the natural decay time of the cavity given 
T 
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by
T  

	R and R2  being the mirror reflectivities. tn (R1  R2) 	1 

Thus we get the rate equation for the photon density as 

do 	(Mt(t) 
1) °Ib  

The rate equation for the inversion N, where N = N2 - N1 is(20)  

- (2.21) 

dN _ 
at -2 4) a N 	+ R 	 - (2.22) 

ti 

where y(t) is the time varying loss term due to the Q-switch. 

a E peak absorption cross-section for the laser transition, 

R E contribution to dN  of the pumping and relaxation. dt 

These equations normalized to the threshold inversion Nio, at minimum 

loss and to T are solved numerically(17)'for the fast switching case 

where y(t) changes discontinuously. 	'Here 

ti 
Nip 	T a 2, 

Since y(t) for saturable dyes also changes in a time much shorter compared 

to pulse build-up time, the same results are applicable for passive 

switch. 

The energy of the pulse obtained from the solution of the normalized 

equations is obtained as(20)  

hvo  Nip (ni  - nf) 	 - (2.23) 

ni and of being the initial and final values of the inversion. E is the 

energy per unit active volume of. material. 

A simple calculation of the energy of the pulse in Fig, (2.9a) from 

the measured value of the rise time of the leading edge shows an agree-

ment with experimentally measured value. 

ti 
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The rise time of the pulse = /dIldt= 16 nsecs, 

For the mirror separation of 46 ems. and 7.6 ems, long ruby, the single 

transit time t1  = 1.73 nsecs. 

For mirror reflectivities 99.9% and 60%, the natural cavity decay time 

T = 6.64 nsecs. 
d(1) The initial inversion/threshold inversion = ni = ( 	1), '0 dt 

(t measured in units of 7.) is 

6.64 ni 	(76- 4. 1) 	1,42 

The energy utilization factor nin 	obtained from the calculations of i 
of  

Wagner et. al.(17)  for the above value of ni is 0.51 

The threshold inversion = tl/ „ = 1.37 x 1018   cm3  Tax, 
- for 	a 	 20 = 2.5 x 10 	cm 2  . 

The active volume of the ruby from the consideration of the focusing action 

of polished dielectric rod = 1.6 cm3  for 3" x 3/8" dia. ruby rod. 

Thus the expected pUlse / active volume (cm3) from Eq. (2.23) is 

x 0.51 x 2.8 x 10 19  x 1.37 x 1018  x 1.42 

= 0.138 Joules/am3  

when hv 	2.8 x 10 19  Joules, 

The total energy in the pulse = 1.6 x 0,138 = 0,22 Joules. 

This value agrees quite well with the experimentally measured value, 

The expected duration of the pulse (the time between half-intensity 

points, i.e. tr  + tf) can also be obtained from Wagners results(17)  by 

noting tr  and tf  in terms of cavity decay time corresponding to the above 

value of ni = 1.42.. These are 

	

'tr  = 4.7 T 	and tf  = 5.1 T 

i.e. tr  + tf- = 65 nsecs. 
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The value obtained from the pulse in Fig. 2.9a) being 68 nsecs. shows 

a close agreement. 

This agreement of theory with experiment is good only for long and 

weak pulses at low level of pumping. For higher initial inversion as 

for pulses in Fig. (2.9 b and c), the agreement is not so good. The 

possible reason being the simultaneous oscillation of a number of cavity 

modes due to inhomogeneously broadened R1  line. 

It is of interest to know the variation of power and energy with the 

output mirror reflectivity such that an optimum value can be chosen. 

Solutions of the equations (2.21) and (2.22) were obtained by Key(7) by 

an interpolation of the data of Lengyl(17)  . For a 3" x gu ruby, the 

optimum value of the output mirror reflectivity was found to be about 60%. 

The shape and width of the pulses shown in Fig. (2.4) can be explained 

if the loss term is assumed to vary from high to low value in a time 

slow compared to pulse build up time. Hellwarth(20) has solved the 

equations (2.21) and (2.22) with an analogue computer by assuming a form 

1 + exp(- wt) for y(t). By using various values of w, the results gave 

multiple pulses of different relative intensities. His results show 

a qualitative agreement with the pulses shown in Fig. (2.4). 

2.8 The Laser Cavity Modes and their Selection 

If the laser fluorescent light is being reflected axially between 

the mirrors forming the laser cavity, only those frequencies under the 

Doppler width will be able to form standing wave patterns leading to 

reinforcement which satisfy the following relation 

C vn 	n  2L "IL 

- (2.24) 

where n is an integer and L is the separation between the mirrors. 

These frequencies form the axial modes of the laser. The two axial modes 

are separated by the frequency 
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C 
= 

In the ideal case the cavity modes are orthogonal to each other, i.e.,  the 

oscillations of a single mode may be excited without exciting others. 

However, due to many factors such as introducing polarizable materials 

in the cavity and anisotropy of the laser material there is always a 

coupling of modes and the energy is transferred from one mode of oscillation 

to another. 

The different modes of a'resonant cavity may be regarded as almost 

independent oscillators. The quality factor Q of the oscillator is 

described by 

2TrvoE 
Pd 

 - (2.25) 

where vo  is the resonant frequency, E the energy and Pd the rate at which 

energy is dissipated in the oscillator. 

The linewidth Av of the oscillator isaa and hence the mode with low 

dissipation will have narror line width. Q  Wagner and Birnbaum(21) 

have shown that modes with more energy tend to grow faster and their 

growth rate increases with increasing Q. The modes near the line centre 

with the greatest supply of quanta, having the highest Q are therefore 

able to grow faster, Since all feed on the same supply of excited atoms, 

these modes are usually the only ones to survive. 

The Q of each mode is determined by the formula (2.25), in which Pd 

consists of the sum of all losses from that mode, The reflection loss 

is usually the same for all modes while the diffraction loss is variable. 

For a plane resonator the diffraction loss is largest for the off-axis 

modes. Tbis lowers their Quo the point at which their excitation 

becomes negligible and the laser is then described entirely in terms of 

the axial modes. 

The losses of the axial modes are almost equal. For a cavity of 
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length L = 50 cm., the separation of the axial modes is 0.005 R whereas 
the width of the ruby line 131  is 4' 4R at room temperature. Ordinarily 

quite a few of the modes lie so close to the top of the atomic line that 

they are excited simultaneously. However, even a small difference in 

the diffraction losses among modes of different types may provide a great 

discrimination in the excitation of these modes, and if a laser is operated 

sufficiently close to threshold, oscillations will occur only in modes 

of lowest loss. 

The neighbouring modes may interfere and the beats between the res- 

onance frequencies of two modes can be measured by means of photodetector 

of large bandwidth. The width of the single resonance is very narrow 

and is determined by the temporal width of the pulse. For a 50 nsecs 

pulse, LX - 0.003 R. Thus the radiations of adjacent resonance frequen- 

cies are highly monochromatic. 

The interference between light of frequencies vo  and vo  + iv of 

equal amplitudes results in a signal proportional to cost  (2Tr Av t). 
2 

The time period of resulting oscillations can be obtained by setting 

v A 27r 2  t 

Thus t Av 

For L = 50 cm., t = 3.3 nsec. This is confirmed by the experimental 
result shown in Fig. (2.9) 

The pulse envelope pattern, however, does not tell about all the 

modes. This is confirmed by BradLey(22)  who simultaneously obtained a 

Fabry-Perot interferogram. The latter usually contained many more lines 

than would be expected from the pulse envelope pattern. The single mode 

operation therefore cannot be safely inferred from the absence of beats, 

As mentioned earlier, if the laser is pumped near threshold, the spectrum 

is much 'cleaner' as can be seen in Fig. (2.9a). Moreover, for the 

same peak power fast switched giant pulses are spectrally cleaner than 

Tr. 

2L 
C 
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slow ones. 

During giant pulse operation different parts of the laser oscillate 

independently as found experimentally by Brat-110y(23) 	Families of modes 

were found to exist, no family having more than four modes, No pair  

of modes was found to be separated by less than 3 iv, This is explained 

by noting the action of the ruby end faces as mode selector, The observed 

widths of the modes indicated the mode life time to be between 2-8 nsecs. 

The coherence of the radiation can be improved by making the laser 

operate in a single transverse mode of the cavity and restricting the 

number of axial modes to minimum. It is easy to achieve the former 

by inserting a pinhole in the cavity such that it limits the transverse 

action of the radiation field, Although it results in a reduction in 

output power and energy because of a small volume of the active material 

being used but it very much improves the spatial coherence of the output. 

There exist many standard methods(24) for controlling the axial 

modes of giant pulse lasers. As pointed out above various sub-cavities 

in the laser cavity act to select the modes. For a 50 cm. long cavity, 

a 3" long ruby suppresses three out of every four cavity modes. The 

use of a properly designed resonant reflector has helped to achieve 

single mode operation when the laser is pumped near the threshold, A 

resonant reflector with two glass plates each 2 iron. thick:with a spacing 

of 2.5 cms. of air was used in our experiment, A plot of reflectance 

against wavelength is shown in Fig, (2.16). In the design(25)  it is 

ensured that at least one reflection maximum falls over the peak of 

ruby line. 

The bleachable dye used as a passive Q-switch also acts as a mode 

selector, As explained by Sooy(26)  , the long build up time with passive 

switch enhances small differences in mode losses. The passive switch 

takes several hundred complete transits of the cavity to open compared 

with several tens for a Kerr cell. 

In our experiment a combination of passive switch and Kerr cell with 
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the resonant reflector as the output mirror proved most effective in 

obtaining a comparatively pure spectrum. Although the laser was pumped 

much above the threshold, the use of the above combination of Q-switches 

still provided output with a reasonable degree of coherence. This is 

confirmed by the reasonable quality of holograms obtained with this 

radiation as discussed in Chapter 6. 
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Chapter 3  

Holography and Holographic Interferometry 

3.1 Introduction 

The recording of information about an object or an event on a two 

dimensional plane had been a partial record. The photographic plate 

'senses' only the square of the amplitude of the waves carrying useful 

information and does not respond to their phase, consequently it builds 

only a partial picture of what it sees. However, with the advent of 

holography the record of 'holes' or 'the whole' about any object, the 

situation has changed. The record consists of the interference pattern 

between the coherent wave field from the object and a coherent reference 

wave on a two dimensional photographic plate. When illuminated by a 

coherent wave resembling the original reference wave, the coded message 

unfolds itself giving rise to real and virtual images of the object in 

its true perspective. 

On the advent of the lasers, a powerful source of coherent light, 

technique of holography received a tremendous boost and found its applic-

ation in many diverse fields. The most highly developed of these 

applications is the optical microscope which has been used as a small-

object measuring device. This is now being used to obtain three-

dimensional coloured photographs of short-lived biological specimens 

to be studied at leisure. The application of holographic techniques 

to the area of optical data processing, computing, and data storage is 

receiving much attention. In particular, the researchers are trying 

to use full band-pass and storage capacities of sources and detectors. 

In engineering holographic interferometry is being increasingly used in 

checking and controlling the slightest deformation of ball bearings and 

similar products. It is also showing promise in areas of vibration 

and stress analysis and turbulent studies. Tastly but not the least, 

it has contributed significantly in plasma diagnostics by almost rep-

lacing and improving upon the conventional optical interferometers. 



56 

The purpose of this chapter is the exposition of the basic prin-

ciples of holography and holographic interfezunetry. In this context 

general requirements and conditions for obtaining holograms will be 

examined. The requirement of a certain degree of coherence imposes a 

restriction on the choice of a particular experimental set-up that can 

be used. A set-up has been looked for which places minimum demands on 

this parameter of the laser output. Image forming characteristics of 

the'various set-ups differ considerably and impose many restrictions on 

the resolution and magnification of the reconstructed image. A qual-

itative analysis of various systems in the light of their image forming 

characteristics and their requirement of a certain degree of coherence 

etc. has been undertaken. It has helped in selecting the most suitable 

system for our application where the main criterion is to extract maximum 

information about the object under study with the least demands on laser 

and other optics. But before proceeding to this undertaking a brief 

survey of the historical development of the science of holography is 

given. This will act as a guide to the path to be followed in the rest 

of the chapter. 

3.2 Historical development of holography 

As the intermediate step of holographic process is the recording 

of the interference between the partially coherent reference beam and 

diffracted beam from the object, one can interpret Young's classical 

double slit experiment as an earliest example of hologram formation. 

Since both the slits receive light from the same point source, the light 

emerging from these slits is partially coherent with respect to each 

other. The fringe pattern they give rise to is due to interference bet-

ween these two beams and is the simplest form of hologram. If one 

illuminates this fringe pattern by a sufficiently coherent beam resem-

bling the beam from one of these slits, it reconstructs the beam which 

originated from the other slit. 

The same principle was applied by Zernike(1) in his phase contrast 
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microscope devised in 1935, in which a coherent background wave is 

allowed to interfere with the term to be recorded on film before the -

actual recording process. The result is an interference pattern which 

stores the amplitude and phase information necessary to reconstruct an 

image of the original object. This is the nrinciple used by Gabor(2) 

in his two step photographic process. The first step of the Gabor 

process is the recording of the interference between diffracted radiat-

ion from the object and a coherent background' wave. The reconstruction 

in this process was accomplished by then illuminating the properly pro-

cessed hologram with a similar coherent illumination and recording the 

radiation field on a photographic film in allane removed from the 

hologram. 

	

3.2.1 	The object that could be used in the Gabor process of holography was 

such that it allowed most of the coherent illmriination through unaffected 

(reference beam) and diffracted part of it (cject beam), The radiation 

from the object was the Fresnel (near-field) diffraction term. The 

reference beam was coaxial with the diffracted waves. The hologram of a 

single object point is the Fresnel diffraction pattern which is the zone-

lens term, i.e. identical to the Fresnel zone plate. This on reconstruc-

tion gave rise to two focussed images at ± f, where f is the focal length 

of the zone plate (section 3.3.3). The main disadvantage of the Gabor, 

process was that the undesired twin image which appeared with the same 

amplitude and opposite phase shift as the reconstructed focussed image 

acted as a disturbing background. 

	

3.2.2 	Although many attempts were made by Gabor and others 	to remove 

this twin image in the reconstruction, they were not successful. Leith 

and Upatnieks(5)- utilized the result from communication theory concerning 

the equivalent real representation of a-complex signal and succeeded in 

effectively producing an angular separation of the real and virtual 
images in their respective planes.. In this way they avoided the conjug-

ate or twin image causing a deterioration of the desired image term. 

The basic principle in this formation of the hologram employs an 



58 

off-axis coherent reference beam which acts as a non-zero carrier fre-

quency to store the necessary information. In the reconstruction, a 

zeroth-order effect on axis, and two off-axis first-order images are 

obtained. If either of the off-axis images is perfectly focussed upon 

and detected, it yields a good reconstructed image without interference 

from the other image. Most of the experimental details differ in the 

manner in which the object and reference beans• are brought to meet on the 

photographic plate. 

3.2.3 	Recently many workers(6,7)  have shown that the limitation of the 

Fresnel hologram of the twin image deteriorating the desired image term 

can be eliminated if one goes to the far-field of the object and thereby 

mix a characteristic Fraunhofer diffraction pattern with a coherent 

background to form the hologram. Although the twin image is still on 

axis and is still out of focus when viewed im the focal plane of the 

focussed image, the deteriorating effect is reduced because the energy 

density of the twin image is much less than that of the focussed image. 

To obtain the Fraunhofer diffraction pattern, the point of observ-

ation must be at an infinite distance from the illuminated object. 

However one can approximate to this situation and specify the far-field 

condition as follows. 

If the distance from the source plane to,) the plane of diffracting 

aperture is Z' and from the plane of the diffracting aperture to the 

plane of observation is Z, as shown in Fig. (5.1), then the condition for 

getting Fraunhofer hologram is 

>>  ( 2  + 	 )mc  fl 
X . 

1z (e r12 )max - (3.1) 

where and n are the coordinates of a general point in the plane of 

the diffracting aperture and A is the wavelength of the incident radiation. 

Due to the above condition, in practical situations it is only 

possible to make measurements of small particle distributions, this 

constituting the main limitation of the method. 
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Fig (3.1) Arrangement for obtaining Fraunhofer hologram. 

Fresnel zone plate 

Fig (3.3) Comparision of Fresnel Zone Plate with a zone-lens. 
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3.2.4 	A method utilizing the Fraunhofer diffraction pattern but With a 

higher resolution capability has been proposed(8). To form such a holo-

gram, an exact Fourier transform of the object is mixed with the coherent 

background. This is achieved by having the planar object and a coplanar 

point reference source on one Fourier Transform plane of a lens which 

the photographic plate is on the other Fourier Transform plane. The 

reason for the higher resolution capability of this hologram process is 

that the fringe pattern has a constant average frequency and is less 

demanding of the spatial frequency of the photographic emulsion. 

Holograms have also been formed with X-band radiation(9) and recon-

structed with visible radiation. Hologram formation and reconstruction 

with microwaves and other centimeter waves have also been reported(10) 

Moreover the holograms can be formed and reconstructed by laser beams 

having more than one spectral component(11)  resulting in coloured recon-
structed images. 

	

3.2.5 	Some experimental arrangements have also been used which allow the 

formation of holograms with incoherent quasi-monochromatic radiation(1243)  

This is possible because from'the theory of partial coherence, when the 

object, and background illumination are derived from a primary incoherent 

source the field at the object position is partially coherent allowing 

for an interference pattern to be found. Another technique that utilizes 

a scatter-plate system(14) with perfect optical component allags the form-

ation of the hologram of phase objects with almost white light. On 

reconstruction with a coherent illumination, one obtains a reasonably 

good image. This will be discussed in detail in the next chapter. 

3.3 The process of hologram formation and reconstruction. 

To obtain a hologram one has to consider many factors such as 

a) the nature of the quasi-monochromatic illumination, b) the manner of 

folding in of the reference and object beams, c) the characteristics of 

the photographic emulsion, d) the stability of the system during the time 

of exposure of the photographic emulsion etc, Before proceeding to 
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investigate in detail the effect of coherence, spectral content and spectral 

spread of the radiation on the hologram it would be profitable to examine 

the process of hologram formation. Then we will describe the nature of 

fringe distributions of which various kinds of holograms comprise of. 

Since image forming properties of holograms depend on the quality of these 

fringes, the influence of various factors such as characteristics 

of illumination etc. on the quality of the reconstructed image can be 

determined by the study of the former. 

3.3.1 Formation of the hologram 

The illumination is assumed to be quasi-monochromatic. It is charac-

terized by the condition that the spectral width of the radiation (A) is 

very small compared to the mean frequency (vT) i.e. 

Qv << vT 
	 - (3.2) 

In addition it is assumed that all path differences satisfy the condition 

- (3.3) 

i 	a 
The reference beam in each situatione

s
ssumed to behplane wavefront inclined 

at an angle e to the normal at the photographic plate. The object beam 

can either be a plane wavefront or a spherical wavefront. The former can 

always be treated as a limiting case of the latter when its radius of 

curvature tends to infinity. 

Case (I). The spherical object wave from a point source. 

The constant amplitude of the plane reference wave= Ao. The 

amplitude of the reference wave at the photographic plate has a phase 

term added to it equal to eiK(ex) and hence its complex amplitude at 'a 

distance x from the point 0, as seen in Fig. (3.2a) is 



A0  eilc(ex)  2w where K =  
A 
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The complex amplitude of the object wave at 0 

A eiK(132/2Z) =  

Since the illumination is assumed to be coherent the amplitudes at the 

photographic plate are additive. The total amplitude at the emulsion is 

therefore 

= A0 ejic(ax)+ Ae iK(P2/2Z)  

and the total intensity is thus 

• 1A0  ejic(ex) 	3K(P2/2Z) I2 

402  + A? + A00,4 ejK(P2/2Z 	Ox) 	ex) = 	 A0A e-jK(P2/2Z 

= A02  A2-4- 2 ADA cos k 422- - ex) 	- (3.5) 

The density of photographic emulsion after development is 

d = y loglo  I 	 - (3.6) . 

where y is the slope of the H- and D- curve of the photographic emulsion. 

Since the density of the emulsion is defined as 

11 
d 	log10 Tr, = 1°g10 — (3.7) 

where T and t are the intensity and amplitude transmission factors res-

pectively. One obtains from Eqs. (3.6) and (3.7) the expression 

t = I-1/2 
	 — (3.8) 
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Fig (3.2b) Reconstruction of the hologram. 
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If the amplitude of the reference wave was much larger than that of the 

object wave in the process of formation of the hologram, then on substit-

uting Eqs. (3.5) in (3.8) one can write for the amplitude transmission 
factor through the hologram 

= A02  - I A2  - 2 
 A0A 
•
K 	' 
tP2,
2Z" 

- nx) _ 	A0A e-j  K(P2/2Z Ox) 	_ (3.9) 
2  

neglecting all powers of ti  greater than two. 

3.3.2 Reconstruction 

Now if the hologram is illuminated with a coherent plane wavefront 

incident normally from the left, then eq. (3.9) would determine the terms 

emerging on the right side of the hologram. The Fig. (3.2b) shows the 

following terms 

(I) The constant (A02  - 2A2) represents the zero order term, i.e. the 

part of the beam which goes through undeviated. 

(II) Apart from a constant factor it consists of the term 

eiK P2/2Z 	e-joDx 

e+jK.P2/2z represents a diverging lens and e 
31( ex acts to deflect 

the diverging rays to an angle w.r.t. the forward direction. This 

causes it to appear to originate from the point Q" which acts as a 

virtual image of the object point Q. 

(III) Similarly, the term e JK P2/2Z acts as a converging lens and e+jK ex  

deflects these converging rays to the opposite direction of the normal 

w.r.t. term (II). This then forms the real image Q' of the object 

point Q. 

Thus on illuminating the hologram with a coherent wave, the real and 

virtual images of the object point are reconstructed. .These images 

are displaced w.r.t. the zero order term and hence do not overlap with 

each other as was the case with Fresnel hologram (sec. 3.2.1). These 

images can be seperately recorded on a photographic film or a screen. 
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This is true of every object point of an extended three-dimensional 

object and one obtains real and virtual images of the object in three 

dimensions. 

Case (II). Object beam as a plane wavefront 

This is the limiting case to the situation discussed above when 

Z .... The Eqn. (3.9) can then be written as 

t = -2A20  +-y A2  + y 	e-jK ex + y AoA e+JK ex 

-2A02  + y A2  + 2y A0A cos (Kex) 	- (3.10) 

The intensity distribution given by Eq. (3.5) corresponds to a grating 

in this case. If the hologram is illuminated by a plane wave, as seen 

from Eq. (3.10), one obtains a zero-order term and two terms corresponding 

to first order of the spectrum of the grating inclined at angles ± e 

from the normal. 

3.3.3 Hologram as a linear superposition of zone-lenses, 

The side-band hologram of a point object is a Fresnel diffraction 

pattern which resembles the Fresnel zone-plate and is termed as zone-lens. 

The zone-plate can be considered to be a special case of the hologram of 

the point source. When a zone-plate is arranged before a point source it 

duly reconstructs the image of the point source together with the symmetri-

cally
o 

 placed n
in  
tn
t 
 e far side of the original source. In common with the 

zone-plate the hologram acts as both a positive and negative lens. This 

accounts for the formation of real and virtnn)  images. The effective 

focal length of the hologram varies with the wavelength A and with a 

parameter representing the linear size of the hologram on the photographic 

plate and can be expressed as 

f 
	L2 
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This is similar to the focal length of the zone plate 

fl 
	sl2 	

where S1  is the radius of the first zone ring. 

However, the difference between a zone-plate and the hologram is that the 

former has not only a primary focus, but also higher order foci corres-

ponding to powers which are odd integral multiples of the primary power 

whereas the hologram has only one focal length. As pointed out by 

Rogers(20), this seems to arise from the practice of constructing zone-

plates with abrupt changes from black to white at a sharp boundary, 

analogous to a square topped wave, The latter has a larger number of 

Fourier-coefficients and thus the sharper the boundaries in a zone-plate, 

the greater the numbers of orders obtained. The zone-lens produced by 

a continuous tone photographic process does not have sharp alternations 

but ones more closely conforming to sinusoidal vibrations, the exact 

form being 

iP(x) = 
2 KX + sin 2f - (3.11) 

Thus the greater part of the diffracted energy is concentrated in first-

order images. This is the reason that the intensity of reference and 

object beams are not kept equal as unusual degree of photographic contrast 

might give rise to higher order terms. For comparison the term repres-

enting the real lens is given below 

Kx2  = sin (-E—) 

'The'Fig. (3.3) shows the diference between the zone-plate and a hologram 

of a point source (a zone-lens). 

As will be discussed later, the holographic system to be finally 

selected for our work is a scatter-plate interferometer. The hologram 

produced in this system corresponds to both a side-band and a Fourier- 
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Fig (3.4a) The Zone - Plate,  

(b) Random 

distribution 

of zone-lenses. 

X 100 

(c) 
	

(d) 

Fig (3.4) Fringe Patterns forming the hologram. 

(c) Inside of the Moire Pattern hologram ( See Fig(6.26)) 

(d) Inside of the hologram taken with diffused object beam. 
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transform holograms (secs. 3.2.2 and 3.2.4). Since the nature of hologram 

fringe pattern in each case will determine the resolution characteristics 

of the hologram, the Fig. (3.4) shows the kind of fringes obtained in each 

case. 

3.4 Holographic Interferometry 

To observe the phase changes in a wavefrcnt caused by an object, a 

reference plane wave front is made to interfere with it. This produces 

the intensity modulations (fringes) corresponding to the phase modulation 

characterizing the object. An interferometer commonly used-in plasma 

work for this purpose is the Mach-Zehnder system. One of the most useful 

applications of holography was in the field of interferometry which was 

first proposed by Stroke and Labyrie(15). 'The double exposure technique 

was developed among others by Stetson and Powell(16) and holographic inter-

ferometry of transient events was first demonstrated by Heflinger et. al.(17). 

Heflinger made quantitative measurements of the several fringes produced . 

by disturbed air in the wake of a bullet. ads technique has been improved 

by Jahoda et. al.(18) by introducing a background fringe pattern to the 

actual fringes thereby increasing the sensitivity by an order of magnitude 

bringing it at par to the value with Mach-Zehnder system. The background 

fringe pattern also allows the determination of the direction of fringe 

motion thereby indicating an increasing or decreasing value of the refrac-

tive index. 

3.4.1 The Double-Exposure technique 

Usually the holographic interferogram is.made by a double exposure 
(14,16,17) of the photographic plate, one exposure with the disturbance 

to be recorded and the other without it. On subsequent development and 

reconstruction, the two wavefronts are reconstructed simultaneously giving 

the 'frozen-fringe' patterns  this being termed so because the relation-

ship o  of the spacingpfnterference fringes and their orientation is fixed in 

relation to the reconstructed object. Although it is not possible to 
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make adjustments of the orientation and spacing of the interference fringe 

pattern, the three dimensional effects are still observable. The advan-

tage of this method is that the interference effects are visible without 

the need to use the actual recording apparatus for reconstruction. 

The live fringe pattern can also be observed if the hologram of the 

system without the disturbance is replaced in the position it originally 

occupied in the same apparatus. The reference wave incident upon it will 

produce a reconstructed virtual image from the hologram which coincides 

in position with the original object. The phase distributions in the two 

waves which now originate at the actual object and at the hologram should 

match exactly. If, however, there are phase changes resulting from changes 

in the object, these will show up as interference fringes which can be 

observed 'live' as the disturbance developes. In all these cases, the 

interference pattern is free from errors caused by imperfections in the 

optical system. The limitation of the 'live fringe' interferogram is that 

it can only be observed by utilizing the same apparatus. Any errors in 

replacing the hologram will produce background fringes which might add 

to the true fringe pattern. 

3.4.2 Three-beam single-exposure technique  

The above mentioned technique of frozen fringes uses two exposures of 

the photographic plate and needs two beams to form a hologram. Recently 

a technique of three-beam holographic interferometry has been proposed(19) 

which needs only single exposure of the photographic plate. This uses 

two reference beams instead of one as is customary. Depending on the 

location of the phase object, two configurations are possible, each having 

some distinct properties. When the object is placed in the central beam, 

one obtains, upon reconstruction, an interferogram having twice the sensit-

ivity of all single-process interferometers. On the other hand if the 

object is located in one of the outerbeams, the reconstruction,step would 

simultaneously yield an interferogram of the phase object in the first 

order of diffraction, and the original object wave in the second order. 
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In the set-up suggested by Deond Sevigny(19) the limitation of the 

technique was its requirement of high quality optics and the need of 

laborious alignment of the optical components. The requirement of using 

two conjugate diffusers forbid the use of opal glass. However, as 

shown by Tanner(36)  the scatter-plate system completely relaxes these 

requirements and overcomes the limitations of,,method by using a central 

reference beam in the scatter-plate system. The diffused illumination 

from the scatter-plate acts as a binary mash of dots having a random 

distribution and hence the diffuser acts as an amplitude scatterer - a 

condition imposed by the need of having two conjugate diffusers (see 

Ref.19). However, when one wants to analyse both the first and second 

order reconstructions, much higher requirement is still placed on the resol-

ution capability of the film, which should be about seven times the max-

imum significant spatial frequency of the signal. 

In conclusion it must be mentioned that out of various holographic 

interferometric techniques that are available, two-beam double-exposure 

frozen fringe technique stands out as the most useful one. This is 

because of its simplicity, ease of operation and least requirements on 

the optical system. Using a background fringe pattern, the sensitivity 

of the technique matches that of Mach-Zehnder system but of course with 

all.the additional advantages which holographic interferometry offers. 

3.4.3 The process of holographic,  interferometer 

To see in more detail how the two wavefronts are 'stored', let us 

consider a simple case of a plane wavefront E passing through the test 

region but in the absence of the disturbance (such as plasma) to be 

studied. This falls on a photographic plate•H simultaneously with a 

coherent reference beam R which is inclined at an angle A to the direction 

of. E. 	Fig. (3.5). 
Let AR  be the amplitude in H due to the wavefront E and Ao ejax 

be the amplitude in, H due to the reference beam R. The exponential phase 

term .exp (jax) is introduced due to the constant angular inclination of 

the reference beam w.r.t. the photographic plate. Since the two beams 
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are assumed to be coherent, their amplitudes can be added to give us the 

intensity. distribution on the photographic plate. 

This gives 

= 1AR  + Ao  ejaX 2  

or Il  = A02 + AR2  + AR  Ao  eu K-ny  + AR Ao  ejax  

Now if a test dephasing object in the path of E is introduced without dis-

placing the photographic plate H, and again 'switching on' both the wave-

front E and the reference beam R, the amplitude in H due to 'test beam' is.  

AR  e3., where (1) is the phase due to the disturbance in T. The intensity 

in the latent image produced by this second recording is 

12 = IAR  ej. +
A0 eJKeX  I2 

= AR2 + Ao2  + AR  A0  ej(.-ax)  + AR 
 Ao e-j(5-Kex) 

The total recorded intensity is 

I = Il  + 12  

2AR2  + 2A02  + Ao  AR  e- K ex  (1 + e-j.) + Ao  AR  e-jax  (1+ei5) 

After. development of the photographic plate and illuminating by a plane-

parallel coherent beam, the amplitude transmitted by the hologram will 

consist of some zero-order terms independent of 5  and e and two other terms 

y A 	ejax  (1 + e-iS) 

and y Ao  AR e-jax.(1 + e+j5) 

The first. term gives an image which shows interference between the 

object and the reference wavefront E. Thus one obtains an interferometer 
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Fig (3,5) Formation of the holographic interferogram. 
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Fig (3.6) Spherical wave illumination for magnification 

analysis.of a side-band hologram. 
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by recording two wavefronts successively. The other term merely gives 

an image conjugate to the first one. 

The actual experimental layout of the interferometric system will 

depend on various factors such as the coherence length and the degree of 

spatial coherence of the light source, the size of the test region to be 

explored, the range of viewing angle giving certain extent of three dimen-

sionality, the desired magnification of the reconstructed image and so on. 

Therefore before being in a position to decide upon the actual experimen-

tal system to be used, one has to consider the parametric dependence of 

the reconstructed image of a hologram on these factors. This will be 

the subject of the following sections. 

3.5 Magnification considerations of side-band holograms with spherical wavefronts 

As stated earlier, if the hologram is replaced in the original 

position as during the formation stage and illuminated by the same refer-

ence beam, it reconstructs a virtual image in the same location as occupied 

by the original object and of unit magnification. However, if either the 

wavelength of reconstructing illumination or the curvature of the beam and 

the distance of the hologram from the source of illumination is varied, 

a magnification of the reconstructed image w.r.t. the original object 

size results. Since the geometry of side-band holograms with spherical 

wavefront is quite often utilized for hologram formation of the plasmas 

and of other objects, it is necessary to establish quantitative relation-

ships between the above mentioned parameters,  to enable one to calculate 

the position and size of the image in focus. 
• 

Magnification of holographic systems has been investigated by many 
(21.22,23) authors . 	. In the following is summarized their general approach 

to the problem and the results obtained for various situations regarding 

different values of the above mentioned parameters. 

Side, Band holograms  

The magnification of the system is defined as 
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m = A2 Z2 	 - (3.12) 
A1 Z1 

where Al  and Z1 are the wavelength and the distance between hologram and 

the planar object respectively in the planar object. All quantities 

with suffix 2 refer to the reconstruction stage. 

Assuming monochronatic spatially coherent illumination both during 

formation and reconstruction stages, the focusing condition for the 

amplitude of reconstructed image is given by(24) 

kl 	
kl 	k2 	k2/R2  = .1. 	- Ro. 	'2 

- (3.13) 

where the two signs correspond to real and virtual images. R3  and R1  etc. 

are defined in the Fig. (3.6). 

Substituting this in Eq. (3.12), magnification of the object is then 

1 
tti - zi  _ Ali' )  

- To + 75172' 

where +ve sign corresponds to real image. 

- (3.14) 

Limiting Case I 

Both the reference beam in the formation stage and the reconstructing 

beam are plane-parallel. This is described by Ro  and R2  -+ 

this gives m = 1 	 - (3.15) 

Thus the magnification is independent of the wavelength used to con-

struct and reconstruct the hologram. 

Case II  

When reconstruction alone is with plane wave, i.e. R2  •+ 

1 
_ 
Ro 

then m = 

CO 

- (3.16) 
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again the magnification is independent of wavelength and the entire magnif- 

ication is due to 1st step of the process. 	When Zl = 1, m becomes 
kn 

very large but the image is formed at very large distance since c = 0 
Z2 

as seen from Eq. (3.13) 

Case III  

The hologram constructed using plane parallel wave but reconstructed 

using spherical wave, i.e. 

Ro -4- co2  and R2  is finite 

this gives m= (1
-
a2 n)  
1 Zl -1  - (3.17) 

where Al  Z1  = A2 Z2  m becomes very large but again Z2 is very large as 

seen from Eq. (3.13) and hence the recording of the reconstructed image 

.is limited by experimental considerations. 

The above discussion was confined to the planar object and the lateral 

magnification miat  (i.e. magnification transverse to the optic axis) 

was discussed. However, for a three dimensional object one has also to 

consider the longitudinal magnification mlong, i.e. along the optic axis. 

It has been shown(2223 ' 125)  that the longitudinal magnification is given 

by 

(Xl 
rtong = v7) m

2
lat 

This causes distortion on magnification of the three dimensional 
A2 

object. This distortion can, hOwever, be removed by making nlat = al 3 
which gives micr_ 	Moreover to avoid distortion, mint  should ng - mlat'  
be independent of Z1. 

The Fig. (3.7b) shows two reconstructed real images obtained from the 

hologram of a toy bulldozer. The hologram was taken with the simple 

arrangement shown in Fig. (3.7a). To obtain the real image a portion of 

the hologram was illuminated by a beam with the same convergence as that 
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Fig (3.7a) R, = d, Z1  = d, Ro  = 2d, 
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plate 	
Mirror 

He-Ne Laser beam 
(single mode) 

Fig (3.7b) 	The reconstructed images of 'toy object. 
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of the expanding beam looked upstream in Fig. (3.7a). Focused real image 

of unit magnification was obtained at the same distance from the hologram 

as during the formation stage, as predicted by Eq. (3.13). The image 

was photographed by simply placing the photographic plate at the position 

of the focused real image. 	Using different areas of the hologram, one 

can observe the images from different viewing directions showing the 

three-dimensionality of reconstruction. It must be noted that as seen 

from Eqs. (3.13) and (3.114) one obtains a virtual image at infinity 

of infinite magnification. 

Fourier Transform hologram 

The magnification in Fourier Transform type holograms (3.2.14) is 

given by 

m  
X2 

l  
Z2 - (3.18) 

X 1 Z  

and is only wavelength dependent since no focusing condition needs to be 

satisfied as was the case for side-band holograms. Thus if a hologram 

is constructed using ruby laser output and reconstructed using He-Ne laser, 

there is a demagnification of X2/A1  = 	- 0,91 provided Z1  = Z2 as 

is usually the case. 

3.6 Effect of coherence on the image quality in wavefront reconstruction 

The quality of the reconstructed image from a hologram depends on 

that of the recorded interference fringe pattern on the photographic 

plate. This in turn is dependent on various factors such as coherence 

of the illumination, the spatial frequency of the photographic emulsion, 

the photographic development process, the imaging optics and finally on 

the coherence of the reconstructing illumination. The influence of 

coherence of the illumination both in construction and reconstruction 

stages of the hologram will be discussed in this section. 

In the discussion so far, the light was assumed to be quasi-mono-

chromatic as defined by the equations (3.2) and (3.3), and also to be 
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perfectly spatially coherent. Hence perfect interference between refer-

ence and object beams was expected. It has, however, been shown in 

Chapter 2 that the output of the ruby laser has only a partial degree of 

coherence. This is due to the fact that the crystal amplifier in the 

ruby laser operates simultaneously in various axial and transverse modes 

of the cavity. The effect of multi axial mode operation is to broaden 

the frequency width of the output light and hence decreasing its temporal 

coherence. On the other hand the spatial coherence of the light is 

spoilt due to the laser operating simultaneously in many transverse modes 

of the cavity. It is interesting to note that the spatial coherence of 

the light in the cavity(26) owes its origin to the partially coherent or 

even incoherent light having sufficient number of transmissions through 

a periodic structure and accompanying diffraction at each mirror in the 

cavity. This happens even in the absence of the laser medium, and the 

only effect the active medium in the cavity has is to compensate - at 

least partially - for losses of light suffered in each transmission and 

reflection: The spatial coherence will be complete provided the number 

of reflections is sufficiently large, and only if a single mode survives, 

and presumably if also the effect of spontaneous emission is negligible. 

Since in the Q-pulse operation with short pulse widths, the condition of 

sufficiently large reflections is not met. Moreover the cavity operates 

in many modes. All these factors contribute to spoil the spatial coherence 

of the laser output. 

3.6.1 The contrast of fringes as a function of the de'ee of coherence of 

illumination 

To study the influence of coherence of illumination on the quality of 

the interference fringes, the former is specified in terms of a parameter 

which would be an experimental observable. This is termed as the complex 

degree of coherence )12. The rigorous description of the theory of partial 

coherence is given by many authors(27,28). Here it will suffice to state 

that the total intensity Ip on a point P from two point sources having 

intensities as seen in Fig. (3.8),- will be given by 
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Screen 

Fig (3.8) Measurement of modulus of complex degree of coherence 

with two-pinhole experiment. 

_Hologram  
Focused 
image 

Limiting aperture 

of dia:.a. 
Screen 

-Fig (3.9) Diagram showing the hologram as a lens of a limited aperture 

for deteimining the spatial frequency of the speckle pattern. 
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IP 	= I1  + 12  + 2 	1112  ! cos 012 1 2  (3.19) 

where ly121 is the modulus of yl2  and is termed -the degree of coherence 

and 012  is the phase of y12  

012 = 2 	y' T 4-  1312 ' 

and °12 = arg5(12]  ' 

2 n y' T = phase difference 

2n
'  = 	1 - r I ) X  

The phase term /312  is related to the relative position of the central 

fringe to the origin when the pinholes are symmetrically displaced w.r.t. 

the optic axis. 

The degree of coherence 11121 has the values 

	

0 	I Y121 4 1  ' 

When 1112! = 1 , the light is completely coherent and 

IP  = Ii  + 12  + 2 VITT"; cos 0/2  

	

whereas if 112,  I 	I = 0, the light is completely incoherent and the inten- 

sities
1 

 are merely additive, so that 

I1 + 2 ' 

For intermediate values of ly12I'  the radiation is partially coherent P .   
and the resulting interference is given by Eq. (3.19). 

Although the coherence effect in a radiation field are completely 

described by the complex function y12, in limiting cases it can be separ-

ated into two categories as spatial coherence and temporal coherence. 

The former results primarily from angular source size considerations and 

is expressed by y12(0), and the latter results from considerations of 

the finite spectral width of the radiation and is expressed by y ( ll)T" 
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Here T is the coherence time equal to t9-= , At representing the coherence 

length of the radiation. 

To see the effect of the complex degree of coherence on interference 

fringes, the definition of fringe visibility is recalled, which is 

Ima.x Imin V = 
Imax 

Assuming Ii  = 12  = I, eq. (19) becomes 

- (3.20) 

Ip = 21(1 	iy121 cos (D12) 

which gives V = IY121 

If we have the situation lyi  - y21 << AZ (= 1;7) , the visibility of 

fringes measures the degree of spatial coherence. Moreover, one would 

observe interference fringes only when the two beams travel within the 

limit of temporal coherence, i.e. when [El  - r21 < M.. 
Thus it can be seen that light of higher degree of coherence will produce 

fringes of better contrast, which in turn will determine the quality of 

the reconstructed image. 

3.6.2 Considerations from microscopic point of view 

In most of the different types of holograms the interference pattern 

is the linear superposition of Zone-lens type fringes (3.3.3). The 

effect of coherence on the imaging properties of the hologram can be deter-

mined by the former's influence on zone-lens fringes. This problem has 

been treated by Reynolds et, al.(24,29)  using the theory of partial coher-

ence for a mathematically simple case of Fraunhofer hologram of an opaque 

particle in a clear aperture illuminated by quasi-monochromatic partially 

coherent radiation. Both their computational and experimental results 

indicate the following. 

For a given coherence length and aperture size the effect of spatial 

f.   L . 
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coherence on the hologram is to reduce its effective size. As the coher-

ence across the aperture decreases, the outer rings of the zone-lens 

hologram are lost. Since the zone-lens acts like a lens in the recon-

struction stage, when illuminated by a plane wave, it will focus the beam 

to a diffraction pattern whose central spot size is inversely proportional 

to the diameter of this zone-lens. Thus a reduction of the degree of 

spatial coherence will result in the poor resolution of the reconstructed 

image. 

Usually the coherence length of CH gas lasers is of the order of tens 

of centimeters, and can easily be made to operate in single transverse 

mode. The only limitations to the quality of the hologram will be the 

film effects (which will be discussed in the next chapter). However 

the coherence length of a non-mode controlled giant pulse ruby laser is 

only at the most one or two centimeters. Moreover unless mode controlled, 

its spatial coherence will not be very good as the laser operates with 

a complex time dependent mode pattern. This is also a strong function 

of the quality of the ruby crystal. Thus both the temporal and spatial 

coherence of the ruby will present problems in actual carrying out of the 

experiment and will degrade the fringe pattern on the hologram which will 

in turn deteriorate the quality of the reconstructed image. These will 

also place quite stringent restrictions on the geometry of the experi-

mental set-up that can actually be employed. The ruby output can of 

course be improved by proper mode-selection procedures but they are usually 

not very easy to utilize and work only at the expense of the energy and 

power of the output radiation. This problem can be bypassed or at least 

very much relaxed by the use of proper holographic set-up (see Chapter 4) 

which is fortunately possible for phase objects and relaxes the require-

ments of-temporal and spatial coherence to quite a large extent. 

3.6.3 Considerations from macroscopic point of view 

-To show quantitatively the influence of a certain frequency spread • 
in hologram forming and reconstructing illumination and also of their 
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spatial coherence on the reconstructed image, many authors(50,31,52)  

have carried out the analysis of the process. If the optical path dif-

ferences involved are comparable to the coherence length, the frequency 

spread will contribute in the image terms during reconstruction of the 

hologram. If v and v' are the frequencies of illumination during form-

ation and reconstruction stage and have a finite bandwidth Av and Lv' 

respectively, the wavefront emerging from the hologram has the following 

two terms as shown by Mandel(3) 

1) A spread of directions of propagation 0(v/v1) leading to a transverse 

blurring or defocus of the reconstructed (virtual) image. This is 

approximately given by 

2Z P.2.0 (12. L'1) 
yo  yo vo  

- (3.21) 

where 2, E width of the plane-wave reference beam utilized in the formation 

and reconstruction process. vo  and vo' are the mid-frequencies of the 

writing and reading beams. 

2) A spread of wavefront retardation leading to a longitudinal defocus of 

reconstructed image. This is approximately given by 

2 Eln(xly.vo) - e(x + lz)] 	(L. + v )  
vo  vo vo  

- (3.22) 

where n(x,y.v) is the retardation function due to the object and c is 

the velocity of light. 

Thus it can be seen that the contribution of both Av and AvY are 

added together, so that the loss of resolution cannot be avoided simply 

.by using the same light beam for recording and reading the hologram. 

If the spectral line-width of ruby output = 0.5 A°  (corresponding 

to a coherence length of 1 cm) then Ay = 3 x 1010  c/s  

v = 4.5 x 1014 c/s 	Vv - 7x105  
If reconstructed with He-Ne laser illumination, then 



Av' = 500 inc/s  AvT 	 Av « V  
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Thus for a beam of 5 cm. width (z = 5 cm.) the defocus would amount to 
7'x 10 cm. which is about ten wavelengths. 

But if a hologram is constructed with light in a broad spectral band 

of say Ax = 50 A°  then 16-1)- - 7 x 10 3  and the defocus would be 0.7 mm. 
Thus the reconstructed image would appear blurred. If the radiation has 

many closely spaced frequency components as in Argon laser or else the 

hologram is made with white light of a certain bandwidth as with scatter-

plate system (see chapter 4), only then is the blurring serious. 

The quantitative analysis carried out by Bertolotti et. al.(31)  

shows the influence of spatial coherence on the characteristics of holo-

grams. They employed partially coherent field only for the recording of 

the hologram while reconstruction was carried out with perfectly coherent 

light. The reconstructed wave in the direction is expressed as 

+. 
y(4)) = f 	y(E) e-27ri(v/c) (e-cOE dE - (3.23) 

where e is the angle between reference and object beams during hologram 

formation, 

y(E) is the degree of spatial coherence, and 

E is the coordinate in the hologram plane. 

When y(E) = 1, 4)(¢) becomes a Dirac function S(0-0), 

i.e. the light is diffracted only in the direction = 0. 

If y(E) 1, there is diffracted light around a mean value = e. 

The r.m.s. of 0 is obtained as 

 

I II  dE +c°  	2  

+03 

f iY()12  dg 
—m

.  

 

_ C 

" 2nv 
- (3.24) 
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The limits are justified because the coherence area of a typical 

partially coherent field is generally much smaller than the dimensions of 

the photographic plate. Thus using Eq. (3.24) one can calculate the 

angular spread of the reconstructed image due to distribution of spatial 

coherence of the radiation on the photographic plate. 

In conclusion it can only be• remarked, that it is possible to 

obtain a hologram with partially coherent light. However, the reconst-

ructed image will have a good quality as regards resolution and contrast 

only if the degree of partial coherence of illumination both in formation 

and reconstruction stages is high. This requires that all the path dif-

ferences are well within the coherence length and also the degree of spat-

ial coherence yl2  is greater than 0.88 (P.509 of Ref.27), which specifies 

'almost coherent' radiation. 

3.7 Holoraphy using diffuse illumination 

When a diffusing screen such as a ground glass is introduced between 

the source of illumination and the object, the hologram obtained has very 

distinct and useful properties. Firstly, the hologram when reconstructed 

also recreates the diffuser screen which acts as a luminous background 

to the object. Hence the virtual image can be viewed with the naked 

eye as if being viewed through a window because light from all points of 

the object reaches the eye. If the diffuser had not been used in making 

the hologram, the reconstruction has to be observed using an eye-piece 

or other optical aids. 

Another interesting property of the diffuse-illumination hologram 

is that, since each point of the object illuminates the entire hologram 

recording plate, very small areas of the holograms are able to reconstruct 

the entire object. As the illuminated area becomes smaller, resolution 

is lost since this area of the hologram constitutes the limiting aperture 

of the wavefront reconstruction imaging process. The most important 

property of such a hologram is that the local imperfections in the optical 

elements no longer degrade the image quality. In other types of holograms 
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any dust particles or scratches etc. on the photographic plate or other 

elements of the optical system cause annoying diffraction patterns in the 

reconstructed image due to the coherence of the illumination. In the 

diffuse illumination holograms such imperfections are completely removed 

from the holograms. 

Since in such holograms, each point of the object spreads its effect 

over the entire hologram plate, any scratch or damage to any piece of the 

hologram does not cause any noticeable deterioration of the reconstructed 

image. 

To make diffuse illumination holograms a large design angle has to 

be used. This necessitates the use of very fine grain, high spatial 

frequency film of low speed. The other limitation is encountered using 

ruby laser as a source of light of short coherence length. One has to 

ensure the reference beam path to be reasonably equal to the path through 

the diffuser and the object. Although the depth of the object need not 

be shorter than the coherence length as long as the above condition is 

satisfied. 

To understand how the diffuser works, it must be mentioned that the 

light impinging on the object is no longer a well-defined wavefront, but 

instead has a phase and an amplitude which vary randomly from point to 

point. It is represented by ei *1(x 'Y)  where Ipl(xly) is a random func-

tion and the diffuser acts as a phase object. Although the diffused 

light behaves as if it were incoherent, it retains the properties necessary 

for the hologram formation process. The phase and amplitude relations 

although being random functions are time invariant, in contradistinction to 

the case of incoherent illumination. However; if the diffuser is moved 

or rotated, thus essentially placing different pieces of ground glass 

behind the object, this ensemble averaging effectively destroys the coher-

ence of the radiation. This is indeed the method of obtaining light of 

partial spatial coherence by passing coherent beam through a rotating 

ground glass screen. 

Having seen the advantages of diffuse illumination holograms, it is 
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imperative that a system is chosen which incorporates in itself a diffuser. 

A system in which a scatter-plate does the duP1 function of providing 

diffuse illumination and also acting as a beam splitter is described in 

the next chapter. This system is ideal for use with ruby laser as it 

requires minimum conditions of both the spatial and temporal coherence 

of the radiation. 

There is one more aspect of diffuse illumination in coherent field, 

namely the speckle effect, which merits consideration and is discussed 

in the following. 

3.8 Speckle Effect  

When surfaces are illuminated by coherent field of a laser, speckle 

patterns are observed. Since this effect contributes in degrading the 

quality of reconstructed images of a hologram, it is important to under-

stand its cause and the parametric dependence of the speckle size and its 

spatial frequency. 

Speckling is not a property of laser light itself but is present 

only when phase variations are introduced into the wavefront by trans- 

mission through or reflection from an optically rough object. Thus 

the diffuse illumination from a ground glass is not uniform but is speckly. 

If a hologram is formed with diffuse illumination, when reconstructed 

it recreates the speckle effect with the object beam. The spatial fre-

quency of the speckles is proportional to the angular aperture of the 

illumination. The hologram size illuminated for reconstruction is effec-

tively an aperture acting as a spatial filter cutting off the higher 

frequencies. The density of speckling (or spatial frequency of speckles) 

is proportional to the cut-off frequency (fe) of the imaging system(33)  

where, 

fc - l rn) • 	7 

where m E magnification of the system 

f/a E f-number of the hologram acting as a lens to give a focused 
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Fig (3.10) Speckle Pattern. 

(a) 

(h) 

Fig (3.11) The reconstructed image from a transparency, 
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image. 	Fig. (3.9). 

A E mean wavelength of the light source, 

As the aperture size a is decreased, spatial frequency of speckles de-

creases and speckle size increases, The Fig. (3.10) shows a typical 

speckle pattern obtained by exposing the photographic plate by object 

beam alone. If the reconstructed image is an interferogram, with the 

interference fringes having a spatial frequency of p lines/mm., then to 

obtain a reasonable speckle-free image, the spatial frequency of the 

speckles should be much larger than that of the interference fringe pattern. 

This determines the smallest area of the hologram that can be utilized 

to give a good image having sufficiently clear fringes for practical 

use. The need to limit the aperture of the hologram arises from the 

requirement of angular resolution of the interference fringe distribution 

in a non symmetric plasma (or any other phase object). To estimate the 

typical size of the hologram aperture, let,  us assume a spatial frequency 

p = 20 fringes/cm. (a reasonable figure in plasma work). 

If f = 10 p to give good speckle free reconstruction, then 

fc  = 200 lines/cm., 

for x = 0.63 x 10 4 an. and unit magnification (m = 1) 

when f = 25 cms., we get a = 6.3 mm. as the minimum diameter of the aper-

ture size for hologram illumination. 

To obtain a better angular resolution, if one has to resort to using 

a smaller area of the hologram, difficulty may be encountered in reading 

the fringes due to speckling of the reconstructed image. The Fig. (3.11) 

shows the reconstruction from a hologram of a transparency obtained by 

using relaxation oscillation output of a ruby laser in the scatter-plate 

system. The Fig. (3.11a) was reconstructed using about twice the area 

of the hologram than that in Fig. (3.11b). The latter has roughly half_ 

the speckle frequency compared to the former. 



3.9 Considerations for the choice of a practical system for holography. 

As pointed out in the preceeding discussion, the choice of a partic-

ular system for holographic interferometer depends mainly on the following 

considerations. 

3.9.1 The coherence of the ruby light output  

If ruby operation is not in single transverse mode or the wavefront 

is not uniphase, then the degree of spatial coherence will be less than 

unity and the interference fringes will have poor contrast. One can 

either resort to control the mode structure of laser output, at a price 

to be paid in terms of loss of energy and power, or choose a holographic 

system which will have minimal demands on coherence. If a diffuser is 

incorporated into the system between the source of illumination and the 

object, then the wavefront is completely randomized, and interference at 

photographic plate takes place between randomly related elements of the 

original wavefront. This therefore requires the uniphase operation of 
the laser so that the degree of spatial coherence is maximum to allow 

each element of the wavefront to interfere with any other. 

Moreover the presence of many axial modes causes the coherence length 

to be reduced and presents problems in alignment of optical components 

to obtain reference and object beams whose path difference is shorter 

than the coherence,  length of the laser. For ordinary giant pulse laser 

operation without any mode control, coherence length is only of the order 

of a centimeter or so and it is very easy to exceed this length with div-

erging beams and especially with a diffuser in the system. As discussed 

later, the final arrangement uses a scatter-plate system with a ruby laser 

operating in many axial modes but with an improved spatial coherence by 

using a pinhole mode selector (2.8). 

3.9.2 The spatial frequency of the available photo7aphic emulsion 

This determines the design angle, or the angle between the reference 
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and the object beams by the relation 

2 d sine = X 

where d E. fringe separation. 

If p is the spatial frequency of the emulsion then the maximum value of 

e is given by 

= sin' (2. 
  

dmin  = sin-1 

If a large design angle is desired, allowing a larger range of viewing 

angles, then high resolution plates have to be used. The exposure time 

of the emulsion goes up as p2  for moderate p, since the number of resol-

vable points per unit area in two dimensions goes up as p2. Thus a larger 

light energy would be needed to produce a given exposure. For very fine-

grain emulsions used in holography, the penalty may be even higher in 

practise than in theory, the exposure time going up as p4. Recently 

sufficiently fast high resolution plates have been developed and their 

characteristics will be discussed in the next chapter. 

3.9.3 The desired range of viewing angle  

This is limited by the coherence length of the laser. As the angle 

subtended by the photographic plate on the object determines the field 

of view, the path differences of various rays reaching the former should 

be within the coherence length, 

3.9.4 Vibrational stability of the system 

Any vibrations in any of the components of the holographic set-up 

during the exposure time would cause a loss of resolving power of the 

.reconstructed image or the image itself might be completely lost due 

to the loss of diffraction pattern. This poses severe problems with 

He-Ne laser holography where exposure times are relatively long, but the 

system is generally free from vibrations during the exposure time with 
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pulsed lasers. In either case the lateral tolerance can be taken to be 

quarter of the fringe spacing in order to retain a sharp set of fringes 

at-the photographic plate. If the angle between the reference beam and 

. the scattered light from the object is A, then the lateral tolerance dx, 

is(30  

Sx 	, sin 6 

To calculate the longitudinal tolerance 5Z, it must be realized that 

the change of angle between the reference beam and the scattered light 

from the object reaching the bottom of the photographic plate must be 

such as to cause less than quarter period shift in the fringes. This 

gives, 

sz 4 A A  
6 sing 4 sin 2 6 tan 

Thus it'oan be seen that a larger design angle reduces both these toler-

ances. These tolerances are of the order of a fraction of the wavelength 

of - light being used. 

Although the system is free from vibrations in the duration of the 

ruby laser pulse, in a double exposure hologram any vibrations in the 

duration between the two exposures can alter the behaviour of the hologram 

reconstruction. The effect of these vibrations is distinct from the ones 

where the vibration is during the exposure time of the hologram. The 

reason is that in the former each of the two 'holograms' of the double 

exposure would be perfect but only displaced with respect to each other 

due to any motion between the two exposures. Hence it will produce a 

background fringe pattern in the field of the desired interferogram; 

while in the latter case, it is the actual diffraction pattern constituting 

the hologram that is lost. This is the reason that the tolerances on 

vibration are so severe in this case. In the double exposure case, it 

is virtually impossible to destroy the diffraction pattern by superposing 

on it a pattern slightly displaced by vibrations, except in the case when 
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the diffraction pattern constitutes a grating. Indeed it is the super-

position of a slightly 'distorted' pattern on the 'undistorted' one which 

produces the interferogram. Only the basic precautions of not knocking 

against the set-up etc. are required to avoid the formation of the back-

ground fringe pattern in the field of the interferogram. 

Sometimes it is desirable to produce such a background pattern to 

increase the sensitivity of measurements of the fringes caused by the dis-

turbance in one of the exposures. Moreover it allows the determination 

of the direction of fringe shifts. This will be discussed in section 

(6.5.4) where an actual situation is described. 

It can therefore be safely concluded, that the choice of the actual 

set-up will be partly determined by its capability to resist vibrations -

or its immunity to them. A system with the minimum number of optical 

components and all mounted on one optical bench, if possible, would thus 

seem to be the best choice. The most suitable set-up for holographic 

interferometry is thus the one which satisfies all the above criteria of 

stability, coherence requirements etc. The scatter-plate interferometer 

originally described by Burch(35) has been adapted for such an application 

and is the simplest and least demanding of all the holographic set-ups. 

This will be described and discussed in the next chapter. 
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Chapter 4  

Scatter-plate System for Holography - and  

Related Experimental details  

4.1 Introduction  

The hologram is essentially made by providing part of 

the illumination• as a coherent reference wave which interferes 

in the plane of the photographic plate with the object beam. 

Techniques of holography mainly differ in the method by which 

the beam splitting is achieved. 

It is easy to achieve these rays by straight forward 

division of amplitude or division of wavefront. As first 

pointed out by Lieth and Upatneiks 
(12)  , one can also use a 

partly diffusing "scatter-plate" as .a beam splitter to an 

advantage when taking holograms of smooth transparent or 

reflecting objects. The unscattered portion of the trans-

mitted light then serves as a reference beam and the scattered 

portion provides a conveniently diffuse illumination for the 

object, thus avoiding the need of a sepaxate diffuser. 

The use of a diffuser imposes the restrictions 	a laser 

with output having large coherence length 	the used. This 

being so because the diffuser makes the rays pass at a variety 

of angles causing the rays reaching the photographic plate to 

have large path differences which may exceed the coherence 

length of the laser. Moreover, if the output of the laser has 

many transverse modes, the degree of spatial coherence may be 

fairly low giving rise to a loss in contrast of interference 

fringes on the photographic emulsion and hence a poor quality 

of reconstructed image. 

97 
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As mentioned earlier these problems can be resolved 

either by mode controlling the ruby laser output or by 

choosing a system which relaxes the requirements of coherence. 

Since the methods of controlling the modes work only at the 

expense of considerable loss of power and energy of the out-

put pulse,it would therefore be preferable to follow the 

latter course. Scatter-plate system introduced, by Burch (1)  

as a transmission interferometer and later adopted by. Burch 

et al. (2)  for holography of pure phase objects allows the 

use of partially coherent light. 	The conditions are com-

pletely relaxed only in the case of perfect optical com-

ponents being used in the system. The method is described 

and analysed for its image forming characteristics. The 

estimation of various tolerances is made within which the 

system can work with minimum demands on coherence. Finally 

details of various aspects of actual experimental setup are 

given. 

4.2.1 Description of the optical setup. 

The general layout of the system is given in Fig. (4.1). 

The output beam from the ruby laser is expanded to fill the 

aperture of the scatter-plate 5 which is placed in the focal 

plane of lens L3. Displacement of lens L2  in its own plane 

provides a ready means of placing the focus F of the un-

scattered reference beam anywhere within the field of view 

of the system. The scatter-plate S allows part of the 

incident light to be transmitted, and scatters the remainder 

in a random fashion over the whole aperture of the lens L2. 

Lenses L3  and L image the scatter-plate 'S onto the photo 

,graphic plate S1, so that both the scattered and unscattered 



.99 

light originating at any given point of S will be recombined 

at a conjugate point in S1. If there are no large path 

differences between the alternative paths - which are well 

within the coherence length of the ruby laser output - the 

resultant amplitude at Sl  will be determined by the phase 

differences between each of the possible paths in the 

scattered beam and the path in the unscattered beam. An 

object 0 with an absorbing or phase shifting distribution 

will effect the interference pattern at S
I according to the 

differential effect of absorption or phase shift on the scat-

tered and unscattered beams. A true distribution due to the 

object alone will be obtained if the unscattered beam is 

unaffected by the object and acts as a constant reference 

beam. 	This is easily achieved by offsetting the reference 

beam to be clear of the object region as shown in Fig. (4.1a). 

A collimated beam incident obliquely at the scatter plate 

forms a point image at F which is clear of the object O. 

4.2.2 

	

	One can arrange the system either with a symmetrical 

or a non-symmetrical configuration. In the former case the 

seperatidn of lenses L
3 
 and L4 

is equal to 2f where f is the 

focal length of each lens. The scatter-plate and the photo-

graphic plate are both at the focal planes of the two lenses, 

and the other focal planes of each lens coincide and contain 

F. The object 0 is located in and around the plane of F, 

which is the Fourier-Transform plane of the lenses L3  and L4  

with respect to-.S and S
1 respectively. 	Light scattered by 

a point of the object lying in or near the plane of the 

reference point F then spreads over the whole area of the 

hologram. Since collimated light is being used in this case . 

for the reference beam, its use in the reconstruction will 

provide the image with unit aagnification. 



Unscattered beam 

Scattered rays 

Fig (4.1b) 

Fig(4.1a) Scattered Plate Arrangements. 
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In the non-symmetric configuration, the lenses L
3 
& 

L4 are no longer seperated by a distance 2f and the magni- 

fication of the reconstructed image depends on the wavefront 

curvature of the illuminating beam. 	As discussed later, the 

symmetric configuration is-an optimum one for resolution and 

contrast of the image. 

	

4.2.3 	The Criteria determining the size of the optical system 

and the required size of the hologram are established by con-

sidering a) the coherence length of the ruby laser output, 

b) the object size and c) requirements of the axial resolu-

tion of the reconstructed image. 

The collimated reference beam filling the aperture cross-

.section of the scatter screen of dia 2s will completely pass 

the lens aperture of diameter 2a, if the incident beam makes 

angle equal to or smaller than a-s, when f is the focal length 
f 

of the lenses. 	The reference beam will be focused in the 

plane of F at. a distance (a-s) from the axis. Thus the maxi-

mum diameter of the central transverse plane of the object 

which can be fully illuminated is 2(a-s). 

	

4.2.4 	The extent to which points spaced axially can be resolved 

in the reconstructed image will depend primarily on the degree 

of angular convergence of the illumination. At a point in 

the plane of F, the semi angle of the cone of maximum conver-

gence is s/f, and is directly proportional to the size of the 

scatter-plate, 2s. Better discrimination is obtained if the 

size of the scatter-plate is increased retaining the same fo-

cal length lenses. But if the aperture of the lens diameter 

2a is not increased at the same time, increasing the size of 

the scatter-plate will necessitate an inward shift of the 
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position of the reference point F reducing the size of the 

object field 2 (a-s). Thus a compromise between the field 

size and depth discrimination must be made. 

4.2.5 

	

	To determine the extent of the field of view in the 

reconstruction that this system affords, it can be seen that 

the extreme sets of collimated rays illuminating the object 

are those that originate from the extreme points on the 

scatter-plate. This gives an angular field of 2s. Thus 

eventually one has to settle for small f - value
f 

lenses 

to allow a large range of viewing angles and large depth 

discrimination. 

4.3.1 Effect of lenses L
3 

and L
4 

on image formation and 

reconstruction. 

The scatter-plate system is supposed to have minimal 

demands on coherence and should be able to produce hologram 

of a pure phase object even with incoherent light. But this 

is true only with perfect optical components which are free 

of aberrations. There are two distinct problems which must 

be taken into account. The first deals with the influence 

of lens aberrations on the formation of the hologram- and 

consequent criteria of a certain degree of coherence as a 

result of these aberrations. The second is that of the 

influence of these lens aberrations on the quality of the 

reconstructed image of a) a hologram and b) a holographic 

inter e rogram. The two problems are discussed in the 

following. 

4.3.2 Effect of Lens aberration on hologram-formation. 

The two of the five monochromatic aberrations that 

are of importance in this case are spherical aberration 
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and coma. For the ideal working of the system, all the 

scattered rays originating from a point on the scatter-plate 

should converge to a conjugate point on the photographic plate. 

Due to the spherical aberration, these rays however will not 

meet at a common point. If the illumination is incoherent 

or partially coherent from spatial point of view with a 

certain coherence interval, it becomes necessary to examine 

the criteria for these rays to produce interference fringes 

on the'photographic plate for the given degree of coherence. 

As seen in Fig (4.1b), even if p is illuminated_ with 

incoherent light of zero coherence interval, the rays will 

still be able to interfere at p' in perfect optical systems, 

as they originate from the same point source. For the 

analysis of the imperfect system we consider the effect of 

lens L4 
in Fig (4.1). The longitudinal spherical aberration 

of L4 
is given by 

Long s.a. = F - Fm
P   

where F and Pm 
are the paraxial and marginal focal lengths 

respectively. 	If -Gm  is the angle the marginal rays make 

with the axis, then the maximum spread of the rays on the 

photographic plate is given by, as seen in Fig (4.2): 

(F 	Fm) tan -Gm 	 (1)  

Thus only some of the rays which are in the paraxial region 

will be-able to interfere with each other and produce a 

hologram. This in turn will on reconstruction, recreate 

only the paraxial region of the object field. The non-

paraxial rays froi a single point on the scatter-plate will 

not interfere with each other. These will however, interfere 
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Fig (4.2) 

Fig (4.3) 

Fig (4.4) 	' 
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with rays from adjacent scattering points as seen in 

Fig (4.3). The radius of the circle around the point P on 

the scatter-plate having such scatterers will depend on 

the value of the spherical aberration. Since such points 

are very close to each other, we can assume 

AB 	A'B' 
	

= A" B". 

where A" and B" are the two points on the scatter-plate 

giving rise to the two image points A' and B'. As can be 

seen in Fig (4.3), only part of the rays in each of the light 

cones starting from A" and B" are able to overlap. Thus on 

reconstruction only the shaded region of the object field 

will be reconstructed. If we demand that the image in at 

least half the cone angle should be reconstructed the rays 

within it must be able to interfere• with each other. To do 

this they must i) overlap with each other and ii) the over-

lap region must be due to the points A" and B" lying within 

the coherence interval xc of the radiation. 

A largerspherical aberration will allow the same over-

lap of illumination from points A" and B" with larger sepera-

tion. This is because both (F
P 
 - Fm) and Am get larger and 

hence dx 	will also get larger. 	When x 	is smaller than 

iSx 	, the rays will be able to cause interference only with-

in an element x
c 

and will merely fog the photographic plate 

outside this region. Thus fora given coherence interval 

larger spherical aberration of L3  will merely cause a larger 

spread of the beams and hence a larger waste of light. This 

would effectively reduce the contrast of the interference 

.fringe pattern on the photographic plate and hence a poor 

quality of the reconstructed image. 	Moreover, it must be 

mentioned again that this partial overlap and interference 
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of a limited portion of the cone of illumination will 

cause only a limited region in the object field to be 

reconstructed. Although these regions will be compli-

mentary to those recreated by paraxial rays but the 

overall contrast and resolution of the reconstructed 

image will be smaller than that obtained in the case 

of aberration free optics. As pointed out earlier, 

this loss of contrast is mainly due to the overlap 

between rays being partial and consequently a fogging 

of the photographic plate causing a higher 'noise' 

level. 

As a typical example, the spherical aberration of 

a plane convex lens is considered for the system used 

with normal ruby laser operation. From thin lens for-

mula (3), the spherical aberration for the lens having 

focal length = 25 cms and diameter = 6.3 cms, is cal- 

culated to be 0.42 cms. 	Thus using Eq. (1) we have 

= (longitudinal spherical aberration) x 

tan e = 0.42 (cms) X 0.12 

= 504u 

Typical measurements of Collins et.al. (4) indicate a 

coherence interval of 50U in the output of a  ruby laser 

without any mode control. Thus it can be seen that a 

reasonably large amount of radiation will fall outside 

the coherence interval and hence will be wasted. This 

will contribute to the noise level of the interference 
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fringes due to adjacent points and will thus degrade 

the contrast. 

	

4.3.3 	It must be mentioned in passing that a similar 

action will happen even in the case of aberration free 

lenses if there is a certain defect of focus. One can 

easily estimate the amount of the allowed defect of focus 

for a given coherence interval. Again assuming overlap 

to be at least for half of the total spread of rays, the 

defect of focus that can be tolerated is 

x itan em 
	(2) 

where 8 = angle the marginal rays make with the axis. 

= defect of focus in the direction of beam 

propagation. 

For. xc = 50p and tan e
m 
= 0.12 

we get &z =416P 

The condition is considerably relaxed if the spatial 

coherence of the ruby laser is improved. Although 

Collins et. al.'s value is only a typical one, other 

workers (5) have indicated that there is a partial degree 

of spatial coherence over the entire surface of the 

emitted wavefront. However, the value of the parameter 

for the complex degree of coherence is much less than 

unity. Although one gets interference fringes even with 

a defect of focus larger than the value estimated above, 

the contrast of these fringes is generally poor. 

	

4.3.4 	The effect of coma is very similar to that of the 

spherical aberration discussed in the previous sections. 

The effect of the spherical aberration was a longitudinal 

defocus of the rays passing through the outer zones of 
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the lens. This resulted in a symmetrical spread of the 

rays reaching the photographic plate around the axial 

ray. In the case of coma there is a transverse spread 

of the rays but only to one side of the axial ray. 

Moreover this transverse spread is not uniform but is 

three times larger for tangential rays as compared 

to that for sagittal rays. This merely adds to the 

problem discussed above as it causes the spread of the 

rays to be larger than that with spherical aberration 

only. For a fixed coherence interval, the amount of 

light spilling over this interval is larger with a con-

sequent reduction of contrast of the interference 

fringes. However looking carefully it turns out that 

the contribution of coma to the angular spreading of 

the rays by spherical aberration is very small. The 

radius of the comatic circle is an index of this contri-

bution (3) and for the lens mentioned above is only 3p. 

This is very small compared to the spread of 540p due 

to the spherical aberration of the same lens and can 

thus be neglected. 

4.3.5 	Although one would like to have a light source 

having a large degree of spatial coherence, a simpler 

first alternative would be to choose lenses with smaller 

aberrations. Each lens is characterized by its shape 

factor 	The minimum spherical aberration and coma 

occur for lens with a shape factor q= + 0.7. The third-

order theory shows (3) that the piano convex lens with 

cl=+ 1 is very near to the minimum value of spherical 

aberration. Thus the scatter-plate system will have 

minimum aberrations when two such lenses are used with 

the plane surface of each facing the scatter-plate and 

the photographic plate as shown in Fig. (4.4). 
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4.3.6 Influence of the imaging optics on the quality of the  

reconstructed image. 

In this section the influence of imaging optics on 

the resolution of the reconstructed image will be ex-

amined. Moreover any distortions introduced in the 

image by lens imperfections will also be considered. 

The problem depends on the nature of the object under 

study. For transparent diffusing or scattering objects, 

one can obtain both a hologram and an interferogram 

whereas for a pure phase object the latter has to be 

employed to render it visible. 

Since holographic system using a double exposure 

technique acts as a common path interferometer, any 

aberrations in the optics have no contribution to the 

reconstructed interferogram as the aberrations do not 

change between the two exposures. Thus no matter how 

poor the quality of the lenses may be, the reconstructed 

interferogram will be completely free of distortions 

as it is produced only by the change of refraction index 

in the object region between the two exposures. Since 

we have a transparent, non-scattering object, the lenses 

are merely being used to 'channel' the reference and the 

object beamsto their proper course. The lens 
L
4 is NOT 

focusing the object onto the photographic plate and hence 

its transfer function does not enter into the discussion 

of the resolution of the reconstructed image. 

As regards the contrast of the interference fringes 

in the interferogram of the object, it would depend on 

the relative intensity of illumination in the two expo-

sures, being maximum when it is equal in both cases. 
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4.4.1 Effect of the photographic emulsion on the reconstructed 

image of holograms. 

Since the hologram is a photographic record of 

the interference pattern produced by the interaction of 

coherent reference beam and the object beam, characteris-

tics of the photographic emulsion and the photographic 

processing involved is bound to effect this record. 

Consequently the characteristics of the reconstructed 

image will be influenced by the emulsion. In general 

the emulsion will influence the holographic process in 

the following manner. 

1) The spatial frequency of the photographic emulsion 

sets the limit to the frequency of information which 

it can store and has an upper cut off frequency beyond 

which it does not register the information. 

2) The emulsion does not respond equally to various 

frequencies of information and the curve giving this 

characteristic response versus frequency is the transfer 

function of the emulsion. 

3) The emulsion processing determining the 	of the 

photographic emulsion. also effects the resolution of the 

reconstructed image. 

Many workers (6,7,8) have described the behaviour of 

photographic emulsions in terms of simple models. A 

simplified model by Kelly 
(6) 

 explains the essential fea-

tures of emulsion effects and its results are briefly 

described in the following. 



Optical H & D 
curve 

Chemical 
diffusion Input 

 

exposure 

diffusion 
Effective 
exposure 

latent 
image 

a- 
output 
de"nsity 

Kelly's film model 

Fig. (4.5) 

Light falling on an unexposed photographic emulsion is 

not only absorbed, reflected, and'transmitted, but also 

scattered. It is therefore necessary to distinguish 

between (a) the optical image which would be measured by 

a microphotometer in place of the film, and (b) the 

optical image which usually renders the grain developable; 

the latter is a somewhat 'blurred' version of the former. 

The images may be regarded as respectively, the input and 

output of the first stage of the proposed model. Since 

first stage effects precede the formation of the latent 

image, they do not depend in any way on the subsequent 

chemical development; this is why the output from the 

first stage is called the effective exposure. The optical 

diffusion term is dependent on the spatial frequency of the 

plate. The transfer function of optical diffusion influences 

the amplitude transmittance of the hologram. As shown by 

Van Lighten (9) this merely causes small alterations in 

amplitude, phase and resolution properties of the recon-

structed image and is not very important. 
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The second stage of the model represents the 

conversion of exposure to emulsion density using the 

conventional H—and D-characteristics of the emulsion. 

The third stage represents the space-dependent effects 

of the development process namely the chemical diffu-

sion. This is made uniform over the plate by its con-

tinuous agitation during the development process. 

Van Lighten (9) has derived quantitative expressions 

for the reconstructed images showing the influence of 

the various terms of the Kelly's model. These expres-

sions for the zero-order background term and the real 

and virtual images R
1 
 (Y) and R

2 
 (Y) respectively are 

given below. 

R
o (Y)¢ K 	2 

+co 
(Y) cc - y K -Y/2 r  a  (v) T(v  -mK ) e iv(y-mlz1) 

2 	
j  no. CO 	 dv 

+co 

(Y)¢ — 
2 
	K 	2 f (v) T (v+mK 

	e +iv ( 	
dv 

-7. (3) dv 

Y being the coordinate in the image plane. 

K is the effective exposure time. The other terms are 

defined in the above mentioned reference. The basic 

assumption involved in the above derivation is that 

the intensity of the reference beam is larger than that 

of the object beam. 
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4.4.2  Effect of y of the photographic process. 

The factor K YI 2appears in all three images in 

Eq. (3). This means that as long as the linear portion 

of the H-& D-curve is used, the exposure influences all 

three images equally. *In RI  and R2  Y appears as a 

linear multiplier factor. Consequently as y increases, 

the energy contained in R
1 

and R2 
is higher and hence 

the background image R
o 
can be made weaker than the real 

and virtual images. 

WhenY = -2, its contribution disappears from all 

the image terms and the ratio of intensity between re-

ference and the object beams becomes unimportant. 

However, when Y is chosen arbitrarily, the intensity of 

the reference beam should be higher than that of the 

diffracted beam from the object so that the images R
1 

and 

R
2 
should have more intensity than R . 

4.4.3 Effect of film processing on image resolution. 

The photographic emulsion is assumed to be processed 

in the linear range of H & D curve. But if the contrast 

of intensity distribution of the hologram exceeds the 

dynamic range capacity of the film, i.e. the maximum and 

minimum value of exposure of the emulsion exceeds the 

linear portion of H & D curve, then the density at 

extremes will reach values such that photographic clip-

ping•will occur. This causes a loss of information stored 

on the film. The transfer function of the film will 

exhibit a lower resolution limit due to clipping. 
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Fig. (4.6) 

4.5 The Scatter-plate. 

Since the scatter-plate is being used both as a 

beam-splitter and a diffuser, the unscattered portion 

of the incident light serves as the reference beam 

while the uniformly scattered light illuminates the ob-

ject. As pointed out previously, the intensity of the 

reference beam should be higher than that of the object 

beam in order to maintain a linear relationship in the 

modulation. Although the hologram reconstructs the 

images for a large range of the intensity ratio of the 

reference and object beams, a ratio of five or six is 

the optimum value (10). Since in our work, the object 

(plasma) does not absorb the radiation, the same ratio 

- will be required between the unscattered beam passing 

through the scatter-plate and the scattered beam which 

just fills the area containing the object. Only very 

finely grounded and polished glass could provide such 

a ratio of intensity, while the coarser ones scattered 

almost all the light. One big disadvantage of such a 

diffuser is that its diffused illumination is not uni-

form over the whole aperture but is preferential in the 

forward direction as shown in Fig. (4.7a). This can be 
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corrected by placing a variable 

density filter in the path of 

the diffuse object beam. Such 

a filter can be made by expo-

sing a fine grain photographic 

plate by this illumination 

and processing to a unit den-

sity. When replaced in its 

original position this graded 

density filter allows 10 to 20% 

of the incident radiation and 

produces a uniform field. However, one 

0 e 
Fig. (4.7) 

of the disadvan- 

tages of such a filter is that on reconstruction of the 

hologram, this filter is also recreated as a background 

to the object. As suggested by Gates (11),  a glass plate 

smoked with a ver3xammonium chloride acts as a diffuser 

with a very uniform scattered field shown in Fig. (4.7b). 

If the plate is lightly smoked, the scattered field is 

weak but a ratio of about five between unscattered and 

scattered light can be obtained by properly fuming the 

plate. If the unscattered light reaching the photographic 

plate exceeds the desired value, the ratio can always be 

adjusted by inserting neutral density filters in the path 

of the reference beam. Such a diffuser was initially 

used. However, it has the disadvantage that the smoked 

plate works as a diffuser only for a few hours after which 

it looses its scattering property. 

The above situation was improved by following a much better 

procedure. The hologram obtained using a diffuser as a 

scatter-plate will reconstruct the distribution of 
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illumination in the object field as well as the object 

if any. The hologram made in the same apparatus without 

any object using He-Ne laser can therefore be used as a 

scatter-plate. The amplitude modulating holograms, as 

obtained after development of the photographic material, 

allow only a small fraction of the incident energy to go 

to the wanted image, which is usually only a few percent. 

This difficulty was avoided by bleaching the hologram 

(see section 4.7.2). This gave a phase changing struc-

ture, almost completely free from absorption, allowing 

all the incident energy of illumination to go to the 

reconstructed images. The resulting bleached hologram 

produced the same uniform scattered field as that of 

the original scatter. It had the added advantage that it 

did not absorb the incident light. The hologram produced 

twin reconstructions when illuminated by the incident 

radiation whereas only one of these reconstructions acted 

as the object beam. Thus to obtain an intensity ratio 

of five between the reference and the object beams, the 

intensity ratio in the process of formation of the holo-

gram-scatter-plate had to be adjusted to about 2.5. 

The resulting phase hologram-scatter-plate is a perma-

nent sturcture consisting of a thin layer of gelatin. 

Since it has very little absorption, it remains undamaged 

even for large intensities of incident radiation from 

pulsed ruby laser. 

4.6.1 Photographic materials for use in holography. 

The main criteria for selecting photographic plates 

for holography is the design angle between the reference 
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and object beam. This fixes the spatial frequency limit 

of the emulsion. The emulsions should thus exhibit a 

high resolution but also high sensitivity in order to 

reduce the necessary exposure times or intensities 

respectively. This minimizes the requirements for 

mechanical stability of the experimental arrangement. 

High resolution and high sensitivity are to a certain 

extent contradictory properties. If the grainsize d is 

large (d> 0.1p ), the emulsion is more sensitive but 

scatters considerable amounts of light in the layer pro-

ducing a somewhat diffuse image. Moreover, a reduction 

of the resolution is caused by the grainness of the image. 

If the grainsize is reduced (d< 0.1p ) it reduces the 

scattering and grainness but also causes a loss of sen-

sitivity. Although some photographic emulsions having 

high resolution existed before* ewe were extremely slow. 

Recently Agfa-Gevaert have developed emulsions especially 

for holography which meet the two requirements. The 

following table gives the list of various emulsions cur-

rently in use in holography. 

4.6.2 Agfa-Gevaert Limited. 

Ruby Laser wavelength 69438 

plate optimum exposure spatial frequency thickness 
of emulsio 

8E 75 200 ergs/Cm2  3d00 lines/ram 7u 

1.0E 75 50 ergs/Cm2  2800 lines/mm 7p 	(on 
plate) 

14C 75 3 ergs/Cm
2 

1500 lines/mm 5p 	- 
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(The number at the left of the letter E (or C) indicates 

the speed, while that at the 

spectral 	response). 

He-Ne laser wavelength 63288 

right side indicates the 

8E70 	200 ergs/Cm
2 

3000 lines/mm 7p 

10E70 	50 	" 	u 2800 	0 	" 7p 

14C70 	3 	" 	II 1500 	II 	II 
 5u 

Argon laser wavelength 48808 and 51458 

10E56 	50 ergs/Cm2  2800 lines/mm 7u 

4.6.3 	Kodak Limited. 

2200 lines/mm 649-F 	1500 ergs/Cm2  

V1061-F 	375 	" 	tl  1000 	" 	n 

V1043-F 	- - 

Kodalith Pan 	50 ergs/Cm2  200-500 lines/mm 

The letter F indicates a near infra red sensitization of 

the'emulsion. Agfa-Gevaert plate type 10E75 is about 30 

times faster than 649-F for the same ruby laser exposure. 

Since Kodak V1061-F is about half in resolution than 

649-F, it is therefore four times as fast compared to the 

latter. 

4.6.4 To get an idea how the laser power that is required tc 

produce a given exposure is related to the sensitivity 

of the emulsions mentioned above, a typical example is 

considered. The photographic plate 10E75 with a size 

9 x 12 Cm
2, needs light energy of - 50 x 110 = 5500 ergs 
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for optimum exposure. For a laser pulse of 55 n secs 

duration, this corresponds to a power of 10 K Watts. 

This is much less than the power of about 1 M Watt easily 

obtainable from ordinary Q-switched ruby lasers. A 

narrow pulse width for better time resolution is obtained 

only at higher pumping energies and hence larger output 

powers. Thus even very high resolution plate 8E75 will 

be amply sensitive to the available light energy. 

4.7 The Photographic process. 

4.7.1 Development. 

The parameter of interest in observing the recon-

structed image of a hologram is the amplitude transmission 

defined as the ratio of the amplitude of the reconstructing 

wave after and prior to penetration of the photographic 

layer. The curve of amplitude transmission Ta  vs expo-

sure E is thus-a better representation of a hologram than 

the density vs log (exposure) representation of H- and D-

curve in normal photography. This is because the holo-

graphic process requires linearity between the exposure 

and the resulting amplitude transmittance of the holo-

gram (10, 12, 13). 

The slope of T vs E curve is different for different 
a  developers for a particular emulsion. Friesem et. al.

(14)  

have plotted these curves for Dil, D-19, Dektol 1.1 and 

other developers for 649-F plates. The slope and linear 

range of these curves differ by considerable amounts for 

various developers. It was found that D-19 with a deve-

lopement time of 5 minutes gave the best results, with 



quite a steep slope of T
a 
- E curve and only a small 

amount of chemical fog. 

Fixing. It was done in the usual manner in Hypam 

fixer for a period of about 2-3 minutes. 

4.7.2 Bleachin. 

As indicated in section 4.5. , hologram is bleached 

to get a phase modulating structure. The holograms of 

phase objects are also bleached where it is desirable 

to obtain a higher brightness in the reconstructed images • 
The bleaching process removes the dense silver from the 

hologram and leaves the gelatin with no light absorbing 

medium present. The emulsion then merely has variations 

in gelatin height proportional to the original density 

of silver. Any wavefront passing through this emulsion 

then experiences a phase shift depending on the differences 

in gelatin thickness and also on the differences, if any, 

in the refractive indices of the tanned and untanned areas. 

In 649.-F type bleached emulsion, these refractive indices 

changes are negligible compared to the height differences. 

Thus the phase changes produced by the emulsion will 

depend principally on its height. 

4.7.3 The dense silver can be removed or bleached from the plate 

by several bleaches or reducers. The criterion for a 

better bleacher is that it produces a larger height of 

the gelatin (called relief image). Altman (15) has 

measured the height of relief images for Kodak Bleach 

Bath R-9 and R-10. The height of the relief image for 
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bleaching with R-10 solution was 

density was 4.0. The process 

of bleaching described by 

Altman (15) causes the reso- 	.g 4 
lution of the images to degrade 

very much although the brightness :1 w 
of the image is very good. 

cd 2  

4.7.4 A modified formula by Russo et. :N 1 

al. and also used by the author 

gave an image of much better 

resolution. The procedure and 	Density of silver 

the formula of the Kodak bleach 	Fig. (4.8) 	image.  

bath R-10 and the modification to it is decribed below. 

Original Kodak Bleach Bath R-10. 

1 Part solution A 

1 Part solution B 

10 Parts of water 

Solution A.  

Distilled water 500 ml 

Ammonium bichromate 20 grams 

Concentrated sulfuric acid 14 ml 

Distilled water to make .1 litre 

Solution B.  

Sodium chloride 45 grams 

Distilled water to make 1 litre 

Modifications. 

1 Part solution A, one tenth part solution B, 10 parts 

water. 
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4.7.5 Procedure. 

1. The sample was developed in D-19 b (or D-19) developer 

for 5 minutes at 200C with continuous agitation. 

2. Washed in running water for 10 minutes (18-21°C) 

3. Bleached in modified Kodak Bleach Bath R-10 for 2 

minutes at 20°C. 

4. Washed for 4 minutes in running water at 18-21°C. 

5. Fixed in Hypam rapid fixer for 5 minutes at 20°C. 

6. Washed for 15 minutes in running water at 18-21°C. 

7. Dried in still air at room temperature (to avoid 

cracking the gelatin). 

This procedure using the modified bleacher gave a resol-

ving power of 1200 lines/mm (against 750 lines/mm without 

unmodified formula). 

It was experienced by the author that in some cases, if 

the hologram was bleached before fixing, the image in 

the reconstruction was lost and one got only a diffused 

field. However, if the bleaching was performed after 

fixing and drying the hologram, good images could be 

obtained in the reconstruction. This could be due to 

the fact that in a plate already fixed and dried, the 

profile of the gelatin remains, most probably, unchanged 

by bleaching. In this latter case, the resolving power 

was also improved. 
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4.8 Conclusions. 

The following conclusions about the practical 

aspects of the system can be drawn from the discussion 

so far. 

1) The diameter 2S of the scatter-plate and the aperture 

2a of the lenses L3 
 and L4 

 (Fig. 4.1), should be chosen 

so that (2a-2S) is greater than or equal to the object 

size to be explored. 

2) The lenses L
3 

and L
4 

are chosen to be plane convex 

for the spherical aberrations to be minimum. The system 

being arranged as shown in Fig. (4.4), with the plane 

surfaces of the lenses face-ing the scatter-plate and 

photographic plate respectively. 

3) The scatter-plate can be made by obtaining a holo-

gram in the scatterplate system of an ammonium chloride 

smoked plate acting as a uniform scatterer. One obtains 

a pure phase modulating structure by bleaching this 

hologram which acts as a non-absorbing scatterer with 

the, desired properties. 

4) The system will give good holograms of pure phase 

objects with unmode controlled ruby laser. If, _however, 

the wavefronts are deviated or distorted by introducing 

a cylindrical glass tube (plasma tube)(see 6.5.3), the 

spatial coherence of the ruby laser needs to be improved. 

As mentioned in Chapter 2, this can be done by using a 

pinhole mode selector. 

5) Agfa-Ge.,Vaert plates 10E .75 are the most suitable 

for use with ruby laser and the developer D19-b (or D-19) 

has best performance as regards the slope of amplitude -

transmittance vs exposure characteristics of the hologram. 
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Chapter 5  

Refractive Index of a Plasma and the Construction of  

an Unstabilized Z-Pinch Device 

5.1 Introduction 

The holographic interferometry is intended to be used to measure 

electron densities and their distributions in a plasma. 	This is 

possible because in a plasma with sufficient degree of ionization the 

electrons are mainly responsible for the refractive index. 	In this 

Chapter various other factors which contribute to the plasma refractive 

index are described, and an estimation is made of their relative con- 

tribution as compared to that of free electrons. 	In the rest of this 

chapter the construction and operation of a particular plasma device 

suitable to be used for holographic interferometry is described. 

The choice of an unstabilized Z-pinch was made due to its amenability to 

quantitative measurements. 	It is imperative to perform side-on measure- 

ments because of the excessive refraction of the probing beam in end- 

on configuration. 	The conventional interferometry fails to be applied 

to this geometry due to its excessive demands on the optical quality of 

the plasma tube. 	This is exactly where the holographic technique comes 

to the rescue by completely dispensing with the necessity to use good 

quality optics. 	The actual application of this technique to the Z- 

pinch plasma will be described at length in the next chapter. 

5.2 Refractive Index of a Plasma 

When the plane polarized ruby laser radiation enters the plasma 

it comes across free electrons, ions and bound electrons in the various 

levels of the neutral atom. 	If there is no magnetic field in the 

plasma and the effect of collisions between plasma particles is neglected, 

then the index of refraction of the plasma due to all components is 

given by
(1) 
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atoms or 
electronic 	molecules in 

ground state 

- (5.1) 

ions and 
excited atoms 

where a E polarizability at the laser wavelength per unit of volume. 

N E number density of various particles. 

ne  and m being the density of the free electrons and the mass 

of the electron respectively. 

5.2.1 Refractive index due to free-electrons  

If the non-electronic contributions are neglected, then the refrac-

tive index of the plasma due to free-electrons is 

11 = 
ne  e 2  

- (5.2) 2 m Cow 

setting 
e ne 	2 
	 = w 	 - (5.3) 
60m 

2 
p 

- (5.4) 

Inserting the numerical values of e, m and e o, we obtain the refrac-

tivity of the plasma due to free electrons as 

- 1)e  = - 4.48 x 10 14  ne  

where ne in cm
-3 
 and X in cm. 

The Eq. (5.4) defines three ranges of operation determined by ne  and X. 

These are:- 

Case I w > w 
p 

 

In this case the refractive index is real and the wave is able to 

we obtain m = 1 - —z 
2w 
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propagate through the. plasma. 	The reason is that the time period of 

the incident radiation is smaller than the time period of the readjust-

ment of the plasma. The inertia of the plasma will prevent it from 

making any appreciable response in the period of the incident radiation 

Case II 	w < w 
p 

The period during which the electric field changes is long in com-

parison with that required for the plasma to readjust itself by the 

motion of the charged particles. 	Currents are then set up in the plasma 

so as to exclude the electric field thereby reflecting the incident wave. 

Case III 	w =w p 
This gives the cut off electron density beyond which the plasma 

becomes opaque to the radiation 

we have 
ifne  e2  

co  
- w 

or n
ec 

,2 n2 
" 	 

e2 A2 
- 

3 
 2.32 x 1021  cm-  for A = 6943 	-(5.5) 

The condition for propagation of the waves through the plasma is then 

1.12 x 1013 ne  < nec 	cm
-3
, (A in cm) % 

A 2 

5.2.2 The effect of collisions 

In the above discussion the effect of collisions was assumed to 

be negligible. 	This implies the plasma to have an infinite conductivity. 

But all laboratory plasmas have a finite resistivity and the electron- 

'ion collisions modify the value of the refractive' index. 	This is 

because the collisions of electrons with positive ions and neutral atoms 

is equivalent to a viscous damping of the electrons proportional to the 

electron-velocity. 	In this case the refractive index is given as(2) 



Fig ( 5.6 ) The Plasma Tube. 
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5.4.3 The Vacuum System  

A powerful Edward's rotary pump was used to evacuate the discharge.  

tube. Pressure less than 1 mtorr could be achieved after an initial 

period of degassing the system. Gas inlet valve was provided at the 

other end of the tube, so that cross flow of gas could ensure uniform 

pressure in the tube. 

5.5 Operation of the device  

5.5.1 Preliminary measurements  

It was desired to obtain preliminary information about the behaviour 

of the new device. When at first operated in Helium at 200 mtorr at 

10 KV, the discharge was very irreproducible and difficult to break 

down. At 15 KV maximum working voltage, the break down was more consis-

tent. Simple observation as to whether the 'pinch' is being formed, 

is to visually observe the discharge through green goggles. The many 

fold increase in luminosity of the plasma at maximum compression causes 

the eye to retain the image of the plasma coherence as a cylindrical 

rod along the tube axis. The diameter of this rod as can be roughly 

estimated visually is about one centimeter. If the pinch does not occur, 

as at low voltages, then this 'rod' can not be seen, but the whole tube 

is almost uniformly luminous. 

The same observations can be better performed when the eye is rep-

laced by a photomultiplier tube and the signal observed on an oscillo-

scope screen. Instead of observing the 'total' non-spatially resolved 

light output, much better picture of the dynamic behaviour of the plasma 

was obtained by collecting the light through a 3" long narrow tube with 

2mm internal diameter and the inner walls of the tube being blackened. 

This tube was placed radially outside the discharge tube so that it 

collected most of the light from a small section of the luminous shell 

as it collapsed toward the axis. At the other end of this narrow tube 

was attached a fibre optics light. pipe which carried the light to a 

photomultiplier. 
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The measurements showed that at 15 KV, 200 mtorr filling pressure of 

He, three distinct 'pinches' could be observed. Fig. (5.8) shows the 

temporal behaviour of the light output and current waveforms. The 

second pinch occurs just 2 p sec after the first, while the third appears 

after 9 p sec from the second. The first and second pinch follow so 

closely in succession because as the reflected shock wave strikes the 

current sheath and causes it to expand, the current in the tube is still 

near the peak value. The self magnetic pressure of the plasma is still 

large enough to compress the current sheath. This causes the lumin-

osity to suddenly rise again. At this stage the current has dropped 

to about half of the peak value and the kinetic pressure of the plasma 

plus the reflected shock cause the sheath to expand till the luminosity 

drops to minimum. 

The break-down in He was quite irreproducible. However, when the 

gas was preionized using a high frequency tisla coil, it became better 

behaved, The time of the first pinch was'3.8 p sec after the initial 

breakdown of the gas under the above mentioned conditions. This agreed 

quite well with the predictions of the snowplough model as discussed in 

Chapter 8. 

5.5.2 Electrical monitoring of the discharge  

The measurement of current and voltage across the plasma tube leads 

to some useful information about the discharge. For a satisfactory 

pinch to form initial dI  must not be either too small or too large. 
dt 

If it is too small, the rate of contraction of the plasma will be smaller 

than the speed of sound and the amplitude of instabilities may grow 

large enough to destroy the inward motion of the plasma before the 

pinch. In the latter case, the constriction of the plasma may be 

delayed due to too rapid build up of self magnetic field even before 

the gas is sufficiently ionized. 

By independent observations of the plasma through the light output 

from the discharge it was indirectly ensured that the initial rate of 

increase of the discharge current was reasonable to allow the pinch 
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to occur. Fig. (5.9) shows the voltage, current and light output 

traces. The instantaneous voltage across the discharge tube was 

measured using a 250 Q tapping on a resistive potentiometer. The 

voltage trace for a given charging voltage and initial filling pressure 

was extremely reproducible and needed to be measured only once. The 

current flowing through the discharge tube was recorded as a function 

of time on an oscilloscope using a Rogowski coil linking one of the 

six return conductor rods. The output of the Rogowski coil was inte-

grated by a simple RC circuit to give current. It was ensured that 

RC >> time period of the discharge circuit. 

Normally the current and voltage waveforms yield the information 

about (i) the duration of any delay in breakdown, and (ii) the time to 

pinch. The current waveform however, did not show any indication of 

the time to inch. This is due to the fact that the distribution of 

circuit inductance determines the shape of current and voltage wave-

forms. The device can be represented by the equivalent circuit shown 

in Fig. (5.10). The dynamic behaviour of the sudden discharge from the 
voltage Vo  is represented by 

.a2  + b2  
= CV o 	b 	

-at 
sin bt - (5.20) 

where 

'and 

2L 

 

= R - 1 2L cR2  

1 	- 
The ringing frequency = 2wYLC 

From fig'. (5.9) and Eq. (5.2), one obtains the maximum value of total 

circuit inductance = 0.725 ph 

and the resistance R = 0.0480. 

To see the relative influence of the plasma inductance L and the 

external circuit inductance Le  on the current and voltage waveforms, 



Le  
"75-25-'67-P-I\ 	 

L 

8.5KV peak C=10uf 15KV Argon 100 mtorr 

(5.10) 

1 1 	1 . 

tage 	1 

AlftL 1 ht—output 

i 
PeaIli Current = 	0 

1 r  
Kamps 

5 usec/Cm 

= 6.7 usecs 

Voltage across the tube 

'T = 17 usecs 

(c1I/dt)0  = 0.6x101°  amps/sec 

Current at the time of 

Pinch = 14 Kamps 

. Fib (5.9) 
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consider the capacitor bank voltage Ve  during the short interval of 

time at the pinch as 

Ve  
d 

= 	
I 

 Le  7-1-t  + V - (5.21) 

	

dI 	d(IL) 
L 	+ 	+ IR 

	

e dt 	dt — ( 5.22) 

where V is the voltage across the tube terminals. The tube resistance 

is smaller than the value quoted above as the latter includes the cir-

cuit resistance as well. 

Thus 

	

dI 	L dI 	I dL 
Ve 	e dt 	dt 	dt — (5.23) 

At the short moment of pinch, an insignificant amount of charge leaves 

the capacitor bank, so that Vc can be considered constant. Also near 

' the pinch I 
 dt is always large. Thus the relative values of L and 

Le will determine the shape of current and voltage oscillograms at the 

time of pinch. The plasma inductance can be calculated from the fol-

lowing expression(10)  

x 10-10 

	

	ro 2. (1 + 4 lCn —) - (5.24) 

where r is the radius of the pinched column in ems (obtained from _ 

-framing camera photographs, section 5.5.3), 

ro  E radius of the outer return conductor in cms and 

z 	the tube length in ems. 

For r = 0.25 ems ro  = 9.5 ems and Q= 46 ems 

we obtain L = 0.382 Uh. 

This gives. Le  = 0.725 - 0.382 = 0.343. 

Thus L and Le are very nearly the same and hence each has some relative 

influence on the current and voltage oscillograms near the pinch. 

When doing holographic measurements it was therefore decided to ensure 
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the moment of pinch by observing light output from the discharge mostly 

in the continuum region. This was easily done by placing a red filter 

(Wratten No: 29) at the tip of the light output. This is because 

most of the light emission from He and Argon plasma is in the visible 

and ultraviolet region of the spectrum. 

5.5.3 Framing Camera Photographs  

.To determine the radius of the discharge at the maximum compression, 

the plasma was photographed using image converter camera. The camera 

used was a Telford Type T.E.12 image converter equiped with a 1 Mc/s 

framing unit. This imaged eight to twelve frames or one polaroid 

film, with a 50 nsec exposure time and a separation of 0.5 II sec. between 

the frames. 

The shutter of the camera was controlled by a 40 volt pulse from 

a timing unit. The timing of this pulse was adjusted to correspond 

to the time when the plasma light output picked up by a photomultiplier 

began to be observed on the oscilloscope, Fig. 5,11 shows a photograph 

of various stages in the discharge. The sequence of the exposures is 

marked from A to L. A progressive contraction of the plasma can be 

observed. The boundaries' of this contracting column mark a distinct 

luminous "shell" which is moving inward. In the frame marked C 

luminosity at the axis shows that the gas is ionized while the shell 

has not yet reached the axis. This confirms the observations of 

Nation(11) who also observed an axial luminosity before the collapse of 

the current sheath. 

After about 2.5 U secs from the time of the pinch, the tube is 

filled by the plasma showing a uniform luminosity across the shole cross- 

section. Photographs with least exposures showed distinctly the dia-. 

meter of the pinched column although the other frames were then under-

exposed. A compression ratio of twelve could be observed in He at 

' some pressures, which corresponds to a diameter of 6 mm. Assuming 

fully ionized gas and to0 per cent trapping, the electron density of 

7 x 1017 cm 3 can be expected, With argon even higher electron den-
. 
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sities can be obtained because of its lower ionization potential. 

As seen in the next chapter, the diameter at half-height points (of 

electron density distributions) with argon is as small as 2.6 mm. 
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Chapter 6 

Holographic Interferometry of the Z-pinch Plasma 

6.1 Introduction  

The applicability of holography to plasma diagnostics depends on the 

fact that when a light wave passes through a plasma, it experiences both 

phase and amplitude distortions. 	The phase distortions are rendered 

visible by such optical techniques as interferometry, schlieren and shadow 

photography. The changes in amplitude can result from absorption and 

from scattering. Almost all the holographic diagnostics performed so 

far have been directed at measuring the phase changes leading to inform-

ation about the electron densities in the plasma. However, the amplitude 

changes caused by absorption of the light by the plasma hold out a bright 

future for temperature measurements as well. 	This will be discussed in 

Section 6.2.2 and Appendix I. 	In this chapter the measurements of phase 

changes and associated experimental details are described. 	Before we 

proceed to do this, it will be useful to briefly review the work reported 

so far in the literature about the holographic diagnostics of plasmas. 

6.2 A review of previous work on holographic diagnostics of plasmas. 

Although the science of holography acquired a strong base at the 

'advent of the laser in 1960, it has only recently begun to be applied to 

plasma diagnostics. 	Ostrovskaya et. a1.
(1) 

were the first to point out 

in 1966 the possibility of such an application. 	Later some results of 

investigations were published by Jahoda et. al.
(2,3) 
 and independently by 

Eaidal et. al. and others
(4-9) 	

The work by these authors has mainly 

been aimed at developing the technique rather than the actual investig-

ation of any particular plasma. 

6.2.1" Phase Changes  

Holographic interferometry was first successfully applied for the 
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investigation of the plasma produced by laser spark by Kakos et. al.(5) 

Initially the hologram was obtained using Gabor single-beam method(11) -

requiring single exposure by using the unabsorbed part of the laser beam 

that produced the spark
(1)

. 	By this method the accuracy of the electron 

density calculations was not better than 50%. The quality of the holo-

gram was improved by Kakos et. al,(5) by using two-beam holography rather 

than the single-beam method mentioned above. They obtained interfero-

grams using the double exposure technique. A thin glass wedge was intro-

duced in one of the two exposures to produce a background fringe pattern 

allowing a higher sensitivity of measurements, The estimation of the 

electron densities from a knowledge of the fringe shifts could be made 

with an accuracy of about 20% 

Some investigations of a fully ionized deuterium plasma in a 6-

pinch Scylla-I device have been reported by Jahoda et. al.(2,3) A 

scatterer was used before the plasma position to give a diffuse object 

beam which enabled a three-dimensional image to be obtained within the 

viewing angle during reconstruction. 

Very recently some more work has been reported by Jahoda(12) where 

measurements performed on a coaxial gun configuration called snowplough 

are described. 	In these experiments a current sheath collapsing to form 

a plasma focus has been studied. Holographic interferograms at different 

times show the motion of current sheattl. In all these experiments mode 

.controlled ruby laser operating in uniphase single axial mode was used. 

The other experimental features are mostly the same as described in 

Ref. (2). 

6.2.2 Amplitude Changes 

If the hologram is made in the linear range of the emulsion such 

that the transmission at each point of the hologram depends linearly upon-

the exposure, then the brightness distribution over the reconstructed 

image agrees quite well with that over the object itself. 	This property 
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makes it possible to employ the holographic method for plasma absorption 

measurements. 	Since the reconstructed image from the hologram is insen- 

sitive to the incoherent plasma radiation, this method has therefore 

definite advantage over the usual absorption methods. 

Preliminary studies of Ostrovskaya et. al.(8) have shown that quan-

titative measurements of absorption coefficient are feasible with holo- 

graphic method. 	They used a step filter attenuator having a transmission 

ratio of outermost step equal to 1:20. 	The transmissivity coefficient 

of the reconstructed images of these step filters agreed very well with 

that of the step filters themselves. Although the brightness of the 

reconstructed image varied for holograms with different exposure times, 

the transmissivity of the images of the step type filter attenuators 

remained almost constant. 

Various factors such as non-linear properties of the photoemulsion, 

light scattered in the emulsion, various illumination conditions on the 

hologram created by various object points etc. cause error in the bright- 

ness ratios. 	The scattering of light in the emulsion in the above 

mentioned work caused a background brightness amounting to about 5% of 

the brightness of the transparent filter steps. 	Knowing these factors- 

one can thus correct for the transmissivity coefficient. 	The measurement 

of the plasma absorption coefficient can therefore be performed with an 

accuracy which is satisfactory for most purposes and compares with that 

of the other methods. 	To date only Zaidel et. al.(8) have made temper- 

ature determinations of a laser spark plasma this way be measuring the 

absorption of the coherent laser'light in the presence of high but inco-

herent self-luminosity at the same wavelength. 

The absorption coefficient by free-free transitions in plasmas is 

appreciable only for radiation in the infra red re 	
(18). 	This presents 

practical difficulties in making the hologram as no photographic material 

with reasonable resolution exists for exposures by wavelengths beyond 

1.2 p. 	However, there is appreciable resonance absorption in the visible 
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even at not very large densities. 	The two examples where corresponding 

lasers also exist allowing such measurements are 

Argon laser 	4880 R 	Argon plasma 	4880 R 

It 	 t, 	5145 R 5145 R 

Ruby laser 	6943 X 	Nitrogen plasma 	6942.9 R (NII) 

In the nitrogen plasma, the line NH 6942.9 X has a width of - 5 X 

at electron density of 10
18 
 cm

-3 
 and the ruby line falls within the 

profile of the former. 	The theoretical and experimental considerations 

are further discussed in Appendix I. 

6.3 Choice of the Operating Conditions  

The main consideration in the choice for any particular gas is the 

instability break up time as the pinched plasma is more stable in some 

than in others. 	The smaller the speed of sound in the plasma at any 

temperature the more slowly the instability break up of the pinched 

plasma occurs. Xenon, Argon and Helium are commonly used because of 

the slower speed of sound in these gases. 	Since the holographic inter- 

ferometric measurements were to be performed side on, with a small path 

length, maximum values of electron densities were required to get suf-

ficient fringe shifts. Both Helium and Argon were tried in the prelim-

inary run. 

Since the bremsstrahlung emission from a plasma is a strong function 

of electron density (m Ne2) and depends only weakly on the temperature 

(x T i), measurement of the continuum provided an estimation of relative 

electron densities at various pressures in Helium and Argon. Figures 

.(6.1), (6.2) and (6.3) show the continuum light output versus pressure. 

These graphs also show the times of peak light output at maximum compres-

sion for these pressures. As discussed in Chapter 8 these times agree 

very well with the predictions of the snowplough model. 

In the above, the peak light output was assumed to indicate the 

moment of maximum compression. This is not necessarily generally true. 
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As mentioned in Section (8.2.2), a shock wave moving ahead of the plasma 

shell produces an axial luminosity much earlier than the time of maximum 

compression. 	The light output is, however, maximum at the pinch . 

because of the larger emissivity due to a larger volume of the emitting 

plasma than that due to shock wave produced axial luminosity. 

The relative intensity of. the signal was an order of magnitude 

larger with Argon as compared to Helium indicating larger values of 

electron density at the pinch with the former gas. This is confirmed 

by the interferograms showing smaller fringe shifts in Helium plasma. 

The other difficulty using Helium was the fact that the initial breakdown 

of the gas was very jittery and it caused a lot of difficulty in timing 

the ruby pulse at a desired moment in the plasma life time. 	This, 

however, was found to be resolved when the gas was preionized using high 

frequency teslacoil. Break-down with Argon was found to be much more 

reproducible. 

The continuum light output from the plasma shows a strong pressure 

dependence indicating a similar dependence for the electron density as 

seen in Figs. (6.2) .and (6.3). 	The electron density peaks for a certain 

pressure. 	Such behaviour was also observed by Burgess et. al.(29) in 

an unstabilized Z-pinch discharge. 	This effect is explained in terms 

of shock theory and is discussed in Section (8.2.2). 	The working 

pressures were selected to be those which produced optimum fringe shifts 

in the interferogram, a requirement imposed to fecilitate the measure-

ments on the latter. 

6.4 The experimental set up of the system  

To perform the holographic interferometric experiment on the Z-

pinch plasma, the system with its various components needed to be assem-

bled together. 

.The laser, the Z-pinch devide and the scatter-plate set up for 

holography have all previously been described separately. 	The Fig. (6.4) 
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shows the arrangement in its final configuration. 

6.4.1 The Ruby Laser 

The laser has been described in Chapter 2. Due to the claim of 

the scatter-plate system to work with almost incoherent light, the ruby 

laser was initially not mode controlled. 

. The coherence length of the light output from the ruby was roughly 

estimated by utilizing an equivalent Michelson interferometric arrange- 

ment. 	This was achieved by reflecting the collimated laser beam expan- 

ded to larger cross-section from the two surfaces of a slightly wedged 

glass block placed at 45°  to the beam. The reflected light producing 

interference fringes was photographed. The path difference between the 

two interfering beams is 2 d cos e = 1.41 d for e = 45°, where d is the 

thickness of the glass block. 	By using different thickness blocks, one 

gets the coherence length as the optical path length for which inter-

ference fringes are no longer obtained. The reason for using a single 

glass block is that for short coherence lengths of the ruby it provides 

an easy substitute of Michelson interferometer. To measure the coher-

ence length of the output from a mode controlled laser, one has to use 

a Michelson interferometer where the length of one of the arms can be 

varied by any desired amount. With our un-mode-controlled laser, 

interference fringes could not be observed beyond d = 1 cm., indicating 

a coherence length of about 1.4 cms. 

A v simple method of estimating the degree of spatial coherence of 

the laser output is to measure the contrast of the.interference fringes 

when.d is much smaller than the coherence length. 	The contrast of these 

.fringes then directly gives the degree of spatial coherence. A photo-

densitometer trace of these fringes was taken at various locations of 

beam cross-section on the exposed photographic plate. 	The contrast was 

found not to be uniform across the beam cross-section but varied•from 

region to region. 	It confirmed the observations of Evtuhov and Neeland 
(13) and Nelson and Collins

(14) which show that ruby radiates in clusters 



161 

of coherent spots of the order of 100 p to 850 p diameter of each spot. 

Our measurements showed a variation of the degree of spatial coherence 

between 0.1 and 0.3, indicating that the light output is only partially 

coherent. 

Another important parameter that deserved attention is the duration 

of the output pulse. 	If the pulse width is large, the rapidly varying 

plasma can no longer be assumed to be stationary in the duration of the 

pulse. 	This would result in a loss of contrast of the interference 

fringes due to their being smeared out by the plasma motion. 	Careful 

measurement of the pulse duration showed the width at half-power points 

to be more than 180 nsecs. 	Interferograms of Helium plasma taken with 

this broad pulse show smeared out fringes of low contrast. 

The broad pulses obtained under various operating conditions are 

shown in Fig. (2.4). 	The pulse widths are much larger than what is 

expected under fast switching conditions. The measurements by Key(31) 

on the same laser as being used for this experiment had indicated a half 

width of - 70 nsecs for 100 cm. cavity. 'A shorter pulse would be expec-

ted for our cavity length of 50 cms. Not only was the pulse width much 

larger but also the output contained many pulses of comparable intensity. 

To account for such a wide discrepancy between the expected and the ob-

served pulses, a systematic survey was undertaken of all the diverse 

factors that determine the pulse characteristics. 	The main conclusions 

are listed in the following.along with the steps taken to remedy the 

situation. 

i) The light signal was being measured using an EMI 9698B photomultip-

lier and Tetronix 555 oscilloscope with G-type preamplifier unit. 

The resultant rise time due to the photomultiplier, the cables and the 

load and the scope was 69 nsecs. For a measured pulse width of - 200 

nsecs, the actual width is thus 188 nsecs. 	It is evident therefore that 

the measuring system is not responsible for the above effect. 	The 

photomultiplier was operated in the linear range to avoid any saturation 

of the output signal. 
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(ii) As shown by the computations of Key
(31)

, the product (power output x 

half width of the pulse) is roughly constant. The input energy to the 

pump was increased much above the threshold, but the output remained 

almost constant. 	This clearly indicated that the flash tube energy was 

not properly coupled to the ruby. An examination of the aluminium 

cavity liners revealed their surface conditions to be very bad. 	The 

stainless steel liners were coated with silver because the former has an 

absorption maximum near the ruby absorption peak. 	But as discussed in 

Chapter 2, more stable coating was obtained by aluminizing the liners. 

This improved the situation but not enough to account for the large 

pulse widths. 

(iii) As mentioned in Chapter. 2, A/4 switching using a Kerr cell is not 

the most efficient way for Q-spoiling. 	The Q is partially spoiled and 

the rest of the light is able to cause depletion of upper levels not 

allowing the population inversion to rise appreciably. 	The expected 

pulse widths for the levels of over inversion obtained by A/4 switching 

are much shorter than those obtained in our experiment. 	It was, however, 

found that the thyratron was discharging much more slowly due to a fault 

in its electrical circuit. 	The slow switching of the cavity losses 

from low to high Q condition produced single and multiple pulses of much 

larger pulse widths (Section 2.7). 	Pulses of normal width were obtained 

by eliminating the defect. 

(iv) One can obtain very short pulses of less than 5-6 nsecs duration 

by using Pulse Transmission Mode (PTM) double switching technique
(32) 

The practical problem such as the availability of good quality Glan-

Thomson prism to be used as the output coupling element prevented this 

technique being tried. However, reasonable short pulses ( 30 nsec) 

were obtained by using dye solution as a passive Q-switch. 	To control 

the timing of the output pulse, the passive Q-switch was used in conjun-

ction with the Kerr cell. When the dye cell was kept between the ruby 

and the Kerr cell, the larger light power transmitted by the dye on its 
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being 'ruptured' was too large to be controlled by the Kerr switch. The 

output was thus highly jittery as it depended on the saturation of the 

dye which is an irreproducible phenomenon. However, on keeping the 

dye between the Kerr cell and the 99.9% reflecting mirror, it allowed 

the Kerr cell to exercise control of the timing of the output pulse. 

By this method well timed single pulse of about 30-40 nsec. duration 

was obtained and is shown in Fig. (2.5). 	This gave sufficient time 

resolution for the study of the fast discharge. 

6.4.2 The Scatter-Plate System 

As seen in Fig. (6.4), the ruby laser beam was expanded by a diverg-

ing lens Li  and then collimated by lens L2. This beam then entered the 

scatter plate system, whose components were all arranged on a single 

optidal bench which was a square base Hilger and Watts bench. 	It need 

not be especially heavy for resisting vibrations as is usually the require- 

ment for gas laser holography. 	The scatter-plate was the bleached holo- 

gram of an ammonium chloride scatter (see Section 4.5) 	and made in 

the same system with He-Ne laser. 	It allowed part of the beam 

unscattered and scattered the rest which just filled the aperture of the 

lens'L3' 	Both L
3 

and L4 were plane-convex lenses (see Section 4.3.5) 

with a diameter of 6.3 cms., and a focal length of 25 ems each. 	They 

were positioned such that they imaged the scatter-plate on to the photo-

graphic plate with unit magnification. 

The unscattered portion of the offset beam acted as the reference 

beam and narrowed down in size as it passed the test region. 	Since most 

of the measurements were performed at or near the maximum compression, 

the refeTence beam could be allowed to be focused within the plasma tube 

at about 2 ems off the tube axis, a region almost free of the plasma. 

The diameter of the test region is (2a - 2s), a and s being the radii of 

L3 and the scatter-plate respectively. 

To adjust the ratio of intensities of the reference and object beams, 
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neutral density filters of appropriate attenuation were inserted into the 

path of the reference beam just outside the plasma tube. 	If these 

filters were inserted at the focused beam, where the energy density was 

high, it usually damaged the filter and subsequently distorted the beam 

wavefront. 	Care was taken to avoid such a situation after experiencing 

it once. 

Each Agfa plate 10E75 size 5" x 4" was cut into four pieces. 	These 

were held in a plate holder made to the appropriate size. 	The plate 

was actually locked into the holder to avoid any motion due to vibrations 

between the two exposures. 	Since the hologram size was the same as that 

of the scatter plate, i.e. 1" diameter, two exposures could be made on 

each piece of the plate by simply raising the plate holder to the new 

position for each exposure. 	A photograph of such a plate is shown 

in Fig. (6.5). 	The photographic emulsion is also sensitive to the blue 

and green regions of the spectrum. 	The light from the plasma which is 

predominantly in the blue and violet parts of the spectrum causes a 

fogging of the plate. 	This was avoided by using a gelatin filter, 

Wratten 29. 	This has a passband with the lower cutoff at 6100 R, and 

was placed directly at the photographic plate. 

In some circumstances the laser light signal is strong enough to 

over expose the plate. 	One can not avoid this by operating the laser 

at lower power output as it tends to increase the half-width of the pulse 

at the cost of time resolution of the measurements. 	A simple solution 

was to attenuate the laser light by inserting neutral density filters 

near the photographic plate. 	This had an added advantage in that it 

reduced the plasma light in the red region passing through the Wratten 

29 filter. 

6.4.3 Electronics 

The Fig. (6.6) shows the block diagram of the electronics used to 

control and operate the whole system. 	Here the Tetronix 555 oscillo-

scope was used to serve also as a long delay unit. 
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(a) 
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Fig ( 6,5 ) Photographs of the holograms ( to the scale ) 

(a) Single hologram on the plate (b) Two holograms on the 

same plate. 

Fig ( 6,7 ) Plasma Light output traces modulated by Ruby Laser pulses. 
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This is due to the fact that the Kerr cell has to be opened at the 

time when the light output from the flash tube is maximum corresponding 

to- maximum population inversion in the ruby. This happened at about 

1.4 msec after the initiation of the flash tube current. No delay unit 

could be obtained which would provide a pulse after such a long interval. 

A pulse from the triggering unit triggers the time base A of the oscillo-

scope at the same time the flash tube is triggered by a simultaneous 

pulie from the triggering unit. A +5v volt pulse is obtained from the 

'delayed trigger unit' of CRO, whose delay w.r.t. input pulse is given 

by the product time base A X helipot setting of 'delayed trigger unit'. 

This can provide delays ranging from 20 nsec to 50 seconds. The +5v 

pulse was amplified to +48v by simple switching circuit using fast tran-

sistors, providing a rise time of 20 nsec. 

It was observed that this pulse amplifier was triggered much earlier 

than the provided delay. This was traced to be due to the strong elec-

tromagnetic pickup from the pulse transformer being used to trigger the 

flash tube. However it was eliminated when the +5v input to the pulse 

amplifier was fed through a coaxial cable coiled round a ferrite ring 

damping the high frequency pickup. The +48 volts output from the pulse 

amplifier triggered the multichannel short delay unit which provided 

trigger pulses for the rest of the system as shown in Fig. (6.6). 

6.4.4 Monitoring the timing of the event under study. 

To study the behaviour of the plasma at, before or after the maximum 

compression, it was essential to monitor the timing of the laser pulse 

with respect to the plasma. 	As shown in Fig. (6.4), this was done by 

feeding the plasma continuum light and the laser light to the same photo- 

multiplier through two fibre optic light pipes. 	The relative signals 

from these two sources could be adjusted by inserting neutral density 

filters at the entrance tips of the light pipes. 	The photomultiplier 

used was RCA 7265 and care was taken to operate it in its linear range. 
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Fig. (6.7) shows the ruby laser pulse modulated on the light output from 

the plasma whose maximum indicates the time of maximum compression. 

It also shows the reproducibility of the plasma. One of the traces shows 

double pulsing of the ruby which happens if the input energy to the flash 

tube exceeds the threshold of the dye solution beyond which it gives more 

than one pulse. 	In such a situation one obtains a differential inter-

ferogram with only a single exposure. 

6.5 EXPERIMENT 

The formation and the reconstruction of the hologram will be discussed 

separately. 

6.5.1 Formation 

The system can be checked by making an interferogram by double ex-

posure technique of a bunsen burner flame: This affords a source of 

easily generated phase variation with sufficient refractive index change 

to, observe many interference fringes in the field of view. 	Moreover, 

the problem of timing the laser pulse at a fixed moment does not arise 

as the disturbance is not a transient one. Furthermore, unlike the 

plasma containing device with optically imperfect walls, the flame is a.  

pure phase object and does not deviate or distort the wavefronts passing 

through it except in the presence of large refractive index gradients. 

This helps in checking the optical system for its ability to form holo-

grams with a poor degree of coherence. The hologram of this disturbance 

can be made even with relaxation oscillations of the ruby laser output 

lasting about 0.4.-0.6 msec. because any change in the disturbance is 

very slow as compared to the duration of the light output from the ruby. 

Having ensured the workability of the system by obtaining the holo- 

gram of pure phase object, the plasma tube was introduced midway between 

the lenses L3  and L4  (Fig. (6.4)). 	The He-Ne gas laser simulating the 

path of the ruby laser beam was used for alignment of the system. 
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The tube was placed such that the reference beam at point P (Fig. (6.4)) 

passed about 2 cm. off the tube axis. The electron density distrib-

utions obtained by gas laser interferometry (Chapter 7) indicate densities 

about two orders of magnitude smaller at 2.0 cms off axis as compared 

to the axial values. 	It is therefore reasonable to assume that the 

reference beam is clear of the plasma region. 

. The timing of the laser Q-spoiled pulse was adjusted to coincide 

with any desired moment w.r.t. the peak plasma light output. 	The 

photographic plate with red filter (Wratten 29) placed on to it was intro-

duced into the plate holder with near darkness in the room. One advan-

tage of working with high resolution plates used in holography is that 

they are not very fast and hence it allows one to work under subdued light 

in the room without fogging the emulsion. 

Finally the laser and plasma capacitor banks were charged, and an 

exposure of the plate made at the proper operating conditions. Another 

exposure of the same plate was made without the plasma in the tube, with 

the same laser energy. A few minutes period was allowed between the two 

exposures for the cooling of the ruby by the air being blown through the 

cavity. 	To obtain maximum contrast of the interference fringes of the 

reconstructed interferogram, the intensity of the two exposures was kept 

nearly the same. 	Moreover the intensities were adjusted such that the 

density of developed emulsion was nearly unity, thus having an amplitude 

transmission factor of • 10%. 	This ensured operation in the linear 

dynamic range of the emulsion. The plate was then developed, fixed and 

dried. 	A double exposure hologram of the plasma was thus obtained. 

'Holograms were taken at 50, 100 and 150 mtorr pressures of argon. 

For each pressure a range of timings was covered w.r.t. the peak compres- 

sion. 	The electron density increased to sufficient level to allow frin-

ges to form only about 1 psec. before the pinch. 

6.5.2 Reconstruction  

The hologram was. reconstructed using coherent radiation of He-Ne 
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laser. 	Since we are interested in frozen fringe pattern obtained by 

double exposure hologram, it can be reconstructed without the use of the 

set-up employed during formation. For visual reconstruction, it was 

simply held just in front of the eye in the diverging beam of the gas 

laser. 	One observed the images on the far side as if looking through 

a window. However, to perform the measurements on the recorded event the 

reconstructed image has to be photographed. 	The Fig. (6.8) shows the 

arrangement used for recording the reconstructed image. 

To obtain an image of the same size as the object itself the lens 

L4 has the same focal length as in formation stage. 	However, there will 

be a demagnification of the image size in proportion to the ratio of 

the two wavelengths, i.e. 2/A
1 

where X 2  is the reconstructing wavelength. 

The hologram and the photographic plate (or a screen) are each at the 

Fourier transform plane of the lens L4. 

The hologram was illuminated by a collimated beam whose diameter 

was controlled either by using telescopic arrangements of different 

magnifications, or by inserting apertures of the desired size in the 

expanded beam. A practical difficulty that was encountered in photo- 

graphing the images was the effect of zero order term. 	This is usually 

brighter by an order of magnitude than the images themselves, because 

an intensity ratio of about five was maintained between the reference 

and the object beams during the formation stage. This term thus caused 

a strong fogging of the photographic plate at and around 0 often masking 

part of the images leading to difficulty of measurements. This was 

avoided by inserting a small screen anywhere in the path of this term 

preventing it from reaching the photographic plate. 	Since the reconstruc-

tion was carried out by the red wavelength of He-Ne laser, panchromatic 

plates (HP3, Ilford) were used to record the reconstructed image. 

As seen in Fig. (6.4), the cylindrical plasma column lies in the 

horizontal plane. 	The reconstructed image of the double exposure holo- 

gram will show contour fringes of the plasma, unless background straight 
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Reconstructed twin images 

of the sausage instlibility 

in the Z-pinch discharge. 

Fig (6,9) Reconstructed interferograms of the Z-pinch discharge. 
The bit.* spot in the centre shows the position of the 

referencebeam with twin images on each side, 
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fringe pattern is introduced by inserting a wedge (Section 6.5.4) 

during one of the exposures. 	In Fig. (6.8), these fringes will lie at 

the screen on a plane coming out of the paper. 	Fig. (6.9) shows recon-

structed interferograms of the plasma at different operating conditions. 

6.5.3 Improvement of spatial coherence for the amelioration of the  

interference fringe pattern. 

The poor quality of the interference fringe patterns as seen in 

Fig. (6.9) is due to the following reasons. 

1) The spatial coherence of the ruby laser was very poor (Section 6.4.1). 

One can ideally obtain good holograms using scatter-plate system with 

almost incoherent light. But it requires a perfect optical system which 

sharply images each point of the scatter-plate on to the photographic 

plate. 	On insertion of the glass tube into the system, this is no longer 

possible as various rays are strongly deviated from their path due to 

refraction by tube walls. 	It must be emphasized that unlike the case 

of the Mach-Zehnder interferometer, these deviated rays do not distort 

the interference fringe pattern of the plasma. These merely determine 

the quality of the hologram in terms of its ability to reconstruct images 

of reasonable contrast. The situation can be remedied by improving the 

spatial coherence of the radiation, 

2) As pointed out earlier, the illumination across the field of view 

was very non-uniform. Due-to large contrast of the photographic paper 

(Bromide paper) the situation is further worsened. 

3) Since the diameter of the lenses L3  and L4  was only 6.3 cms. it 

allowed a working region of less than 4 cms. diameter. 

All these limitations were removed (a) by using larger piano 

convex lenses (10 cms. diameter and 55 ems, focal length). 	The f-value 

of the lenses was kept nearly the same as for those used above so that 

the same scatter-plate could be used to fill the lens aperture by the 
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Fig (6.10) (a) Without the mode-controlling aperture 

(b) With the mode-controlling aperture. 

175 



176 

scattered light; (b) the use of larger lenses allowed a larger test 

area to be examined and also improved the uniformity of the field of 

view; and (c) by improving the spatial coherence of the radiation by 

inserting a 1.5 mm. diameter aperture into the laser cavity near the 

99.9% reflecting mirror. 	Correct positioning of this aperture was en-

sured by first passing a He-Ne laser beam along the ruby axis and then 

introducing the aperture onto the beam. This pushed up the threshold 

for relaxation oscillations from 660 Joules to 910 Joules input energy 

to the flash tube. 	The Fig. (6.10) shows the bunsen burner flames 

interferograms for both with and without mode controlling aperture into 

the cavity. These photographs show a considerable improvement in the 

quality of the interferograms with the above modifications to the system. 

From the considerations of Van Cittert-Zernike theorem (p.508, Ref.33), 

an aperture of 1 mm. diameter would further improve the spatial coherence 

of the laser output. This, however, required much higher input energies 

to reach the threshold of laser operation and therefore could not be used. 

6.5.4 Sensitivity of fringe shift measurements. 

At or near the pinch, the plasma radius was quite small and hence 

very narrow closely packed interference fringes were obtained. 	Initially 

no background fringe pattern was introduced to increase sensitivity of 

measurements. 	Due to this reason contour fringes of the plasma Were 

obtained. Accurate measurements of the location of the centre of the 

fringe, and the tailing off of the outermost broad fringe could be made 

by taking photodensitometer traces of the negative of the reconstruction. 

In this way at least a quarter fringe shift could be ascertained. 

At much earlier times than the pinch the fringes were broader than 

at the pinch. 	Their sensitivity was increased by producing a background 

fringe pattern by using an air wedge. The required wedge angle to 

produce fringes with 1 mm. separation by causing a change of air pressure 

by one atmosphere is estimated as follows. 

The number of.fringes for a path length L and a refractive index 
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Fig (6.8) Arrangment for the reconstruction of the hologram. 

Fig (6.11) Reconstructed image of the background fringe pattern 
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Fig (6.12) Reconstructed image of the wedge pattern modulated with 

phase disturbance. 
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change dp is 

—L 
du 

A 

tan e  
x 	 d X 	p 

where x is the fringe spacing and e is the wedge angle. 

For 8 = 1, x = 1 mm., A = 0.7 x 10 4 
cms, and dp = 0.0002716 for a 

change of one atmospheric air pressure at room temperature, we obtain 

A = 68.6°. 

The wedge was made of brass tube of an internal diameter of 5 cms., 

with one end milled to an angle of 70°. Two glass plates were aral- 

dited to the ends to give a vacuum-tight seal. 	To obtain a hologram, 

the reference beam passed outside the wedge, while the object beam tray-

ersed the glass wedge. Air was let into the wedge for one of the two 

exposures. 	By simply controlling the pressure change a straight fringe 

pattern with any desired spacing could be produced. With a reasonable 

contrast of the fringes, sensitivity as high as/8 could be obtained. 

The Fig. (6.11) shows the straight fringe pattern, while the Fig. (6.12) 

shows a phase disturbance modulated on the straight pattern. 

6.5.5 Fringe Localization  

Since the disturbances producing plasma fringes and wedge fringes 

are located at different positions in the system, it is necessary to 

consider the plane of localization of the interference fringes produced 

.by each and to examine as to how they overlap. . Gates, in a recent 

paper(34), has shown the ability of scatter-plate system to discriminate 

against the depth of field. 	If the two disturbances are situated at 

p and q in Fig. (6.13a), then they can be focused independently by focus- 

ing the camera lens with the aperture open to maximum to give a limited 

depth of field. 	This can be done by utilizing the arrangement shown 

in Fig..(6.13b) for reconstructing the hologram. 	However, if the recon- 

structed image is photographed with a small camera aperture, the result 

is the plane projection of the effect of both disturbances integrated in 



179 

a fixed direction. 	Fig. (6.14) shows both the integrated interferogram 

and also the independent fringe patterns due to each of the two flames. 

In each there is only a small disturbance due to the other. 	The same 

applies to the wedge fringes and the fringes due to plasma. The 

disadvantage of using a small aperture used to increase the depth of 

field is that it produces speckle pattern in the reconstructed image. 

However this effect was not too serious. 

If only contour fringes are being observed with the plasma tube 

being in the mid plane between L3  and L4 (Fig. (6.4)), the optical arran-

gement can be considered to give Fourier Transform type hologram 

(Section 3.2.4). 	Thus on reconstruction the fringes can be considered 

to be localized at the plane passing through the point 0 and perpendicular 

to the collimated reconstructed wavefront (say A'A") originating from 

the region of illumination A on the hologram as shown in Fig. (6.13). 

6.5.6 Errors in the measurement of fringe spacings. 

1) As can be seen in Fig. (6.13), if the region A of the hologram is 

illuminated with the reconstructing laser light, the rays A'A" will 

generate the corresponding image which can be photographed by placing a 

photographic plate at 0. 

Similarly the region B will generate the image in the direction of the 

rays B'B". 	These images are localized in the Fourier transform plane 0 

of the lens L4, but as pointed out in Section (6.5.5), these lie in the 

plane perpendicular to the collimated rays A'A" or B'B" etc. 	Since 

- the recording photographic plate at,  0 is always normal to the collimated 

rays originating from the central point Po  of the hologram format 

(Fig. 6.13), the images corresponding to A'A" etc. are at an angle to 

the recording plane. 	If the reconstructed plasma interferogram are 

contour fringes, then the observed fringes on the recording plane will be 

the projection of those in the images normal to A'A" etc. as can be seen 

in Fig. (6.15). 	The true fringe separation can be estimated from the 
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Fig (6.14) (a) & (b) Spatially resolved flame interferograms 

(c) Integrated interferogram obtained by increasing the depth of 

field for viewing the reconstructed images of the hologram. 
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observed values as follows. 

If x is the actual separation between two fringes and y is the 

observed separation, then as seen in Fig. (6.15), 	y = x sec 8. 

The maximum value of 8 is given by em  = a/i,  a being the radius of the 

hologram format. 

For our experimental situation 8 	- 1.25 cm - 0.05 radians max 	25 cm 

= 2.85°  

Hence the maximum value of y is 

Ymax = 1.0014 x 

This is only 0.14% larger than the actual value of the fringe spac- 

ing. 	Even for a larger angular range of (say) 20°, Ymax  is only 1.54% 

larger than x. 	It is therefore safe to neglect this error. 

2) In the above example only a small area of the hologram was considered 

to be illuminated for reconstruction. 	In this situation the speckle 

pattern becomes troublesome, acting as a background noise to the actual 

fringes. 	The consideration that the speckle frequency should be at 

least six times larger than the fringe frequency (Section 3.8) made it 

necessary to use a larger area of the hologram for reconstruction. 

Various points within this area. will reconstruct the images from their 

corresponding directions and there will be an angular spread of ± se 
of the planes of fringe localizations around some average position. de 

is determined by the radius of the region being illuminated and the 

focal length of the lens L4. 	If the plasma distribution is radially 

symmetric, then the fringe spacings in all the planes of fringe localiz7 

ation will be equal. 	Since the plane of observation remains fixed, 

the projection of actual fringe spacings from the various planes of 

localization on to the plane of observation will produce a broadening 

of the observed fringes. 	The amount of this broadening can be, estimated 

by determining dY/y as a function of de. Since we have 

= x sec 8 	(Fig. 6.15) 
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dy = x tan 8 sec a dB 

Therefore dY/y  = tan 8 de. 

The typical values of e and d8 in our scatter-plate arrangement for 

1 cm. radius of the hologram being illuminated near the edge of the 

hologram are 

1.25 cm 	1 e  = a/f  _ 
25 cm 	20 

1 cm 	1 

	

d8 = 	_ — radians 
25 cm 	25 

, 1 

	

Thus dY/y. 	500 - 0.5 x 10 2 

radian 

Thus dy (the amount of fringe broadening) is only 0.5% of y (the fringe 

spacing). 

3) It has been pointed out earlier (Section 6.5.2), that if a different 

wavelength is used for reconstruction than that used for the formation 

of the hologram, the reconstructed image is magnified by a factor A 2/xi  

In our case Al  = 6943 AP and A2  = 6328 IV, giving A2/A, = 0.91. 	Hence 

the observed fringe spacings were multiplied by 1.1 to obtain the correct 

values. 

fringglieL?fsatio 

P 
fringe

l    
observation Fig (6.15). 
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6.6 Abel Inversion of the observed fringe distributions  

Using holographic interferometry, one can examine both symmetric 

and asymmetric plasma distributions. 	In the former case, the inter- 

ference fringe pattern will be essentially identical irrespective of the 

direction of observation. 	While in the latter case it is no longer 

the same but varies depending on the degree of asymmetry of the plasma. 

The symmetric distribution is easy to analyse and can be made to yield

radial distributions of electron densities by well known technique of 

Abel Inversion. However the asymmetric distribution does not lend 

itself to an easy solution and hence'has not yet been attempted. 	Unlike 

the first case, where there is only one unknown, i.e. the radial distrib-

ution of the refractive index, there are two unknowns in the second case,. 

namely the shape of the asymmetric plasma column and the distribution 

of the refractive.  index. 	Since most of the holographic measurements 

were made at or before the maximum compression (the first pinch), the 

plasma column was invariably symmetric. Only in a few cases, where the 

hologram was taken in the expanding phase of the plasma column, could 

a slight asymmetry be observed. 	The symmetric case will therefore be 

dealt with first. 	The out line of the procedure that can be used to 

obtain refractive index distributions in an asymmetric plasma with the 

help of holographic interferometry will be discussed later. 

6.6.1 Cylindrically symmetric distribution 

If a plane wavefront of ruby laser light traverses the plasma in 

the x-direction (Fig. (6.16)), the optical path difference at a height 

y from the centre w.r.t. no plasma situation is given by 

+2, 
d(y) = f 	{u(X) - 11 dx 

. -IL 

e2 A2 ,41  

27r c2m J 	
Ne(r) dx 	 - (6.1) 

this corresponds to nth fringe counting from the boundary of the plasma 

) 
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Fig (6.16) 

One thus gets 

e2 A 2  
n(y) = 71.72; 

1.1.0  Ne(r) r dr 
J y 	(r2-y2)i 

- 

This is similar to the relation of observed intensity at a height y in 

optically thin plasma, in terms of the radial emission coefficient(15) • 
This can therefore be solved by using Abel inversion technique(16,17) 

giving 

Ne (r) = const 
r 	nt(y) dy  
J 
r (Y2-r2)

2 

. The holographic interferogram of the cylindrical plasma column 

gave contour fringes lying symmetrically on both sides of the axis of 

the cylindrical tube. 	Fringes were counted inward up to the centre and 



(a) =100 mtorr argon 15KV 0.3 µsec after the pinch 

(b) E50 mtorr I1 	11 0,3 µsec after the pinch 

(c) E50 mtorr 	0.5 psec after the pinch 

Fig (6.17). 
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Fig (6.18b) Reconstructed image from a doubly exposed hologram. 
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plotted against the distance y from the axis of symmetry. Distributions 

of n(y) versus y for different times w.r.t. the pinch are shown in 

Fig. (6.17) for some of the operating conditions. 	These were extrapol- 

ated to intersect the abscissa, thus defining the radius of the pinched 

column. 	These distributions were Abel inverted using the computer 

program of Fielding(18). 	This program used the area elements of Ref.(16). 

The radius was divided into twenty-five equal segments and corresponding 

fringe shifts were fed as input. 	The output comprised absolute values 

of electron densities as a function of radius. 

To check the accuracy of the computer program, it was operated on 

a known distribution whose Abel inversion can be calculated theoretically. 

.The elliptic or circular distribution can be easily Abel inverted with • 

the help of Eq. (6.3). 

Experimentally such a distribution was obtained by taking a double 

exposure hologram of the cylindrical plasma tube by changing filling 

pressure of air between the two exposures. 	If the fringes are plotted 

against their respective position w.r.t. the tube centre, one obtains 

an elliptic distribution depending on the choice of the axes. 	The Figs. 

(6.18) and (6.19) show the reconstructed image of the interferogram and 

the plot of the fringe distribution respectively. 	The Abel inversion.of 

this elliptic distribution is calculated as follows. 

Setting y n(x), i.e. the number of fringes, the equation of an 

ellipse is written as 

n2(x) 

b2 

or n(x) = ± b ( - x2  /a2 

_ b 

• a2 
which gives n'(x) = 4' — x (1 - x2/a2) 

Substituting this in Eq, (6.3) and solving the integral, the Abel 

2 

a2 
	1 
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inverted distribution is obtained as 

N(r) = 1b 	-1 
a2 _ rot 

— — 	tan (_) - -1 

	

r02-r2 	21 

Since y = n(x) = 0 at x = ro, we set a = r0, which gives 

N(r) = 	E) - 2L 	= 
7 a 	2 	1  2a 

Thus the Abel inversion of an elliptical distribution is a straight 

line with zero slope (horizontal). 	For a circular distribution a = b 

and we obtain N(r) = 	which is independent of the radius of the 

circle. 	The Fig. (6.19) shows the plot of the output of the computer 

program using experimentally obtained distribution as the input. 	It 

agrees quite well with the expected shape. However, it shows oscillat-

ions corresponding to steep gradients of the fringe distribution. This 

can be understood by examining the circular case where y (no. of fringes) 

is related to abscissa x as y2 = r02 - x2  or dy =--
x 

dx. 

Near the tube boundary where x is large and y very small, x/y  is large 

and any error in x results in large error in y. 	To check this, accurately 

calculated values of y for the circular case were fed as the input fringe 

shifts. 	The resulting inverted profile is a much smoother straight 

line, also shown in Fig. (6.19). 

Another shape which corresponds closely to the distribution of 

electron densities in our plasma is the gaussian. 	Its Abel inversion 

yields a gaussian and it was considered apt to check the computer program 

using this function as well. 	The inverted profile was obtained to be 

an almost perfect gaussian. Any slight scatter in the points was 

usually due to the errors in the input fringe shifts and not due to the 

error in the program. 

An Abel inversion technique suggested by Bockasten
(19) 

was also 

used for its simplicity. 	In this method, the Abel inversion integral 

is approximated analytically by substituting third degree polynomial for 
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the experimentally obtained fringe distributions. 	The results obtained 

with this method agree very closely with those from the computer program 

using area elements. 	One great advantage of the method of Bockasten is 

that it is also able to yield axial values of the electron densities 

while the former method provides only off-axis information. For in-

stance, the program using area elements gave for 5011 filling pressure 
- of argon a value of ne 0.60 x 10

18 
 cm.

3 
 at 0.35 mm. from the axis: 

The Bockasten's program, however, provided the additional information 
- about the axial electron density to be 1.02 x 1018  cm.
3 

 . 	Since the 

gradient of electron density is usually large near the axis, one may ex-

pect a substantial difference between the axial value and the first off-

axis value provided by the first program. A simple outline of Bockasten's 

program for Abel Inversion is given in Appendix II. 

6.6.2 Asymmetric distribution of refractive index 

By reconstructing the hologram from different viewing directions, 

the varying fringe patterns of the interferogram reveal the asymmetry, 

if any, in the refractive index distribution. 	The problem of quantitat- 

ive evaluation of this distribution is very complex. 	The Abel Inversion 

technique can not be used for such cases as it is essentially based on 

the assumption of circular symmetry. 	There are two unknowns in this 

situation, namely the geometrical shape of the plasma and its refractive 

index distribution. 

The geometrical shape of the plasma, however, can be known by its 

simultaneous optical photography. 	The cross-section of the pinched 

column, e.g. in the presence of some kink or helical instabilities, can 

be approximated to an ellipse. 	In such simple situations one can obtain 

an average refractive index at the fringe positions in the contour inter-

ferogram knowing the respective path lengths. Reconstructing the 

interferogram from a sufficiently large number of viewing angles, an 

array of the optical paths of known average refractive index can be 
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created. 	By an ensemble averaging procedure at the points of inter-

section of these paths, one can obtain a distribution of the refractive 

index. 	The accuracy of such a calculation will essentially depend on 

the number of fringes obtained from each direction of observation and the 

total number of the directions of observation. 

Since in our work, no such plasma distribution was observed, a 

detailed analysis for such a situation was not pursued. 	However, the 

above outline is sufficient to indicate the usefulness of holographic 

interferometry to unravel the distribution of refractive indices in an 

asymmetric plasma. 

6,7 Results obtained with holographic interferometry. 

The operating conditions of the discharge initially selected were 

those which would produce maximum path length changes between the two 

exposures of the hologram. 	This was done by using the continuum light 

output signal versus pressure curves shown in Figs. (6.2) and (6.3) and 

discussed in Section (6.3). 

To obtain time resolved interferograms of the plasma at different 

stages of the discharge, the time correlation was achieved by collecting 

simultaneously the plasma continuum signal and the laser pulse signal 

in the same photomultiplier as shown in Fig. (6.7). 	Since plasma com- 

pression takes place very rapidly, it is only 1.0p sec before the pinch 

that one begins to obtain contour fringes. 

The-results obtained by Abel Inversion of the fringe distributions 

at various conditions of filling pressures and timings are presented in 

graphical form in Figs. (6.20) to (6.23). 	The Figs. (6.20) and (6.21) 

show the distributions of electron densities at 100 mtorr filling pres- 

sure of argon. 	The distributions are plotted for the following timings. 

(i) At the pinch 

(ii) 150, 200, 250 nsecs before the pinch 

(iii) 1.014 secs. before the pinch. 
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Fig (6.20) Radial distribution of electron density 

byTolographic Interferometry. 
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Fig (6.21) Same as Fig (6.20). 
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If one defines an effective diameter at half-height, the value for 

the above pressure at maximum compression is 2.6 ± 0.2 mm., while at 

about 200 nsecs earlier it is 4.2 ± 0.4 mm. 

The uncertainty in the radius is due to the fact that the ruby laser 

giant pulse has 

fast and speeds 

(6.23) the rate 

a half-width of about 40 nsec. The discharge is very 

up as it approaches the tube axis. 	As seen in Fig. 

of increase of electron density is about five times lar- 

was only 1p sec earlier. 	Thus 

exposure time. 

ger near the time of pinch than what it 

the values near. the axis will be an average over 40 nsec 

This speeding up of the electron density build up rate is qualitatively 

explained by the shock wave model (Ref. 20) which shows that the shock 

in the cylindrical geometry accelerates as the radius decreases. As 

shown by Payne
(20) 

this results from the momentum equation which states 

that a decrease in the area of the shockfront will cause an increase in 

the shock velocity. 	This is further discussed in Chapter 8. 

The presence of not too inconsiderable electron density at the axis 

before the time of maximum compression agrees with the observation of 

Nation
(21) 	

He reported the onset of axial luminosity prior to the 

arrival of the current sheet. 	This of course is true if the luminosity 

is associated with a region of hot dense plasma. 	The onset of axial 

luminosity is consistent with the assumption of a shock wave moving 

ahead of the current sheet and this essentially gives rise to the obser-

ved electron densities before the pinch in the present case. 

Fig. (6.22) shows the electron density distribution at 50 mtorr 

filling pressure of Argon at • 

(i) the time of maximum compression 

(ii) 0.7 P sec before the pinch, and 

(iii) 0.3 P sec after the pinch. 

The peak electron density at maximum compression is about 1.45 times 

larger than that at 100 mtorr filling pressure of argon. 	This agrees 

very well with the qualitative estimate on the basis of continuum light 



dne/100 nsec=0.05X1018 Cm 

• 197 

  

Fig (6.23) Peak Electron Density vs time at and 

before the Pinch. 
3.o 	x 1018 cm-3 

100 mtorr Argon 10 of 15KV 

2.5 

dne / 100 nsec = 0.23 X 10
18 MI-3 

2.0 

1.5 

1.0 	 

t =0 	0.2 

  

0.4 	0.6 0.8 	1,0 (-t) 



198 

output as seen in Fig. (6.2). 	The time to pinch in the two cases of 

100 mtorr and 50 mtorr filling pressures agree with the predictions of 

the Snowplough model as discussed in Chapter 8. 

The holographic interferometry makes it possible to perform the 

differential measurements on the plasma. 	The curve in Fig. (6.22) 

showing the distribution at 0.3 p secs after the pinch was derived from 

such a hologram. 	The Fig. (6.7c) shows the position of two ruby pulses 

within the life-time of the same discharge. 	The second pulse occurs 

when the light output from the discharge is almost zero, indicating a 

very low electron density. 	Thus the interferogram gives 'almost' absol- 

ute value of electron density. Any difference from the absolute value 

is certainly less than the experimental error in reading the interference 

fringes. 	The 'reference exposure' in other holograms is made with the 

neutral gas in the tube at the corresponding working pressure. 	The 

refractive index of argon at a pressure h mtorr at room temperatures is 

- 1 + 3.8 x 
10-12 

h. 	This at 100 mtorr is 

1.1 = 1.000 000 000 38 

Thus the electron density measurements can be considered to be absol-

ute, i.e. with respect to vacuum. 

6.8 Errors due to the refraction of the probing beam  

The large values of electron densities at maximum compression ob-

-tained both at 100 mtorr and 50 mtorr filling pressures coupled with 

strong pinching cause large refractive index gradients to be produced. 

This is liable to refract the probing rays and consequently produce a 

ditorted interference pattern upon reconstruction of the hologram. The 

amount of deviation has been estimated in Chapter 5 on the assumption 

of parabolic distribution of the refractive index. 	This assumption is 

justified as seen in Figs. (6.20) to (6.22). 

It is only at the base of the profile that the shape differs from 
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parabolic due to the broadening of the wings, but the densities there 

are always an order of magnitude smaller than the peak values. When: 

the maximum value of electron density at the axis is 4 x 10
18 cm -3 

the maximum deviation in side-on measurements is IP max 6.2'. 	However, 

when the hologram is reconstructed in the same system, the deflected 

ray will be reconstructed and will retrace its path to the original pos- 

ition of the plasma boundary as seen in Fig. (5.4). 	The effective dis- 

placement of this deflected ray from its true position in the plane of 

fringe localization is IP rcms, where r is the radius of the original 

plasma column. 	For r = 0.2 cm., 

max r  = 	microns 

Thus any error due to refraction of the beam in side-on measurements 

using holographic interferometry even for large electron density can 

easily be discounted. 

6.9 Miscellaneous 

6.9.1 The Electromagnetic T-tube  

Before the measurements on Z-pinch were started, an electromagnetic 

T-tube was used as a plasma source to perform the holographic interfero- 

metric measurements. 	The shock tube was originally being used by 

Chowdhury
(22) 

as a light source for spectroscopic measurements of shift 

to width ratios of spectral lines. 	The energy density being fed into 

`the T-tube was only 625 Joules and the diameter of the cylindrical sec- 

tion was 1.6 ems, 	This is small compared to T-tubes used by McLean and 

Ramsde
n(23) 

where larger optical paths were available. 

Unfortunately, at the time of measurements, no optical wedge was 

available to produce background fringe pattern for increasing the sensit- 

ivity of measurements. 	For this reason only contour fringes in the T- 

tube were, obtained. 	Due to small refractive index change provided by 

the T-tube, it was difficult to perform accurate interferometric 
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measurements. Moreover, the breakdown of the gas and the ejection of 

the plasma into the arm of the tube was very jittery. 	It was due to 

these reasons that detailed measurements of electron densities on.T-tube 

could not be carried out. 	The following therefore only briefly des- 

cribes the holographic measurements and the results of these measure-

ments. 

The T-tube consisted of two electrodes made of heavy alloy. A 

brass-back strap was attached to one of the electrodes and ran parallel 

to the cross-arm. 	The magnetic field of the current through this back 

strap interacted with discharge current between the electrodes to apply 

a Lorentz force on the plasma in the perpendicular direction to both the 

magnetic field and the discharge current. The expansion tube was 

originally cylindrical and caused internal reflection of the laser light 

near the edges. 	For this reason it was replaced by a square section 

tube of internal dimensions of 1.5 cm square. A copper piston was also 

introduced at the end of the expansion tube to serve as a reflector for 

the incident shock. 	The condenser bank consisted of a single capacitor 

of 2 of and charged to 25 KV. 

The scatter-plate arrangement was employed to take holograms. 

The horizontal T-tube was illuminated side-on by the diffuse object beam, 

the reference beam passing just outside it. 	The interferograms were 

taken at various filling pressures of Helium gas at 25 KV charging volt- 

age. 	The timing of the laser pulse was also varied to perform measure- 

ments at various positions of shock front in the tube. 	The value of 

electron density obtained at 1.mm, of Hg. filling pressure was 

ne 	(0.8 x 10
17 

i 50%) cm
-3 
 

More accurate values could have been obtained if an optical wedge had 

been available to produce a background fringe pattern. 

The shock velocity was measured by collecting continuum light from 

the plasma by two lightpipes through very narrow pinholes and placed at 
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known distances w.r.t. each other and the electrodes. 	These signals 

were fed to the same photomultiplier and observed on an oscilloscope. 

The knowledge of the temporal separation of the two distinct peaks. of 

light allowed a calculation of the velocity. 	The Fig. (6.24) shows the 

two traces of optical signal operating in air and in Helium. 	The vel-

ocity of the incident shock at 25 KV operating voltage was v = 3.0 cms/ 

ilsec. for 1 mm. of Hg. of Helium, and v = 2.5 cms/pasec. for 2 mm. of Hg. 

of Helium. 	These measurements helped to evaluate the electron densities 

of the plasma behind the incident shock using the results of computations 

by Chowdhury (pp.39 of Ref.22). He has solved the equations describing 

the equilibrium state of the gas behind the incident and the reflected 

shocks with the Saha equation and the equation of State. 	The parameters 

of the shocked gas, e.g. electron density and temperature etc. are cal-

culated in terms of initial filling pressure and the shock velocity. 

For shock velocity of 3.0 cms/psec. at 1 mm. filling pressure of Helium, 

the electron density (at incident shock) of 1.88 x 10
17 
 cm

-3 
 is predicted. 

This is higher than the value 'obtained by holographic interferometry. 

The discrepancy in the above values of electron density can be roughly 

accounted for.by  noting that the shock front in the incident shock might 

not.be coincident with the luminous front thus leading to errors in vel-

ocity measurements. 

In conclusion, it must be mentioned that by holographic interferometry 

the measurements on shock tube can be simplified as no compensating tube 
. 

is required in the reference arm. 	Furthermore, off-set interferometry(24)  

can be performed by simply reconstructing the hologram at different angles 

of observation. 

6.9.2 Holographic Moird'Pattern  

The conventional Moird'technique utilizes two screens with a regular 

pattern of fine lines or dots with the event between them, and has only 

recently received attention for refractive index measurements 
 

Holographic interferometry can be used to see Moire" fringes of pure phase 
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objects such as gas flames, high pressure gas flows in aerodynamics and 

plasmas etc. 	This is possible because of the fact that when two col-

limated coherent laser beams are introduced on a high resolution photo- 
. 

graphic plate, one obtains a diffraction grating. 	Moire patterns will 

be displayed if two sets of such gratings are super-imposed by means of 

double exposure holography. 

' In an attempt to study the plasma in the above mentioned T-tube, the 

arrangement shown in Fig. (6.25) was used to obtain two collimated beams 

from the ruby laser. The path lengths of these two beams reaching the 

photographic plate were within the coherence length of the laser output. 

The spatial frequency of the resultant grating in the plane of the photo-

graphic plate surface is given by 

spatial frequency = (sin 0 	sin 4) )6t  , 

where e and4) are the angles, the collimated reference and the object 

beams make with the normal to the plate, and A is the wavelength of the 

laser light. 	Both 0  and ¢ were equal to 40  and the resultant grating 

made with ruby wavelength (A = 6943 X) had 200 lines/mm. 

In a preliminary check of the system a bunsen burner flame was intro-

duced in one of the two exposures of the double exposure hologram. 

The advantage of such a hologram is that the interference pattern of 

the phase object can be viewed with white light. 	The pattern can be seen 

by simply reflecting the white light roughly at the angle 0 and observing 

the reflected light at the angle ¢, both the angles being the same as 

during the formation stage. 	Fig. (6.26) shows a photograph of the pattern 

.with white light.  illumination. 

When the square section glass tube was introduced into the object 

beam, the very bad optical quality of the glass completely spoilt the 

collimation of the beam. ThiS did not allow a grating to be formed and 

hence the Moire pattern for the plasma could not be obtained. 	However, 

the pattern obtained with the flame demonstrated the workability of the 
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idea which would certainly be utilized in situations where the collimation-• 

of the beam is retained after passing through the test region. 

In passing it must be mentioned that Moird'beats can be easily pro- 

duced using the arrangement shown in Fig. (6.25). 	If one of the mirrors 

M1 (say) is slightly rotated about a vertical axis, during one of the two 

exposures, it will result in a slight change of the grating spacing. 

The superposition of the displacement due to phase object on the Moire'' 

beat will result in a finite fringe interferogram. 

6.9.3 Schlieren photography and shadowgraphy using holography. 

Recently these two techniques have been applied to plasmas(27) to 

provide information complementary to that of interferometry. Application 

of holography to produce schlieren photographs and shadowgraphs has been 

suggested by Tanner(28) The hologram is merely used to freeze the event 

and study it in the usual arrangements for these techniques. 	However, the 

schlieren technique was previously widely used because it was experimen- 

tally less demanding than interferometry. 	Since schlieren pictures are 

harder to evaluate than interferograms and lead to density gradients rather 

than to density, there is no reason to produce schlieren pictures espec-

ially when holography inverts the relative ease in favour of interferometry. 

The other disadvantage of producing schlieren pictures using holograms is 

that the hologram subtrate adds a source of noise. 	The same applies to 

producing shadowgraphs. Due to these reasons these techniques were not 

utilized for the study of the plasma. 

6.10 Conclusions  

In'this chapter are presented the results obtained by holographic 

interferometry of a Z-pinch plasma. 	In addition to the development of 

the technique, the emphasis has been on its actual application to a part- 

icular plasma. 	The use of scatter-plate system has been shown to allow 

the measurements with the simple ruby laser with multimode operation. 

However, when wavefront distorting elements are present in the system, 



206 

the need for improving the spatial coherence arises. Again the use of 

a simple pinhole mode selector is shown to be sufficient to achieve the 

desired results. 

The results for circularly symmetric plasma distribution are obtained 

by side-on measurements. The use of holographic interferometry is par- 

ticularly helpful in this configuration. 	The errors in the results are 

mainly due to the inability to use background fringe pattern when the 

contour fringes are already very narrowly packed. However, since one 

can still measure to quarter of a fringe this error is not large. 	This  

diagnostic method has the advantage over cw laser interferometers (see 

the next chapter) that the deviation due to refraction of the beam is 

negligible in this case. 

It can thus be concluded that the holographic interferometry is an 

asset to plasma diagnostics especially in situations where other diagnostic 

techniques are difficult to apply. 
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Chapter 7. 

Electron density measurements with Michelson 

Interferometer using He-Ne laser beam. 

7.1 Introduction. 

It was desired to make a check on the measurements 

of electron densities and their distributions by an 

independant method. In recent years CW laser interfero-

metry, first experimentally demonstrated by Ashby and 

Jephcott (1), has proved to be a convenient and quite 

accurate technique for plasma density measurements. 

Unlike spectroscopic methods, it involves no assumptions 

about local equilibrium conditions in the plasma and yields 

with fair accuracy the change in optical length due to 

plasma in the path of the laser beam. 

Since the first application by Ashby and Jephcott, 

many variations in the method have been effected to 

improve its versitality. The choice of a particular'con-

figuration depends on such factors as its frequency 

response, sensitivity and immunity to strong deviations 

of the laser beam by layge refractive index gradients in 

the plasma. Before it is possible to decide on a parti-

cular configuration for our application, it is necessary 

to examine various systems for their range of operation 

with reference to the above mentioned characteristics. 

This is done in the next section which leads to the choice 

of the Michelson interferometer to be used for side-on 

measurements of electron density distributions in the 
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Z-pinch discharge. 

7.2 Review of Methods for Electron density measurements  

using He-Ne laser; 

The various systems of electron density measurements 

using CW lasers can be divided in the following three 

categories. 

a) Ashby-Jephcott type (multiple beam transit type) 

b) Transmission Fabry-Perot " 
	

It 
	

It 	It 

c) Single and double transit type. 

There are in turn two sub-divisions each for a) and b). 

These being i) Cavity with plane-parallel mirrors and 

ii) Concave resonator. 

The Table(7.1)describes the essential features of each 

system and these are shown in Figs. (7.1) and (7.14). 

a) The Ashby-Jephcott type. 

In this system the laser is used simultaneously as the 

source and the detector. When the reflected light from 

the reference cavity containing plasma is fed back into 

the laser cavity, the amplitude of the laser oscillation 

changes. Interference occurs between the reflected beam 

and the cavity field and the whole laser intensity is thus 

strongly dependent on the phase of the reflected beam. 

The phase information contained in the returning signal 

shows up as amplitude modulation on the laser output. 

The main limitation of the Ashby-Jephcott type inter-

ferometer is its inherently low frequency response. The 

parameters that determine the time response of this inter- 
(9) ferometer are discussed by Gerardo et. al. 	and by 
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TABLE ( 7.1 )  

S.No: The Configuration 
Diagram 

No. 
Interference 
wavelength 

Detection 
wavelength Sensitivit y = 

(Half ,fringe) 

Frequency 
response 

Depth of 
modulation 

Spatial 
resolution 

References 

(a) Ashby-Jephcott type Fig(7.14) 

(a)  

(b)  

_ 

Perot 

0,6313-  

3.39u 

3.3914  

1.1523 P 	• 

3.39 P 

1.1523 u 

3.39 1 

Any laser 
wavelength 

ti 

0.631 

0.63u 

3.3914 

1,1523 1  

3.39 1-1  

1.1523 P 

3.39 P 

Interfererce 
wavelength 

IT 

n /fringe - e 	/3 1,12x10 	Cm 

3 Mc/s 

" 

7 Mc/s 

'15 Mc/s 

7 Mc/s 

- 

1 Mc/s 

N15 Mc/s 

Band width 
f= c/2LF 

1/e at 150 
Kc/s 

4% at IMc/alase7, 

n 

- 

generally 
poor 

u 

- 

In practice 
poor finess 
( 2-3 ) 

Finess F 
= 20-30 

same as 
dia, of t be 

il 

IT 

Poor 
compared 
to (a) 

- 

Same as dia, 
of the 
laser beam 

I?  

(1),(2). 

(3)  

(4)  

tt 

(5) 

(2),(6) 

(7) 
ry 
H H 

i)  

ii)  

iii)  

(b) , 

Plane-parallel 
reference cavity 

Concave resonator 

 Plane - parallel 
reference cavity with 
M
3 
 made to oscillate. 

Transmission Fabry . 

Lk 
,0,89x1017  

n 	7L--- 
e 	L 

--_,- - 
 

0.165x1017/L 

” 

0,46x1017/L 

4,8x1015/L 

f7d/r = i)* 

16 1.25x10 	/L 

3.4)(1013a 

0.89x10 7/L 

,t 

i)  

ii)  

Plane-parallel 
reference cavity 

Confocal resonator 

(c)  

(d)  



tp 

= 0.56x1013/ 

(for half fringe) 

Ir T1 

It IT 

one = 1,12 x 1013  

LA 	' 

A 	. 4.1117 	-1  q 	- COS 
Tr 

fringes 
cosine to 

Very'lare (2) 
by using' 
pinholes 

ne  =1 12x1013/LA 

( for half-frifnge) 

]most 
finite 

d/r )2  3 	r = radius of curvature of each mirror, 

d = Length of the cavity M2 	M3  

the minimum density measurable by changes in m or p is lth of that For the case d/r = 

measurable by changes in q. 

TABLE  ,(,T.1')  
••,k "•". •-• 	".• 

(8) IT 

Continued ). 

(c) 	le and Double ansit takes 

i) Mach-Zehnder system 	(e) 
(single transit) 

ii) Michelson interfere eter 
(double transit) 

Fig(1) 
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Dangor 
(10). 

They show that the time response depends 

upon the quality factor Q of the reference cavity. It 

determines the maximum rate at which the power transmis-

sion through the cavity can be altered. In addition, 

the rate equations for. the He-Ne laser have to be consi-

dered since the laser acts not only as source but also 

as detector. If the loss factor of the laser cavity 

is suddenly altered, it takes a finite time to obtain a 

new stationary operation of the laser. On the basis of 

such considerations Gerardo et. al. find the time response 

to be nearly independent of all parameters except the 

transmission coefficient through mirror M2. Increasing 

this transmission improves the frequency response. But, 

on the other hand, in a small-gain laser such as the 

63288, He-Ne laser, it is necessary to use a mirror M
2 

of high reflectivity in order to obtain laser action at 

all. Consequently this imposes a limit on the maximum 

attainable frequency response. When using a high-gain 

iaser, such as the 3.39p He-Ne laser, a low quality fac-

tor (small reflectivity of M2) can be tolerated and better 

frequency response can therefore be expected. Although 

a many-fold increase is obtained as seen in Table7.1 , it 

is still slow as compared to the rates involved in the 

fast Z-pinch described in the last chapter. 

A disadvantage of plane parallel reference cavity 

in the Ashby-Jephcott system is that the multiple reflec-

tions cause the off-axis rays in the cavity to be lost 

from the system. This results in the degradation of the 

modulation of'the resultant fringes. This problem is 
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ASHBY- JEPHCOTT 	ARRANGEUIENT. 

Plasma Detector Laser 
(a) 

• 
Ml  M

3 
(a,

) Laser 
ETEI 

(0) Laser 

TRANSMISSION FABRY- PEHOT. 

Fig (7.14) Various Interferometric arrangments using cw-lasers. 
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resolved by the use of concave resonator. This system 

was suggested by Gerardo et. al.
(4)  for its improved 

sensitivity compared to that of the plane-parallel system. 

This is because the light ray entering the reference 

cavity M2  M3  makes S double traversals before it retraces 

itself to the entrance point. 

The minimum detectable electron density variation corres 

ponding to the observation of half a fringe is given by: 

= 0.56 x 10
13 
 Cm

-3 

S L 

However, the use of transverse modes of the reference 

cavity for improving the sensitivity results in a degra-

dation of the spatial resolution. 

b) Transmission Fabry-Perot system. 

In this system the laser is no longer used as detector 

and the reference and the laser cavities are decoupled. 

The laser output through mirror M
2 

is approximately 

constant i.e. independent of optical path changes in the 

reference cavity. This results in a significant improve-

ment of the frequency response of the system over that of 

the Ashby-Jephcott arrangement. The transmitted signal 

through M3  will also vary with the plasma changes as the 

laser radiation is resonantly supported in the reference 

cavity. Since the quality factor can now be made con-

siderably smaller, the time response can be made equal 

to the time required for the light- to make a few traver- 

sals through the reference cavity. 	For slow discharges 
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the use of concave confocal resonator is preferred over 

the plane-parallel cavity. This is because the former 

has very high finesse due to the mirror surfaces being 

coincident with the surfaces of constant phase of the 

radiation. The high finesse is, however, obtained at 

the cost of frequency response and is not necessary for 

the study of fast discharges. An advantage of the spheri-

cal cavity is its relative insensitivity to mirror mis-

alighment with consequently a higher tolerance to deflec-

tions of the beam inside the davity caused by electron 

density gradients in the plasma. 

Another limitation of the confocal system, is its 

lack of spatial resolution. The use of GEC laser tube 

type XL 614 with M1  and M3  both having a radius of 

curvature of 2 meters resulted in a beam of lmm2 cross 

section in single mode output. The holographic measure- 

ments indicated a pinched coherence with a radius of 2mm 

at maximum compression at 50 filling pressure of argon. 

Thus the laser beam is unable to provide sufficient spatial 

resolation. Narrow apertures could not be introduced 

into the cavity because of the resulting diffraction of 

the beam foiling the intended purpose and also because 

of the considerable loss of already meagre power output. 

c) Single and double transit types. 

The only other systems which can be utilized for 

electron density measurements of the fast unstabilized 

Z-pinch are Michelson and Mach-Zehnder interferometers. 

The former is a double pass system while there is only 

one.trapfversa1 of the beam through the latter. Thus the 

Michelson system produces twice the number of fringes as 
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compared to Mach-Zehnder interferometer for the same 

plasma electron density change. The time response 

of both the systems is extremely fast being just the time 

taken by the beam to traverse the plasma and is limited 

only by the detector bandwidth. 

The problem of beam deviation by large refractive 

index gradients in the plasma is also resolved by using 

a lens to image the plasma on the detection system as 

discussed in Section (7.4). The use of very narrow 

aperture at the image plane limits the effective beam 

diameter to the diameter of the aperture thus providing 

good spatial resolution. The Michelson system being 

identical to Mach-Zehnder in all respects with the 

exception of its sensitivity being double to that of the 

latter is finally chosen to perform the measurements of 

electron density distributions and is described in the 

rest of the chapter. 

7.3 Michelson interferbmeter using He-Ne laser. 

Since in this system the laser is only a source of light 

and is in no way coupled to the plasma cavity, it was 

possible to use Spectra Physics laser Model 132. This 

could not be used with Fabry-Perot system; as it has 

mirrors with radii of curvatures which could not form 

a simple cavity which would lend itself to easy mode 

analysis (see 7.2). The laser had an output of lm watt 

of radiation at 6328R. This output power is sufficient 

to produce reasonable signals even when very narrow aper-

tures are inserted into the system. 

Time-resolution of this system is determined by the 
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Fig (7.1) Gov-laser interferometer using Michelson System. 
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double transit time of laser beam through the plasma 

and by the response time of the detector. The former 

is in any situation only a few nanoseconds while the lat- 

ter can also be as low as 15 n sec. 	The fringe modu- 

lation is independent of the laser and is not reduced 

even at very high frequencies. Also it does not require 

many transits of the laser beam through the cavity to 

have a reasonable fringe finesse as is the case in Fabry-

Perot system, since in the present case the fringes are 

cosine square terms. 

Figure (7.1) shows the actual experimental setup. 

The laser has a beam diameter of 0.8 mm and a beam diver-

gence of 1.0 milli radians at 1 points of the intensity 

e2  
distribution. A beam splitter S reflected about 50% 

of the light to the mirrors M
2 and allowed the rest of 

the light to proceed to mirror M
1 through the plasma tube. 

Reflected light from M1  and M2  was made to overlap and 

fed to the RCA 7265 photomultiplier which had a S20 

photocathode. 	It had a quantum efficiency of 4% at 

63288. An interference filter of about 70% transmission 

was used at the entrance of the photomultiplier and had 

a bandwidth of 5R around the He-Ne wavelength. The aper-

tures A2  and A3  further limited the stray optical pickup 

from the plasma. 

The tube previously used for holographic interfero- 

metric measurements had no side windows. 	It was noted 

that the poor optical quality of the glass tube distorted 

the laser beam wavefronts and caused non-uniform refrac-

tion. across the tube diameter. It was therefore decided 
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to fix side arms of 1" inner diameter to the tube to 

hold the quartz windows with an '0' ring seal when the 

tube is evacuated. 	The windows could get 'dirty' after 

firing a few dozen or so shots of the plasma and were 

easily detachable for cleaning their surfaces. Fig. 

(7.2) shows the tube with the side arms attached to it. 

The above arrangement was chosen due to the ease 

of obtaining a vacuum tight seal by just pushing the win-

dows against the '0' rings. Although the windows were 

not exactly parallel the laser beam retraced its path 

when reflected by the mirror M1. With the Michelson 

interferometric arrangement one can afford to use windows 

which are not necessarily very good optical flats. This 

is because the laser beam makes only a double transit 

through the plasma tube. 

The lengths of the arms SM1  and SM2  were adjusted 

such that the angular width a of the central spot of the 

interference pattern was more than the beam divergence E 

of the laser beam. In such a case the intensity of the 

emergent beam from the interferometer is almost uniform 

across its cross-section and will vary between a maximum 

and a minimum depending on the difference in the optical 

path length of the two beams. 	a is given by 

where d is the difference in the 

arms lengths SM1  and SM2. For a to be at least five 

times larger than E (= 1 milli radian), SM1  and SM2  should 

be within 2.5 cms of each other. The other consideration 

which places a restriction on the difference of SM1  and 

SM
2 is the coherence length of the laser. The output 
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Tube axis 

Fig (7,2)  Side arms. for affixing windows to the tube. 

Fig (7.3)  Trace showing depth of modulation of the fringes. 
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from the He-Ne laser has a Doppler width of 1700 Mc/s 

which includes three longitudinal modes of the cavity 

spaced 500 Mc/s apart. The coherence length of the 

radiation is thus 20 Cms which is far larger than the 

limit placed by the considerations of beam divergence. 

The mirror M1 
was plane with dielectric coatings 

for a reflection of 99.9% at 63288 	It was mounted on 

a piezoelectric tubular resonator which was energized 

at 10.2 KC resonant frequency 	from a high frequency 

oscillator. This helped in the alignment of the mirrors 

by providing fringes due to the change of the path length 

of the arm SM1. The frequency of these fringes depends 

on the velocity of the mirror during its vibration and 

could be controlled by changing the driving voltage. 

The mirror M2 which was also plane with 99.9% reflectivity 

was fixed. The fringe modulation depended on the rela-

tive intensities of the two beams in the region of over-

lap. The arm SM1  had as much as 20% more losses due to 

four additional reflecting surfaces as compared to the 

arm SM2. This could be compensated if the beam splitter 

had a reflectivity of 0.45. 	In this manner fringes with 

almost 100% modulation could be achieved. Fig. (7.3) 

shows such fringes obtained by vibrating the mirror M1. 

The band width of the system was essentially 

determined by the response time of the detection system. 

The RCA 7265 photomultiplier has aiise time of 2n sec. 

A 75 n terminated cable could be used because of the 

laser being able to provide sufficient signal even when 



223 

most of the light was wasted due to the use of very 

narrow pinholes (see sec. 7.4). The Tetronix 555 

scope was used with a type K plug in preamplifier 

unit and had a rise time of 12 n sec. This amounted 

to a bandwidth of 30 Mc/s. This is about 30 times 

larger than the upper limit for Ashby and Jephcott 

system (sec. 7.2). It must be emphasized that the 

frequency bandwidth of the Michelson system itself 

is almost infinite and the limitation is entirely due 

to the response time of the detection system. 

7.4 Electron Density measurements of Unstabilized Z-pinch 

using Michelson system. 

The purpose of these measurements was to check 

and compare the results obtained by holographic inter-

ferometry. By the latter method, one obtains a spatial 

distribution of refractive index at one particular 

instant averaged over the very short duration of a 

ruby laser giant pulse. The use of CW He-Ne laser gives 

the temporal behaviour of the refractive index averaged 

along the path of the narrow laser beam. To obtain the 

distribution of the refractive index, one has to 

scan across the whole width of the plasma column and 

then to perform an Abel Inversion on the measured dis-

tribution at a particular time during the life of the 

discharge. 

The discharge was operated under the same working 

conditions of charging voltage and filling pressure 

of the gas as during the measurements of holographic 

interferometry. These are 15 KV; 50 mtorr and 100 mtorr 

filling pressure of argoh. 
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A preliminary discharge showed a large background 

stray optical pickup which completely masked laser 

light from the interferometer. Completely wrapping 

the plasma tube with black paper and further covering 

it with black rags and also housing the photomultiplier 

in a similar 'cage' the optical pickup disappeared 

completely. Fig (7.4) shows an initial record of the 

interference fringes on a very slow time scale. This 

indicates the occurence of the pinch after about 6.5p 

sec from the onset of the discharge. 	There is then 

an expansion of the plasma, instabilities set in and 

thereafter the plasma column withers away. However 

one can still observe some gross effects which neither 

lend themselves to an easy interpretation nor do they 

offer any useful information about the after glow as 

the method lacks sensitivity at this range of wavelength. 

Fig. (7.4) also shows a fall off of the amplitude of the 

fringes at and near the pinch. This'effect is better 

shown in Fig. (7.5). It made the measurements of fringe 

shifts impossible at or near the pinch. 

The possible reasons for such an effect can be the following 

1) The large gradients of refractive index in the plasma at 

or near the time of pinch may refract the beam by an amount 

such that it no longer interferes with the reference beam. 

Since an aperture of the same diameter as that of the 

laser beam is used to admit the latter to the photomulti-

plier, any deflection greater than this amount would cause 

the dc level of signal to drop to half its original value. 

This is because the reference beam is still undeviated. 

This distance between mirror M
1 and the aperture A3  is 

two meters. Thus a deviation of 1.0 m radian (as discussed 

later) will cause the beam to be deflected by 2mm from the 
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Fig (7.4)  He-Ne Laser Interferogram. 15 KV 50 mtorr argon 

A #1 0 • • 
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Fig (7.5)  He-Ne Laser Interferogram. 15 KV 50 mtorr argon 
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aperture A3. 

This effect can be eliminated by using a lens for 

imaging the mirror M1 
on to the aperture at the 

entrance of the photomultiplier. Any rays refracted by 

the plasma will on reflection by mirror Mi  be focused 

by the lens on to the aperture. 

2) The diameter of the pinch at maximum compression is 

less than one centimeter. The probing beam with a 

diameter of 0.8 mm at 1  points is bound to have large 
e 2 

refractive index gradients across its cross-section. 

This will cause a variation of phase across the beam 

when it combines with the reference beam at the region 

of interference. The effective amplitude of the fringes 

will decrease due to the random addition of phases over 

the wavefronts. This is perhaps the reason for the loss 

of modulation of the observed fringes at or near the 

maximum compression. 

Alternatively, the gradients of refractive index 

across the beam cross-section can be considered to cause 

a velocity gradient over the cross-section. This will 

produce a tilting of the wavefront with respect to the 

reference wavefront hence producing wedge fringes (11, 

12) at the region of interference. The spacing d of the 

wedge fringes is given by d = 	, which for a deviation 
28 

of 0.5 milli radians amounts to 0.63 mm for the He-Ne 

laser wavelength. Thus if the pinhole size is 0.6 mm, 

there will be a complete loss of modulation due to the 

averaging of the intensity by the presence of a dark and 

a- bright fringe in the region of interference. 



	"-Refracted ray 

1 =2f 

Plasma 
tube 

Effective size of 
the probing beam 
equal to the diameter 

fl 	of the pinhole. 
2f 
	Pinhole 

Dia: of the,,,jr---+ 
input beam. 

-- 
Ray in the 
absence of the lens. 

Laser beam 

Fig (7.6) Diagram showing the effectsof Lens L. 

Detector 
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If a pinhole with a size less than half (or smaller) 

than the fringe spacing is used at the position of the 

aperture A3, then the phase across it will always be 

uniform. 	It will thus admit only a portion of the 

wedge fringe hence avoiding any loss of modulation. 

A pinhole with a diameter of 0.3 mm was tried but under 
certain operating conditions one could still observe 

the loss of fringe modulation. This is understandable 

if one recalls the maximum deviation calculated on 

the assumption of a parabolic distribution of refractive 

index at the maximum electron densities measured using 

holographic interferometry. 	For 4.0 x 10
18 

Cm
-3 

as 

the max: electron density, Amax = 1.44 m radian. The 

spacing of the wedge fringe would then be 0.22 mm and 

there would be plenty cause to expect trouble. However, 

the use of 0.11 mm diameter aperture improved the situa-

tion completely, since the aperture size is equal to the 

width of a bright '(or dark) fringe. Such a narrow pin-

hole was made by carefully piercing a streched aluminium 

foil with a needle and measuring the pinhole size with a 

travelling microscope. The arrangement using pinholes 

is shown in Fig. (7.6). 

It must be noted that the pinhole apart from its 

usefulness for improving fringe modulation is very help-

ful for obtaining very good spatial resolution of the 

measurements as the effective width of the probing beam 

is the same as the pinhole diameter. The attempts at 

reducing the diameter of the beam to obtain better 

spatial resolution by placing pinholes before the plasma 
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tube were a failure. This is because for narrow pin-

holes, the diffraction becomes severe and there is a 

considerable divergence of the beam thus foiling the 

intended purpose. The angular radius of the diffraction 

spot is given by: 

= 1.22 X, where b is the diameter of the 

circular aperture. For the aperture A2  of 0.3 mm 

diameter, A 	2.4 radians. This does not allow the 

spatial resolution as the beam at the plasma tube after 

being reflected from M1, thus traveling a distance of 

30 Cms, is 0.72 mm wide. This apart from the loss of 

spatial resolution causes a degradation of fringe modu-

lation. 

7.5 Errors in the observed fringe shifts due to the refraction 

of the beam. 

There are two main sources of error in the measurement 

of the fringe shifts. 

1) The first is because of the fact that the deviated 

ray after its reflection from M
1 will traverse a different 

path in the plasma. This is shown in Fig. (7.7)-. The 

effect essentially depends on the size of the plasma 

column, the value of the angle of deviation and the dis-

tance of M
1 
from the plasma axis. 

As shown earlier (sec. 5.3.2.), the maximum deviation 

max is given by IPmax 
= sin-1K, where K = naxis 	(7.1) 

nc 

The value of naxis as measured by holographic interfero-. 

metry is - 4.0 x 1018 Cm-3 Also the critical electron 
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density for 6328 wavelength is nc  = 2.78 x 10
21 

Cm
-3 

This gives* max = 1.44 m radians. This corresponds to 

the ray which is incident on the cylindrical plasma 

column with 0 — 450. 	As seen in Fig. (7.7), the error 
o— 

in the geometrical path length for this ray in the return 

trip through the plasma is 

AB for 

above) 

and 

A 

the 

is 

= 	4AB 

ray 

AB = 

CD = 

- 2 	(AB + 

2 	(AB - CD) 

with maximum 

r 

(OD
2 - OC

2 
 ) 
1  

[r2 	+6)

2 

 ] 
qz 

CD) 

deviation (as 

(7.2) 

discussed 

= 

Neglecting the 

order effect, 	one 

CD = 

2

+ 2 
[r  .i2 

	

(r2- 	a282 

second term 

obtains 

	

(r2 	21/2 	r 

2 
a e 

1/2 

as 	it 

a 0 

r 

)1 

represents 

as 	e 	
(= • max 	is 

small and 	d= 2 a e 

a e)1  

the second 

(7.3) 
2 

Using typical values 

r = 0.4 cm, as obtained from holographic 

interferometric measurements. 
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a = 15 Cms and e = 1.44 x 10-3 radians 

we obtain CD = 0.235 Cm 

Also AB = r 4r1 = 0.283 Cm 

Thus A = 0.956 mm 

The "true" path length =.4AB 710.656 mm. 

Thus the % error = A x 100 = 
AB 

The error for the incident rays with different ¢ o  values 

can be determined if the angle of deflection e is known. 

Again for a parabolic distribution the angle of deflec-

tion is given by Wort (13)  as 

- 2 0  + 2a 	 (7.4) 

where a = 	1 sin -1  r 1-K - 2 Sin
2 
 Vo  

2  

Lf(1-K)2  +4K sin20 

As can be seen 8 = 0, for both 0o = o and 
n. 

2 

i.e. for the rays passing along a diameter and the ray 

passing tangentially to the column. 

Thus, from the above.it can be seen that the error in the 

path length through the plasma can become quite large. In 

the above example, the number of fringes when AB = 2.83 mm 

was 4.9 when performing Michelson interferometry. To 

obtain the true fringe shifts, one has to consider optical 

path changes rather than the geometrical paths calculated 

above. 	Again using Wort, 
(13)  s 	result for the parabolic 

distribution, the optical path through the plasma is given 



as 

P = r
o 

cos 00 + 1-K Tamil-112J( Cosooll 

2sk 	1 + K 
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(7.5) 

The value of 00  for the incident beam following the 

geometric path AB in Fig. (7.7) is = 450. 

This for the deviated ray after reflection from 

the mirror M1 is 0d. 
It can be calculated with reference 

to Fig. (7.7). 

= L.. C D 0 = sin• -1  rOC‘  
4:1D)  

• -1 r0/ = sin r  g  

r
o 

• -1 (1 + 6  = sin 	/r0).. 

IT 
-I 1 + 

s i n h  2 a 8, 
r  

 

= sin• -1 
 

(1 
	2 a 0max) 
	

(7.6) 
ro 

as 	max. 

In the above example°max = 1.44 m radian 

we obtain 

a = 15 Cms 

= 0.4 Cms. o 

-1 	2 	x 15 x 1.44 x 10-3 = sin 	 ) (0.707 + 
0.4 

= sin-1  (0.815) = 54.6°  

The optical path for the case 950  = 450  from Eq. (7.5) is 



a] 

obtained as P = 1.414 r
o 
for K = 1.44 x 10-3  obtained 

from Eq. (7.1). 

The optical path for the returning beam for (I) 	= (I) 	= 

54.60  is 1.158 r•. Thus the % deviation from the 'true' 

optical path = qt%. 

As can be seen this is only slightly larger than the error 

in the geometrical path. 

The above estimation of the error in the optical path of 

the ray with maximum deviation ( (p.= 45°)is used to correct 
0 

for the observial fringe shift. The number of observed 

fringes = 4.9. The actual number of fringes is thus = 5.3. 

There is, however, another source of error which produces 

fringe shifts in the opposite direction and is described 

below. 

2) The other source of error is the - fact that in the 

event of refraction, the deviated rays travel outside 

plasma a larger distance than they would otherwise. This 

additional path contributes to the fringe shifts. The 

amount of error can be easily estimated by calculating 

this additional path A P with the help of Fig. (7.7). 

A P = 2 Va2  +(j) 2 
1 2/ 

2 fR--i- ( a 8)2  

= 2 a [ [(1 	e) 2 
 

Since 0 is small, neglecting higher order terms one can write 
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AP = 2 a (1 + 	8 2  - 1) 

= ae
2 

For the errors in the fringe shifts due to this effect 

to be sufficiently small we should have A P < /10.  

For the above discussed example, 

AP = 15 x (1.44)
2 
x 10

-6 ='31.0 x 10
-6 
 Cms. 

Thus AP = 0.49 	when X = 0.63 x 10-4  Cms. 
X 

ThusA P for 00 = 45 ( 'max 
= 1.44 m rad.), the path 

A P 	X/2 thus producing extra half fringe. This must 

be subtracted from the previous error to obtain a net 

error due to two effects. The net error in the fringe 

shift = 	0.:444= 	Hence there is a net t.8% 

error introduced in the fringe shift measurements. 

For other values of 0o 
this error is still smaller, as 

the deflection is smaller for both smaller and larger 

o
. Moreover for smaller 0o' 

the percentage error is 

small since a larger number of fringes are produced. It 

must be emphasized that such errors do not influence_ the 

peak value of electron density as e = 0 for0 0  = o. 

It should be pointed out that both these effects would 

be more acute with Fabry-Perot system because a larger 

number of transits are required to obtain fringes with 

reasonable finesse. 

The improved system as shown in Fig. (7.6) was used 

to make a scan of the plasma after having ensured the 

contribution of various errors to be minimal. The 

-discharge was operated in all the measurements at 15 Kv 

(10P f) and at 50 mtorr & 100 mtorrfilling pressure of 

234 
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argon. Under these conditions the discharge is extre-

mely fast as seen in Fig. 7.8 (b) where one can observe 

a fringe shift/100 n sec. It further shows the repro-

ducibility of the pinch as can be seen from the turnover 

point indicating the time of maximum compression. It 

is reproducible to within + 25 n sec. Fringe shifts can 

be counted simply from one crest to another or from one 

trough to the other. Any fractional fringe shifts can 

be added at the beginning of the trace and also at the 

end near the turnover. This is possible because the 

fringes are cosine square terms, but it becomes difficult 

when the modulation is not uniform. However an estimate 

to within 1th of a fringe can easily be made as can be 
4 

seen in Fig. (7.8a). 

The scan was made by lifting the tube in steps of 0.52 mm 

while near tha pinch axis, and 1.04 mm when away from the 

axis. The most simple way of shimming was by introducing 

3 and 6 Fortran statement computer cards respectively 

under each leg of the structure supporting the tube, each 

card having a standard thickness of 0.178 mm. This 

avoided the use of all difficult alternatives. 

7.6 Results obtained with the interferometer. 

The Fig. (7.8) shows the interference fringes of the 

scan at 50 mtorr 	pressure of argon. The number of 

fringes versus the height of scan position measured from 

the tube centre was plotted for various times w.r.t. the 

pinch. To obtain the electron density distributions, 

the fringe distributions were Abel inverted using the 

computer programs described in Chapter 6 (see 6.6.1). 
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Before the actual results are presented, some useful and.  

interesting observations may be made about the fringes 

in fig. (7.8). 

The time of maximum compression was ascertained by two 

independent means. Assuming the electron density to 

be maximum at maximum compression, the spatial position 

of the laser beam when the maximum number of fringes 

were obtained determined the axis of the cylindrical 

plasma column. The turn over at this fringe pattern 

shows the time of pinch. The other method to determine 

this time was by using simultaneous measurement of 

light - output on the same time base.. The maximum of 

the light output trace shown in,Fig. (7.9) indicated 

the pinch. As fig. (7.9) shows, it is otherwise im- 

possible to identify the turnover when it occurs at the 

natural turning point of the fringe i.e. at the crest 

or trough. 

When the laser beam is moved further from the tube 

axis, more than one turning points can be seen but not 

necessarily any at the maximum compression. This can be 

understood with the help of Fig. (7.10) when the collap-

sing shell begins to move in, as in Fig. (7.10a), the 

refractive index along the beam is increasing due to 

i) a build up of the ionized particle density due to 

ionizing shockwave in advance of the shell as experienced 

by BC and 

ii) due to a 'fattening' of the current sheath itself by 

snowplough effect registered at AB and CD. But as the 

shell passes by the beam, the optical path along the beam 

begins to decrease. This is the cause of the first turning 

point. If the current sheath is not a 'leaky piston', 
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12 	Fig (7,11) Plot of the height of the laser beam from the axis 
p6ec 
.2.0— 	 versus the duration between the first and second 

turnover points. 

X is effective radius of the pinch 

when T12  = 0. 
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then there is almost vacuum outside it and thus the 

laser beam looses all contact with the plasma. It 

is unable to register the moment of maximum compression 

shown in Fig. (7.10c). Here the light output trace 

is helpful to establish the time of pinch. 

As the plasma expands, possibly again as a diffuse 

shell, the beam registers a sharp turnover corresponding 

to an increase of refractive index along the beam. 

This corresponds to the second inflexion point on the 

fringe trace. The further expansion of the plasma shell 

causes the optical path length along the beam to decrease 

due to the decrease of electron densities. This change 

is registered as the third turnover point. 

The fig. (7.11) shows a plot of the height of the 

laser beam from the axis versus the duration between 

the first and second turnover points. Extrapolating 

the curve to zero time gives the effective radius of 

'the pinched column. This agrees very well with the 

estimate of the radius from the half width of electron 

density distribution. The curve in Fig. (7.11) gives 

a radius of 1.8 mm at the pinch for 50 mtorr  pressure 

of argon. 

Another interesting observation can be made with 

reference to fig. (7.9). The light output trace was 

obtained by collecting light through a 3" long tube 

with 1 mm internal diameter used to define the solid 

angle of observation. This light was conveyed to the 

photomultipli•er by a light pipe connected at the other 
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end of the narrow tube. In a non-simultaneous measure-

ment the tube occupied the same position as the laser 

beam which produced the lower trace. In fact this beam 

was used to align the pipe in the correct position. As 

the current shell with marked luminosity had passed the 

line of sight, there was a drop of the light output in 

the solid angle of observation. However, due to many 

fold increase of luminosity at the pinch the general 

level of light increases due to reflections from the 

tube walls. 

It can be seen that the time this shell has taken 

to reach the tube-axis (to pinch) is 1.0v sec. The 

shell travelled a distance of 7.26 mm in this time. 

Thus the average velocity= 7.26 mm/V sec. The speed 

of sound in the gas ahead of the shell at 20°C = 0.332 

mm/u sec., giving the average velocity of the shell as 

- 22 Mach. This velocity is an average value because 

the true velocity increases as the shell approaches the 

tube axis. This estimate of the velocity will be helpful 

in understanding the dynamics of the pinch as discussed 

in the next chapter. 

The figs. (7.12) and (7.13) show the plots of radial 

distribution of electron densities at the following 

operating conditions. 

a) 15 KV 	50mtorr of argon at the pinch, 0.5v sec and 

1.0v sec earlier than the time of maximum compression. 

b) 15 KV 100 mtorr of argon at the pinch. 
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Fig (7.12) He-Ale Laser Michelson Interferometry. 
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Fig (7.13) Radial distribution of electron density 

by He-lie Laser Michelson Interferametry and 

Holographic Interferometry. Both at the Pinch. 
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The peak value in a) is (4.16 + 0.2) x 10
18 

Cm
-3 

and 

the radius at half-height is" 1.8mm. At a time 0.5 ii sec 

earlier, than the pinch wings can be seen indicating a 

shell to be moving inward. One can also observe quite 

an appreciable electron density at the axis even 1.0v sec 

earlier than the pinch. The Abel inversion with the 

computor program using area elements (6.6.1) gave a value 

density of (0.59 + 0.05) x 1018  Cm-3  at 0.35 

axis. Unfortunately this program does not 

give axial values. The second program using polynomial 

coefficients, however, supplemented this information 

showing an electron density of 1.02 x 10
18 

 Cm
-3 
 at the 

axis. Fig. (7.13) shows the plot of the electron density 

distribution at the pinch for 100 mtorr 	pressure of 

argon. It also shows a curve obtained by holographic 

interferometry at the same operating conditions. The 

two are identical within the limits of the experimental 

errors. 

To assign any figures for the accuracy of the measure-

ments, one has to consider the sensitivity of the inter-

ferometer to measure fractional fringe changes. As - men-

tioned earlier it is possible to measure up to a quarter 

of a fringe with Michelson interferometer. For large 

fringe shifts as at or. near the axis, the percentage error 

is quite small usually less than +.10% as the number of 

fringes is large. The same applies to fringe distribution 

obtained from holographic interferometry. Although in the 

latter the sensitivity of fringe shift measurements was 

also 4th of a fringe, the error in specifying fringe 

of electron 

mm from the 
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positions for narrow contour fringes at the pinch 

amounts to more than + 10%. However, the difference 

between the two curves in fig. (7.13) is only a minor 

one considering that the peak value of the electron 

density at the axis is almost exactly the same. 

7.7 Discussion. 

The results obtained by the two methods of electron 

density measurements i.e. holographic interferometry and 

Michelson system are given in Table (7.2)for comparison 

at various operating conditions. It can be seen that 

at the time of maximum compression, the value of electron 

density and radius of the pinched column as obtained by 

the two methods agree very closely. The small differences 

are due to the experimental errors as discussed earlier. 

Each method of electron density measurement has 

its own advantages. Both are easy to operate depending 

on the availability of appropriate laser in either case. 

Usually the main limitation of CW laser interferometry 

"has been the time response of the system. But as the 

work presented in this chapter shows that the Michelson 

system has a very high frequency response and is only 

limited by the detector. 

The major problem with the Michelson system at very 

high electron densities is that of refraction of the 

beam causing errors in the measurements of fringe shifts. 

In the present work, fortunately, the distribution of 

refractive index could be approximated as parabolic. 

This allowed the correction to the fringe shifts to be 

made easily as the maximum deflection could be obtained 
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Pressure Time w.r.t 
the pinch 

8 	- n x 101 	Cm 
 

e Radius at half-height 
Cm 

mtorr Psecs Holographil 
Interferon 

Michelson 
try 	system 

Holographic 
Interferometry 

MichelSon 
System 

50 0,0 4;02 4.16 0,2 0,19 

-0.5 - 3.36 - 0.18 

-0.7 2.58 0,15 - 

-1.0 - 1,02 - 0,12 

. +0.3 3.0 - 0,19 - 

. . 

100 0,0 2.88 	' . 	2.93 0.18 0.13 

-0.2 + 0.05 2.28 +0.08 - 0.26 

'4.0 1.6 - 0.45 - 

-+ve and -ve signsindicate the time after or before the pinch 

respectively. 

TABLF ( 7.2 )  
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-by solving the problem analytically (section 5.3.2). 

However, in situations where the radial distribution 

is a more complicated function, one has to resort to 

ray tracing using numerical techniques to estimate 

the amount of deviation that various rays suffer. 

Although the situation is less complicated in Michelson 

system as compared to other CW laser interferometers 

which involve multiple transits through the plasma, 

it can be avoided altogether by using holographic inter-

ferometry. This is because as mentioned in (5.3.2) the 

deviated ray retraces its path on reconstruction and 

hence the effective error is relatively much smaller. 

The time resolution of the holographic method de-

pends on the width of the laser pulse. It can be made 

as small as 10-15 sec by fast switching techniques and 

to about 6,1.secs by using a slightly more difficult 

method of PTM operation of the ruby (6.4.1). The other 

advantage of holographic interferometry is that one 

obtains instantaneously the electron density distribu-

tion at a particular moment throughout the plasma without 

resorting to scanning techniques which depend on repro-

ducibility of the discharge. 

In conclusion it must be remarked that the above 

two diagnostic methods have provided sufficient infor-

mation.about the electron densities and their distribu-

tidns in the discharge under various operating conditions. 

The next chapter describes the processes involved in the 

unstabilized Z-pinch collapse. 
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Chapter 8. 

Discussion of the Experimental Results and  

Conclusions  

8.1 Introduction.  

In this chapter an attempt will be made to explain 

the following experimental observations presented in the 

last two chapters. 

i) the time to pinch for various initial conditions 

ii) the presence of appreciable axial electron densities 

well before the pinch. Also the related phenomenon of 

axial luminosity before the arrival of current sheet at 

the axis. 

iii) the rapid increase of the rate of build up of axial 

- values of electron densities near the time of pinch and 

iv) peaking of the electron density at a certain filling 

pressure. 

The behaviour of the Z-pinch discharge has been studied 
3) 

by many authors 
X1,2,3). 

 The exact nature of the pro- 

cesses involved in the discharge is complex and its study 

involves various simplifying assumptions. In spite of 

this in many cases good agreement is obtained between 

the theoretical predictions and the experimental results, 

while in other cases there is at least qualitative 

agreement. It will be shown that the plasma temperature 

can be estimated by a simple consideration of energy 

balance in the discharge. 
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8.2 The mechanism of the pinch collapse. 

There are various models which explain the mecha-

nisms of the pinch discharge. These being 

i) the single-particle model 

ii) the adiabatic model 

iii) the snowplough model 

iv) the shockwave model 

The first two models are not applicable in the case of 

fast discharge as used in the present work. In this 

discharge the velocity of collapse is larger than the 

velocity of sound and hence the gas is not compressed 

adiabatically. Also for the single-particle model to 

be valid, the mean free-path of the particles must be 

large to allow the particle to move freely. In our 

experiment with electrondensity larger than 10
17 
 Cm-3, 

the mean free path for collisions between neutral atoms 

was much less than the dimensions of the tube. This 

model is therefore unable to describe the pinch dynamics 

correctly. 

8.2.1 The Snowplough Model. 

The snowplough model is a special case of the shock-

wave model and involves various simplifying assumptions. 

The latter is able to explain most of the features of the 

discharge and will be discussed later. The snowplough 

model is able to predict the time of the first pinch 

with reasonable accuracy and is discussed first for its 

simplicity. First proposed by Rosenbluth 
(1),  the  

snowplough theory assumes that all the neutral gas par-

ticles which come into contact with the current sheet are 
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ionized by electron-atom collisions and hence adhere 

to it due to space charge forces. It therefore assumes 

that no shockwave can propagate ahead of the current 

sheet. 

The main properties in the rapid contraction phase of 

the discharge are due to the skin effect in the distri- 

bution of current. 	During the initial stages of the 

implosion, because of a marked skin effect, the central 

region of the gas column is heated only slightly, so 

that the gas pressure is small and does not play any 

appreciable role. The gas pressure becomes important 

only during the last stage where there is strong com-

pression. 

To obtain the time to pinch, the equation of motion 

of the contracting plasma column acting as a magnetic 

piston is solved. The plasma pressure can be neglected 

at the start of the compression. The equation of motion 

then is 

M dr)  
(  

dt 	dt 
r p (8.1) 

where P is magnetic pressure = 
Be2 = I2 

8r 	2oo 7 r 

where I is in amperes, r in cms, p in dynes/Cm
2 and B 

in gauss. M is the mass per unit length of the sheet. 

If P
o 

is the initial density of the gas, then 

M = 	(r
o
2 - r) -P o' 	

r
o 

being the radius of 
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the plasma tube. Thus the snowplough equation becomes 

-d (  

dt 

po(ro
2
- r

2
)  dr = 

dt 
I2 

100 r 
(8.2) 

The current I can be obtained from the circuit equation. 

In our experiment the current was sinusoidal and the 

pinch occured in a time short compared to the discharge 

quarter period. Thus the current I can be replaced by 

I = I sin wt 	I wt 
0 — 0 (8.3) 

Anderson et. al. (2)  have solved the equations (8.2) and 

(8.3) and obtained the time of the first pinch as 

r 

2 

4 	.4 
o 0 

[ 

= 1.5 	1007 

I 	co 
2 

o 

where (dI, 	is the initial rate of current rise. 
idt)

o 

Although the result given in Eq. (8.4) shows more 

than qualitative agreement with the experimental results, 

there are following two potential causes of descripency_ 

between the two. These also show the limitations of the 

snowplough theory. 

1) In the above calculations the plasma pressure is 
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taken to be zero during the entire compression. The 

first consequence of this is that the radius of the 

pinch at maximum compression is predicted to be zero. 

This obviously does not pertain to the actual situation. 

Also the equation (8.2) shows that the acceleration at 

r = o becomes infinite. Thus the theory cannot be used 

beyond the time of the first pinch. 

Since the capture of the gas by the converging 

plasma shell is an inelastic process accompanied by hea-

ting, the plasma pressure term can not be neglected. 

The electro-dynamic force by compressing the current 

sheet produces a shock wave (see 8.2.2.). The inward 

moving shock heats up the gas. The energy which is 

delivered to the gas by the electrodynamic force is 

partly associated with directed motion and partly with 

thermal motion. From the standard results of shockwave 

theory (14), it is known that in the case of a strong 

shock, in a monoatomic gas, the energy is equally divided 

between directed and random motions. Thus in the final 

stages the kinetic pressure of the plasma is important 

as it becomes of the order of magnetic pressure and-

will have appreciable influence on the development of 

the discharge. 

Leontovich and Osovets (4) have obtained the 

solution of the equation of motion - including the pressure 

term by numerical integration. The difficulty of this 

calculation is that gross assumptions have to be made 

regarding the form of the pressure term as its radial 

distribution.is  not known. Moreover, it is assumed that 

the pressure varies according to the laws of adiabatic 
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compression. In practice this is not true due to the 

effects of showkwaves, ohmic heating, ionization and 

radiation. The general conclusions of Leontovich and 

Osovets are, however, still valid. Their results show 

that when the initial pressure is not zero, the plasma 

column contracts to some non-zero minimum radius. 

Also the time of first pinch is shown to be prolonged 

only slightly for higher pressures, there being an 

increase of only a few per cent. 

2) The time to pinch given by snowplough model as 

given by Eq. (8.4) is measured from the moment the 

current sheet leaves the walls of the containing 

vessel. 	One, however, measures experimentally the 

time to pinch from the moment of gas breakdown. This 

is not necessarily the same as t in Eq. (8.4). This 

is because there elapses sometime before the magnetic 

field is able to exert sufficient pressure for the 

current sheet to move. In actual comparison of snow-

plough theory with experiment, this wall hang up time 

must be taken into account. Lundquist (5) has shown 

that the magnetic field will exert sufficient pressure 

on the current sheet for the latter to be able to move 

when 

BR (1/T7r 	 (8.5) 4   

where p is the gas density, R _ nev , v being the velocity 

of the collapsing shell, j and n the current and 

particle densities respectively. q is the conductivity 

of the plasma and B the magnetic field. Because in the 

early stages of the discharge the conductivity is low, 
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there will thus be an associated wall hang up time and 

is given by Osovets 
(6) 

 as 

tw  o 	p o 	 34 
Vc  

(8.6) 

where p o 
is the initial gas density and V is the 

condenser voltage. As shown by Nation (3 , the wall 

hang up time becomes a significant fraction of - the 

time to pinch only at very low bank voltages. For 

the large bank voltage of 15 Kv in our experiment, this 

time is completely negligible. 

One more important cause for a delay in the start 

of the compression is that the conductivity in the 

early stages is small. The snowplough model assumes 

the gas to be preionized with hundred percent ionization 

thus causing-the current to flow in a very thin sheet 

due to skin effect. In our experiment no such preioni- 

zation was carried out hence causing a lower conductivity 

than assumed. The Be  field is able to leak in the _ 

current sheet and thus has to compress itself. The effect 

of slower compression with decreasing preionization was 

confirmed experimentally by Hain et. al. (8)  

The above mentioned effects on the pinch time could 

have been important at low bank voltages and high filling 

pressures. These, however, were negligibly small in our 

experimental conditions. The results shown in Fig. (6.3) 

agree within the limits of experimental errors with the 

prediction of the snowplough theory given by Eq. (8.4). 



8.2.2. The Shock wave Model. 

Although the snowplough model discussed above 

predicts reasonably accurately the time for the first 

pinch, it does not explain any of the phenomena men-

tioned in sec. (8.1). These are explained by shockwave 

model, first proposed by Allen (7) , which in contrast 

to snowplough model, assumes that the gas particles 

after reflection from the magnetic piston generate 

compression waves. These shockwaves are large amplitude 

plasma ion oscillations which are established in fast 

discharges at not too low pressures where the ionic 

mean free path is greater than the width of the discharge 

chamber. If the conductivity of the current sheet is 

large, then the magnetic field is excluded from the sheet. 

The pressure acting on the sheet will be B
e
2/8  7E. . For 

large currents the ratio of this pressure to the initial 

pressure of the gas will be very large and the shock wave 

will be in a strong shock limit. For this case the para-

meters namely the shock velocity, the density ratio and 

temperature ratio of the shocked gas to the unshocked 

gas are obtained from conventional shockwave theory. 

As shown by Allen (7) there is a density ratio of four 

for a monoatomic gas in the strong shock limit. Also 

the temperature of the shocked gas is mcuh higher than 

that of the unshocked gas. Assuming a one-dimensional 

shock, the velocity of the shockwave is shown to be 

times larger than that of the current sheet. For a 3" 

radius tube the shock wave will reach the axis about 
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2 11 sec earlier than the current sheet if the latter 

has a speed of - 106 cm/sec. 	The large temperatures 

produced by the shock wave cause appreciable ionization 

in the gas. This is the possible reason for the presence 

of large axial electron densities before the arrival of 

the current sheet on the axis (see Fig. 6.28 & 29) and 

Fig. 7.12. The large ionization caused by the shock wave 

is accompanied by a luminosity of the gas. Simultaneous 

measurements of axial luminosity using light pipes and 

the interferometric measurements of electron densities 

showed a reasonably large light signal about ip sec 

before the pinch. These measurements confirm the re-

sults of Nation (3) who had also observed by high speed 

photography the axial luminosity before the arrival of 

current sheet. Under his experimental conditions the 

incident shock front was non-luminous. The shockwave 

on reflection produces the doubly shocked gas which 

has a temperature and particle density significantly 

higher than that behind the incident shock. 

The rapid increase of the rate of electron density 

buildup at the axis as seen in Fig. (6.30) can also be 

explained on the basis of shock wave model. As shown 

by Chisnell (13)  , the shock in a cylindrical geometry 

will accelerate as the radius decreases. For a mono-

atomic gas with )3= 5/3. the Mach number of the shock 
wave is 

R -0.225 



I1 + (1-a) E 4 + 2 [ al 
	1 	1 

K T
1 

(1 + ai) 
(8.7) 

N
2 5 (a2 (1-a2)  
1 = 	

K T
2 (1+a2) 

and (8.8) 
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This is because a decrease in area of the shock front 

causes an increase in the shock velocity from the con-

sideration of momentum balance. Also as the shock gets 

to smaller radii fewer and fewer particles are engaged 

in shock propagation. As a result of this the energy 

per particle inside the shocked gas increases causing a 

larger degree of ionization. Both the acceleration of 

the shock and the larger degree of ionization are 

responsible for the effect mentioned above. 

The effect of the electron density having a maximum at 

a certain filling pressure is also explained in terms 

of shock theory. Dangor et. al. (9) have solved the 

equations describing the equillibrium state of the gas 

behind the incident and reflected shocks with the Saha 

equation and the equation of state. Their results for 

the particle densities in the incident and reflected 

shocks in terms of initial density of the gas are given 

'as 

where suffices "1 and 2 apply to the quantities in incident 

and reflected shocks respectively. a is the degree of 
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ionization, I
1 

and Er  are the ionization and excitation 

energies of the neutral atom. The ratio of ionization 

thermal energy, aI in the incident and KT' 

is important in determining the varia-

density with pressure. At low pressures 

the temperature is high causing the degree of ioniza-

be large. Since T decreases with increasing 

pressure, it causes both N1 	and N 	to in- 
/No 	

2/N1 

At high pressures, the temperature is 

only slightly, whereas a decreases 

strongly for these temperature changes. 	Thus the ratio 

and N2/ 	are decreasing functions 

0 	
N1 

of Po. This is the reason that the electron density, 

which is closely associated with the particle densities 

in the incident and reflected shocks, has a maximum at a 

certain filling iressure. 

8.3 An Approximate Analysis of the Pinch. 

A simple calculation was carried out on the z-pinch 

plasma discussed in the last three chapters to estimate 

the energy distribution between the random and ordered 

motions in the collapse phase of the discharge. It is 

also shown that by utilizing the measured parameters 

such as peak electron density, pinch radius and plasma 

current at the pinch, it is possible to estimate the 

plasma temperature at maximum compression. 

energy to the 

reflected shocks 

tion of electron 

tion to 

filling 

crease with P . 
o. 

small and varies 

and hence N 
KT 	1/ N  



The condenser bank parameters are 

= 10 p f 

V = 15 Kv c 

The total stored energy = s CV
2 
 = 1.125 x 103  Joules 

The filling pressure of argon gas = 100 mtor. 

The density of argon atoms in the tube = 0.35 x 016Cm
-3 

The peak current =.40 x 103 amps. 

The current at the time of pinch = 14 x 10
3 
amps. 

Initial rate of rise of current - 0.6 x 1010  amps sec. 

The time to pinch t = 6.7 u sec. 

This time agrees well with the calculated value 

using Eq. (8.4). 

The total energy input to the discharge up to the time 

of pinch = 

t 
p 
V I dt "0.2 x 103  Joules. 

The velocity of collapse measured from the framing camera 

photographs and light output measurements 8.7 x 105Cms/sec. 

Assuming 100% trapping of the atoms by the current sheet, 

the total energy stored as kinetic energy during implo-

sion is 

= no 	volume x Z mv2 

= 16 Joules. 
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The radius of the pinch column at half-height as 

obtained from experimental results shown in Fig. (6.28) 
= 

1.3 mm. 

The compression ratio =( 
r
o )

2 
-( 3.81)

2
= 860. 

r 	0.13 

The ion density is therefore = 0.35 x 10'6x 860 

= 3 x 1018 Cm
-3 

The magnetic field at the boundary of the pinched 

column = 

I - 14 x 10.3 	21.5 x-103  gauss 
5r- 	5 x 0.13 - 

The magnetic pressure Pm  = B
2 

= 1.84 x 107 dynes /Cm2 

ITIT 

Although during the implosion stage of the dynamic 

pinch the energy is roughly equally distributed into 

directed and thermal energy (see sec.8.2.1.), all of 

this is however converted to thermal energy at maximum 

comPression. At this stage the temperatures can be 

estimated from the Bennett relation by assuming the 

electron and ion temperatures to be equal. This is not 

strictly true because the ions which are shock heated 

are at a slightly higher temperature. Randomization, 

however, takes place very-rapidly by ion-electron col-

lisions making the ion and electron temperatures equal. 

Thus the Bennett relation for the argon plasma, is writ-

ten as 

+ ne  ) KT - 

18 -3 The electron density n -= 2.9 x 10 	Cm 	(see Fig. 6.28). 



If the kinetic pressure of the plasma is assumed to 

balance the magnetic pressure, we get 

T" 22.5 x 10
3 °K 

From a time integrated spectrum of the argon plasma, it 

was 	observed that All • 
lines were predominant with a much 

smaller intensity for anyAIII lines. This strongly 

suggests that argon atoms are singly ionized with ne= ni. 

This is also confirmed by the calculations of Wheeler(10)  

on the ionic composition of an argon plasma. These 

calculations show the electron and ion densities to be 

almost equal for the pressure and temperature values of 

the plasma given above. 

Making use of the entropy-enthalpy charts for an 

argon plasma of Bosnjakovic et. al. 
(11) 

 , the enthalpy 

for argon plasma of 22.5 x 10
3 
°K and pressure of 

18.6 x 106 dynes/Cm2 (- 19 atmospheres) is 

= 	6 x 10
5 

K Cal/ K Mol. 

Since 1 Cal = 4.2 Joules and the total mass of the argon 

gas in the tube-= 0.475 x 10
-3 gms, the total thermal 

energy stored in the hot plasma in the pinch column is.  

H 	30 Joilles. 

Thus it is obvious that the directed kinetic energy is 

roughly one half of the total heat energy in the pinch 

at maximum compression. The rest of the energy being 

the thermal energy evolved in the capture of plasma 

- during the compression process. 
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8.4 Discussion on the evaluation of the discharge. 

Although various simplifying models accurately 

predict characteristic features of the discharge it 

is extremely complicated to evaluate the distributions 

of electron densities and temperatures and their time 

dependence. Such a calculation was carried out by Hain 

et. al. (8)  on the basis of magneto-hydro dynamic 

equations (two fluid model), coupled to an equation for 

the external electric circuit. The fully ionized 

plasma of hydrogen or hydrogen like atoms was considered 

The electrical conductivity was assumed constant. It was 

assumed that during the compression process all the 

neutral gas moved with the ions due to charge exchange 

processes, so that the velocities of the atoms and the 

ions were identical. Radiation losses, heat transfer 

to the walls, ionization and atomic excitation were not 

considered. 

Even with these idealizations and simplifications, 

the problem still involved a complex system of partial 

differential equations which could be solved only by 

numerical integration with the aid of large electronic 

computers. The numerical solutions with a given set of 

initial conditions provided information on the tempera-

ture, density and flow velocity as'a function of radius, 

as well as on the distribution of the current density 

and the strengths of the magnetic and electri.c fields. 

An improved version of the program described in 

Ref. (8) wasavailable for general users at Culham 
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Laboratory Berks (U.K.). This one-dimensional MHD code 

has the facility of introducing a few percent of impurity 

atoms which include carbon, oxygen, nitrogen, silicon 

and neon. Since the present experimental work was per-

formed with argon plasma, the code could not be used as 

it was designed for hydrogen-like atoms only. It was 

thought that a hydrogenlike atom with atomic weight 40 

would provide an approximation to argon as regards the 

pinch dynamics. Also the use of neon as a few.percent 

impurity would give some idea of the temperatures invol-

ved by giving information about ionization and excita-

tion of neon atoms. Unfortunately the program could 

not operate for these conditions and resulted in the 

overflow of computer storage for the use of A = 40. 

The advantage of this one-dimensional MHD code over the 

one discussed in Ref. (8) is that the assumption of fully 

ionized plasma is no longer required. 

Apart from the use of Z-pincb as a source for plasma 

spectroscopy, any application in connection with fusion 

would employ hydrogen like atoms. The above program and 

also recent developments in two- and three-dimensional 

MHD codes (12) are the most valuable assets to predict 

the plasma parameters for any initial boundary conditions. 

This would make it possible to design experiments so that 

the specified field configurations, are set up. 

8.5 Conclusions. 

The simple discussion of the mechanisms of the pinch 

presented in this chapter is quite useful to get an in-

sight into the dynamics of the discharge. With the 

experimental knowledge of total current at the time of 
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pinch and the radius of the plasma column at maximum 

compression coupled with some energy balance relations 

provide an estimate of eldctron temperatures. 

Most of the experimental features such as the time 

to pinch, the rate of collapse of the shell, the thick-

,ness of the shell, the axial luminosity prior to the 

approach of the current sheath at the axis and the 

pressure dependence of the peak electron density are 

reasonably well explained by the simple models. The 

shock wave model being the more comprehensive incorpo-

rates the Snowplough model as its special case. 

The finer details of the pinch such as electron 

density and temperature distributions, ion temperatures 

etc cannot be obtained by such simplified considerations.  

These of course have to be obtained by very complex 

computation mentioned in the last section. These in 

turn deal with only the simple case of hydrogen like 

atoms. For more complicated situations, one has there-

fore to rely on the experimental results such as those 

presented in the last two chapters. 
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Chapter 9. 

Concluding Remarks. 

9.1 Summary of the work presented in this thesis. 

The work presented in this thesis has been aimed 

at contributing to the development and successful 

application of the new field of holographic interfero- 

metry to plasma diagnostics. 	Since it was only in 

1966 that the possibility of such an application was 

envisaged by Ostrovskaya, et. al. (Ref. 1, Chapter 6), 

the technique was still in its infancy when the present 

work was started. The growth in the parent field of 

holography itself was very rapid and the work was being 

incoherently reported in the literature. To sort out 

the loose ends for the present application one had to 

deal with multi-dimensional problems, some of which are 

listed below along with the steps taken to solve them. 

(i) It was essential to grasp the inner details of the 

working of a hologram. 	The difficulty in this for a 

non-especialist in Applied Optics may sometimes be 
was 

underestimated. An attemptAthus made to give a thorough 

exposition of the basic principles and practicle details 

of holography and holographic interferometry and is 

presented in Chapters 3 and 4. 

(ii) The qualities of a hologram and the characteristics 

.of the reconstructed image are strongly dependent on 

the type of experimental set up adopted to form the 

hologram. It had to be decided as to which experimental 

setup to finally use in our application. 

(iii) The decision required in (ii) above depended on 
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the considerations of the coherence of the radia-

tion from the ruby laser. 

(iv) Finally, such extraneous factors as the availability 

of the proper photographic materials for holography also 

.largely determined the choice of the setup. It also 

placed a requirement of a minimum energy in the output 

laser radiation. Fortunately, the availability of high 

resolution fast photographic plates (Chapter 4) made 

possible the use of the available ruby laser having 

small output energy. 

Realizing that the main limitation of conventional 

interferometry as applied to plasma diagnostics was its 

requirement of expensive good quality optics, it was 

decided to concentrate on the development of a holo-

graphic system which will ease the above requirement. 

This was happily done using the scatter-plate interfero-

meter described in Chapter 4. The advantage of this 

system was that a) reasonably good quality holograms 

could be obtained with a simple ruby laser whose spatial 

coherence is easily improved by the use of an aperture 

in the laser cavity. It was not necessary to improve 

the temporal coherence because the reference and object 

beams travelled almost equal distances in the system so 

that their difference was well within the coherence 

-length. Due to this reason it was always possible to 

obtain a hologram with this system. b) All the optical 

components were mounted on the same optical bench and 

hence the system had a very good vibrational stability, 



an important requirement for holography as discussed 

in Section (3.9.4). 

The application of holographic interferometry to 

plasma diagnostics is useful in two senses. Firstly 

the operation of obtaining an interferogram is very 

much simplified because there are no longer any 

stringent requirements on the quality of the optical 

components and the plasma containing vessel. Secondly, 

any asymmetry in the plasma can be easily reconstructed 

in three dimensions. 

The first aspect is thoroughly exploited in the 

present work to the best of advantage. Side-on measure-

ments were performed on a Z-pinch device. This is a 

specially difficult configuration for conventional 

interferometry and its use served to emphasize relative 

usefulness of holographic interferometry. 

Regarding the second aspect the holographic inter-

ferometry is able to provide the required information 

and the problem is now reduced to obtaining a solution 

of a few simultaneous equations. This is briefly dis-

cussed in chapter six. Since no worth-while information 

was expected in situations involving asymmetric distribu-

tions in the Z-pinch plasma, any further effort in this 

direction was not justified. 

The usefulness of holographic interferometry is 

best demonstrated by examining the results obtained 

with the Z-pinch discharge. Radial distributions of 

the electron densities at or near the time of pinch were 

calculated from the corresponding fringe distributions 

using Abel Inversion technique (Section 6.7). These 
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results agree very well with those obtained by an 

independent method of CW laser interferometry (Chapter 

7). Measurements in the former case could be made to 

an accuracy of quarter of a fringe by obtaining a 

microphotodensitometer trace of these fringes. The 

accuracy with the latter method was also to at least 

a quarter fringe shift as the fringes were cosine 

square terms. The perfect reproducibility of the dis-

charge made the results of CW laser interferometry 

reliable. 

These results along with the measurement of dis-

charge current at the time of pinch (Chapter 5), 

allowed an estimation of the plasma temperature. 

Assuming 100% trapping of the atoms by the collapsing 

current sheet, the ion densities at the pinch could 

also be roughly estimated knowing the pinch radius from 

the above measurements. These results show the electron 

and ion densities to be equal for our operating condi-

tions of the discharge. 

A brief mention must also be made of a spatial sampling 

technique using a fly's eye lens which is used to 

obtain a 'hologram' of an object with white light. 

This was reported by Pole
(1) 

as a means of reconstruc-

ting a real image of the object from the photographic 

record obtained by spatial sampling. The possibility 

of•using this technique to obtain holograms of the plasma 

from the plasma light itself was explored by the present 

author. Workable fly's eye lens was made by depositing 

optically goOd quality transparent glass beads on a 

glass plate with the optical cement. Each bead acted 
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as a lenslet forming an image of the object at its focal 

plane. It was, however, realized that the technique 

is not useful for self-luminous objects like plasmas 

as the image in this case at the focal plane of each 

sampling lenslet is an integrated view of the whole 

plasma column. Unlike non-luminous objects it is not 

thus possible to reconstruct the correct shape of the 

plasma column/Some calculations of the resonance 

absorption of the ruby laser light in nitrogen plasma 

with Nzi line at 6942.98, performed with a view of 

measuring temperatures, are presented in Appendix I. 

The absorption is found to be a function of both the 

temperature and electron density. Except for electron 

densities larger than 5 x 10
18 

Cm
-3

, there are two 

values of temperature for the same absorption. This 

when coupled with the necessity of performing the 

simultaneous measurements of electron densities adds 

to the difficulty of estimating temperatures by this 

method. This is discussed in Appendix I. Suggestions 

are made in the next section for the future work 

dealing with problems when holography can be applied 

with benefit. 

9.2 Suggestion for the Future Work. 

One can obtain live framing camera interferograms 

of the plasma using scatter-plate system. This is 

discussed in Section (3.4.1) which explains how a 

framing camera can be used to record the whole plasma 

'event' as the framing or streak photographs of the 

interferograms. The same laser must be used for obtaining 

the original hologram of the system and for observing the 
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live fringe pattern (3.4.1). The difficulty of using 

normal Q-switch ruby laser has been that it does not 

provide a pulse of uniform intensity over the whole 

life time of the plasma which lasts for about 5 to 10 

psecs. This problem can be solved by using the 0-pinch 

pumped laser (section 2.3) which can provide a pulse 

with a width of 4al0ti-secs. The quantum efficiency of 

the image converter camera phototube is usually small 

in the red wavelength range. The use of this laser, 

giving large power output, can overcome the above 

limitation. The other difficulty in the above experi-

ment is that if the hologram is not replaced exactly 

in its original position, spurious background fringes 

may be produced in the reconstructed interferogram. 

The hologram can, however, be visually positioned by 

using a CW gas laser till the background fringe pattern 

disappears. Due to the short exposure time of each 

frame, the gas laser does not provide enough photons 

for the phototube to be sufficiently sensitive to expose 

the film. This problem can be resolved if both a CW 

laser and a pulsed laser of the proper pulse width can 

be made to operate at the same wavelength. The initial 

adjustments can then be made with the CW laser while 

the actual experiment can be done with the pulsed laser. 

Recently a pulsed Z-pinch argon laser has been 

made to operate (2) at 47658 with a pulse width of 0.2 

psecs. The CW argon laser also gives radiation at this 

wavelength. The above pulse width is shorter than 

desired for the above application. Also, there is a 
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problem of the jitter of the output pulse. The future 

work can, however, be directed to improve the pulse 

characteristics by trying to find out the optimum 

operating conditions of the Z-pinch discharge. 

The pulse width of 0.2 psecs of the above argon 

laser is useful for doing time resolved holography of 

the plasma. Although it does not give sufficient time 

resolution for measurements on our fast Z-pinch discharge 

(Chapter 5), it is reasonably good for most other 

laboratory plasmas. For instance the use of holography 

for performing time resolved temperature measurements 

by resonance absorption has been mentioned earlier. 

The feasibility of using the above pulsed argon laser 

suggests the resonance absorpticat at 47658 in argon 

plasma as an attractive diagnostic technique. 
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Appendix 

Calculation of resonance absorption of ruby laser radiation in nitrogen 

plasma with Nu emission line at 6942.9 R. 

Wheeler et. al.(1) had performed some calculations on the reson-

ance absorption of argon laser radiation in An emission line at 488o R 
for the measurement of plasma temperature. Following Wheeler's sugges-

tion the absorption of ruby laser light in NII line at 6942.9 R in 
nitrogen plasma was calculated. Apart from being the impurity in other 

laboratory plasmas, nitrogen in itself is utilized in many studies of 

electric discharges. The above mentioned calculations were performed 

in view of the feasibility of the method as a possible diagnostic tool 

for temperature measurements. 

If the ruby laser beam. of initial intensity I0  traverses the plasma 

of length £ , then the transmission of the beam is given by 

r(y) - It 	-1(P)R, 
Io  

- (A.1) 

where It  is the transmitted intensity and k(V) is the absorption coef-

ficeint through the plasma in the region of line radiation of frequency 

Vo' 	The beam is assumed to pass along the axis of symmetry so that 

k(v) is independent of position along the axis. The absorption coef-

ficient can be calculated from the transfer equation of the laser beam 

through the plasma which is 

dI _ 	[ , An -d—x  	nk2) 	B(2,1) 	X 6,0  (v) n(1)  - 	B(1,2) 1-Tr 

I( v,x) g (v) 	 - (A.2) 

where I 	is the solid angle of the laser beam as it passes through 

the plasma. T ( v) and 8(v) are normalized profiles for induced emis-

sion and absorption respectively; B's are Einstein's intensity coef-

ficients n(1) and n(2) are the number densities of particles in absor- 
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bing and emitting states of line transition. 

If the intensity of the beam.at a distance x from the boundary is 

I, then from Eq. (A.1), we have 

dI = 
dx - k(v) 10  V v)x  

= - I k(v) 

This when combined with Eq. (A,2) gives, 

hy 
k(V) = Tr- 	n(1) B(1,2) A(v) - n(2) B(2,1) T(v) 	- (A.3) 

In the above Bmn  = Bnm  for non-degenerate energy levels. - (A.4) 

If the laser frequency vf, lies within the interval vo  ± Wv  where 

W
v 
is the frequency half-half width of the plasma line profile, and 

also when LTE prevails, the following profiles are equal, i.e. 

A(v) = T(v) = 0(v) 	 - (A.5) 

where 1)(v) is the normalized profile for spontaneous emission. 

The above assumes that the power in the laser pulse is not too large 

to upset the population density of the atom levels. 

Also if the plasma is in local thermodynamic equilibrium (L.T.E.), 

then the distributions of the atomic states will follow Boltzmann's 

law which for non-degenerate energy levels is 

n(2) 	n(1) g kT 	 - (A.6) 

where vo is the frequency of the resonant line. 

Substituting the alpOve three equations in the Equation (A.3), we obtain 
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—hvo/kT 

k(v) 	n(1)B(112) 	 1 	e 	) 0(v) 	-.( A17 ) 

In the above, n(1) can be related to the total number density of the 

emitting species by Boltzmann statistics(2) 

-El 
n(1) = 	e Fr N (1) 	 - (A.8) 

where E
1 
 is the excitation energy of the lower state and g(1) is its 

statistical weight and Z(T) is the partition function. 

The spontaneous emission line profile (D(v) is dispersive in shape 

when the electron density is sufficiently high for Stark broadening to 

dominate over the Doppler broadening. It is 

1  t(v) = 

 

- (A . 9 ) 

The frequency half-half width W can be written 

W = Ne f(T) 

as(2) 

- (A.10) 

where Ne  is the electron number density and f(T) is a weak function of 

temperature. 

One can thus write the Eq. (A.7) as 

k(v) 
h'‘)  

iT B(1,2)(1 - 
-h o  
kT ) 

 

1 J3(1) 	 
VO W )2 T) 	f(T) .  

   

       

El 
N e lar  x N 

- (A.11) 

where — can be determined from the equation of charge neutrality and 
e 

the equation governing the successive stages of ionization 

N = 	sl(NeT) Ne  

or -  N = Y(Ne ,T) 	 -.(A.12) 
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'r canbe calculated from Saha Eq.(2)  if L.T.E. prevails for all levels 

of all species of ions in the plasma. It is equal to unity for low 

degrees of ionization and rapidly decreases for increasing ionization. 

Thus k( v) is almost independent of particle densities at low degree 
of ionization. 

Utilizing Eqns. (A.11) and (A.12), the absorption coefficient can be 

written as 

k(v) = A(T) e  

where A(T) is a weakly varying function of temperature. Thus the 

transmission coefficient in Eq. (A.1) is given by 

exp - k(V) 

El 
r- A(T) I exp (- 

kT
---) I - (A.13) 

Thus it is doubly exponential in temperature. 

The NII line at 6942.9 .belongs to the multiplet no: (53) and corres-

ponds to the transition 3d3  po - 4p
3  p. The excitation energy of the 

lower state El  = 23.3 ev. 

To calculate k(V) from Eq. (A.11) it is written as 

-E1 

k(v) = C y F(T) e kT 

hvo  
where C = 17- g(1) B(1,2) 

_hvb 

F(T) = 
Z( WCT) 

( 	, 	3_ _ e 2rir- 

 

1 + 	m))2  
w 

• The multiplicity of the lower level = 2. 

Thus g(1) = 5 
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e2   The Einstein's coefficient B(1,2) = vhm f12 

The oscillator strength f12  for NIIline  (6942,9 R) is (3)  

f12 (Na) = 0,0457 

which gives 

B12 (NII) 	5.34 x 109  

The laser frequency can be assumed to be a delta function in comparison 

with the NII line width especially at electron densities larger than 

10-7  cm-3, Also it can be considered to be at the centre of the plasma 

line profile, 

The partition functions were obtained from Reference (4) and the 

line width of N line 6942.9 R from Griem(2), N'(= NII) as a function Ne  
of temperature was also obtained from Reference (4) at various elec-

tron density values, 

The absorption.coefficient It( ,D) obtained as a function of temper-

ature is shown in Fig, (A.1) for different values of electron densities, 

The percentage transmission was calculated as a function of temperature 

as shown in Fig, (A.2), 

Discussion 

As can be seen in Fig, (A.2), there is sufficient absorption of 

the laser light at density as low as Ne  = 1017 cm-3 for it to be 

measured both by conventional and holoo-raphic technique, Unlike the 

case of resonance absorption in argon at An 	o at 4880 (1)  the percentage 

transmission is not independent of electron densities. This neces-

sitates the simultaneous measurements of electron density for the deter-

mination of temperatures by this method. This could be done by holo-

gralbhic interferometry in side-on configuration using part of the same 

laser beam being sent axially for absorption measurements. In this 
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case the refractive index of the plasma will be determined by SeImeier's 

formula given in Eq. (5.10). 

In the above discussion, the laser frequency was assumed to be at 

the centre of the plasma emission line. In practice, there is a fre-

quency shift of the plasma line by an amount depending on the electron 

density. For instance, at Ne  = 10-7  cm-3, there is a shift toward the 

red by 0.53 R. The laser line is then at the wings of the plasma line 

profile and k(v) must be modified accordingly. Also, since, in prac-

tice, the laser line is not a delta function as assumed earlier, the 

effect of its line shape becomes important if it falls near the edge of 

the plasma line profile. This can, however, be avoided if the laser 

frequency can be shifted to be always at the plasma line centre. This 

is possible by simply controlling the temperature of the ruby to change 

the output laser wavelength according to the relation(5) 

1(T) = 6943.25 + 0.068 	- 20) 

where 1  is in angstroms and T in degrees centigrade. 

If the Z-pinch is used in end-on configuration, as discussed in 

Section (5.3.1), there is a strong refraction of the beam due to large 

refractive index gradients. This was checked by the non-resonant 

radiation at 6328 R from a He - Ne laser. The laser beam was sent 
axially through the discharge tube. It was strongly deflected out of 

the collecting photodetector placed at a distance from the plasma tube. 

This is seen in Fig. (A.3) where the dc signal falls to zero near both 
• 

the first and second pinches. Since there is no absorption at this 

wavelength the loss of light is entirely due to refraction of the beam. 

Due to this limitation the resonance absorption experiment could not be 

performed. The technique can, however, be used in situations like 

stabilized pinch where the refractive index gradients are less severe. 
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Appendix II  

distributions using Bockasten's Polynomial Coefficients
(1) 

Program for the Abet Inversion of experimentally obtained fringe 

TYT. NS T (-1(4 A ( 2.0 7-7P1 	2_111HFIGHT 	( ln ) P tsi( 20, 10 ) DENS I T(2()) , 

_7RFAc15,2no) (A.(..),K ),),71_,2r1),K=1. 29) 
2 	EfIRJIAT1571. 7Flo .6/ ) ,F 11.6) 

- 	 - 
1,-IRITP(6- 755(1 1tA0,K)i-J=1;2,  

551:FPRW‘T (7(4X ,F9.6 ) /7( 4X,F9. 6)/6 (4X 
s CrINTINUF 

DP74 N=1, 10 
REAP. 5, 7( 1 ) ( F ( 

	310  FOP.t9AT(3(9F6i3/),5F6.3) 
	WRTTE(6,748)(Fr..;- N),J.---1,T2P) 	 

	 --71-q-,--FDRmAT(11.( 2X1F P. 7) /7( 2X?c..5?)-//// 

r 	,1-)1 ) f p (N)IN --t1"71.1- 
--323. -r9RmAT (°(F7:3/)irF7.3 

=5 
N1= r) 

54 --E7A0=P ( MI 
 	_Ft TNT =P AD/7 

-14R TEC 6,1 nn IRAD 
( 

	

	. ;AS ST4E r(--RAO I U5-  7 3 
2r)  

T(;!--IT ( 	I  FLPAT ( J -1)*H1 NT) 
	 c/N(j,r!)=1. 78,:tii0E.17*F(J,N) 
-7- rt.-1NT T +I MP - 

J=2.! 
= 	_ 	 

DENS TT( J 
	 PlRqK= 1 -70 

DENS 13 (J )=DENSIT(,1)+RN(K !`1)*A(J,K)/RAD 
.Rcf .-r IN T roME 

ITE(6,5511J, 	TCHT(J) ,OFNSIT(j) 
-,..,-F:11P,t, P,T (1 ny 

IF( 	T. 1  ) Gr.TP16 
IG0t11-16 

'Gf."_11-(12,4 
__STOP 
END 

Explanations: 

A(20,20) a Polynomial Coefficients obtained from reference(1) 

F(20,10) E No: of fringes for each of the fringe distributions 

sC 



( Max: number = 10 ), as those shown in Fig(6.17). 

R(N) E Radius for each fringe distribution. 
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