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CHAPTER I 

INTRODUCTION 

Conventional probe techniques for the measurement of electric 

or magnetic fields are subject to considerable error as the magni

tude or frequency of the field increases to wery large values. In 

addition, these techniques are unsatisfactory for the determination 

of spatial field behavior because of inconvenience in application 

and the resulting modification of the field quantities due to the 

presence of the probe. 

Optical techniques exist which satisfactorily measure the 

temporal behavior of high electric and magnetic fields or the 

2 
spatial behavior of electric fields. These techniques produce 

essentially noise free data and negligibly perturb the fields 

being measured. The data produced by these techniques are, however, 

difficult to interpret under certain conditions and of low spatial 

and possibly temporal sensitivity and resolution. 

A new optical technique has therefore been mathematically de

veloped and experimentally verified for the measurement of electric 

and magnetic fields. The technique interferometrically determines 

spatial and temporal field variations with greater than an order 

of magnitude increase in sensitivity and much improved resolution, 

compared to previous techniques. Unique areas of applicability 

1 
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exist because of these improved characteristics. 

Chapter I begins with a review of the characteristics of vari

ous conventional and optical measurement techniques and their asso

ciated deficiencies and application difficulties. This discussion 

serves as motivation for the development of an improved optical 

measurement technique. The preliminary theoretical foundations 

necessary for the mathematical development of the technique are 

presented in Chapter II. There a general mathematical description 

of the Kerr and Faraday effect is presented in a manner applicable 

to polarization analysis. Qualitative mathematical rationale and 

quantitative theoretical results regarding relatively conventional 

optical field measurement techniques and a unique interferometric 

method are then explained. Chapter III describes the experimental 

arrangement necessary for the implementation of the analysis 

schemes described in Chapter II. Chapter IV contains the data ob

tained from conventional and interferometric optical field measure

ments. The results are compared and interpreted using the theory 

previously developed in Chapter II. Chapter V concludes with a 

summary, various pertinent observations, and a discussion of unique 

areas of applicability for the interferometric technique that has 

been developed. 

Conventional Electric Field Measurement Techniques 

Pulsed high electric fields, or voltages, are conventionally 

measured using resistive or capacitive voltage dividers. There are 

several disadvantages and errors associated with this type of 
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measurement. The most obvious sources of errors are as follows: 

1. residual inductance in the resistive or capacitive 

divider elements causing oscillations or unpredict

able voltage drops 

2. lead impedance from either the high or low voltage 

end of the divider, or the ground lead 

3. stray capacitance to ground, between components, or 

any other point 

4. induced voltages due to ground loops. 

Any, or all, of the above problems can greatly reduce the signal to 

noise ratio of the measured quantity and introduce errors in the 

voltage measurement. 

The effect of noise introduced by stray pickup and ground loops 

can be diminished by shielding the measurement equipment. However, 

total elimination of the problem is very difficult. The effects of 

stray capacitance and lead inductance are typically reduced by using 

a standard signal generator to calibrate the probe at low voltage in 

2 

its operating environment. The validity of this calibration pro

cedure becomes questionable as the voltages to be measured increase. 

This is due to high voltage non-linear effects in the resistive or 

capacitive divider elements. The conclusion to be drawn is that 

the high voltage values measured with divider techniques are subject 

to considerable error. 

Another shortcoming of probe measurements is the relatively 
3 

poor frequency response. This precludes the use of dividers at 

higher frequencies and also distorts any transient wave form having 
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non-negligible high frequency components. It should, however, be 

noted that careful design procedures have enabled Leavitt, et al.,^ 

to make a probe usable to 500 MHz. Poor low frequency response can 

also cause "droop" in the data produced. 

In addition to the point measurements it is frequently necessary, 

for electric field or simulated design studies, to obtain information 

regarding the spatial variation of a transient electric field. 

Probes and voltage dividers are obviously inconvenient for this 

application and they also suffer from the difficulties described 

above. Resistive or electrolytic analogues are often used to pro

vide spatial variation data, however this technique is again incon

venient and often yields only qualitative results. 

Various techniques have been used to circumvent the errors 

associated with voltage divider measurements. High voltage oscil

loscopes having very small deflection factors have been used without 

voltage dividers to directly measure voltages in the range of 1-150 

5 6 

kV. * In the general case, however, these measurements also re

quired some type of voltage divider such that divider errors were 

again inherent. The frequency response of the system was therefore 

not improved over the regular probe method. In addition, the de

flection of the beam relative to the spot size of the beam was 

necessarily small, making measurements of smaller voltages or exact 

waveform shapes difficult. 
o 

Sphere gaps with voltage-time curves can also be used. However, 

in order to produce accurate results, voltage-time curves must be 

made for all anticipated pulse shapes and rise times. In addition 



to this inconvenience, all measurements must be made under standard 
9 

environmental conditions. Many other problems pertaining to this 

method exist when one attempts to measure fast rising voltage 

pulsesJ°> "• 12 

The electro-optical Kerr effect has been used with success to 

1 3 1 *? 

measure high electric fields. ' ' The Kerr cells can be wery 

accurately calibrated and produce yery accurate data for voltages 

as high as several hundred kilovolts.^' ^̂ ' ^̂  In addition, the 
2 

frequency response has been measured to exceed 100 MHz. The time 

resolved data obtained from this technique are, however, difficult 

to analyze for complicated wave forms. In addition it is difficult 

to apply the technique to voltages with short rise or fall times 

since the technique produces data having frequencies much greater 

than the frequency of the field being observed. A recent, improved, 

Kerr cell technique produces more easily interpretable time resolved 

data but has low sensitivity. 

Kerr effect techniques have also been used to produce data 

regarding the spatial variation of electric fields. * These 

techniques are in general applicable only to very high fields and 

are inherently insensitive and produce low resolution spatial data. 

Due to this low sensitivity and poor resolution an accurate map of 

the electric flux lines is difficult to obtain. Increases and de

creases in the electric field cannot be distinguished using time or 

space resolved Kerr cell data obtained in the conventional manner. 

This of course makes interpretation of the data impossible under 

certain circumstances. 



For completeness it should be mentioned that the Pockels 

effect, as observed in an ADP crystal plate, has also been used in 

19 
the measurement of high electric fields. The results are similar 

to those obtained using Kerr cells except that the data are now 

linearly dependent on the electric field instead of the electric 

field squared as in the Kerr data. 

Conventional Magnetic Field Measurement Techniques 

The most common method for measuring pulsed magnetic fields 

involves the use of an inductive magnetic probe. This type of 

measurement technique is also subject to errors arising from ground 

loops and stray capacitances and inductances. 

One of the primary disadvantages of the inductive probe is the 

characteristically poor frequency response. This of course results 

in appreciable distortion of short duration transient field measure

ments. The frequency response can be improved by decreasing the 

inductance of the coil at the expense of sensitivity. The frequency 

dependent attenuation of all interconnecting coaxial cables must be 

considered if the characteristic frequency is high or if long cable 

lengths are required. The frequency response of the necessary active 

or passive integrator must also be considered. 

Other problems are associated with the measurement of high 

magnetic fields. Unless certain precautions are taken, the tempera

ture of the coil conductor surface will reach the melting point for 

fields in the range of 150 T. Another non-negligible effect at 

ultra high magnetic fields is the magneto-resistance. According to 
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Knoepfel, the conductivity of copper decreases by a factor of 5 

in a transverse field of only 2 T. This effect can therefore pro

duce extraneous signal components. The probe coils can also 

actually be distorted by these high fields, resulting in errors 

21 
due to the changing coil diameter. 

Different measurement techniques have been introduced in an 

effort to eliminate some of the errors or disadvantages associated 

with magnetic probe measurements. The most common ones are Hall 

effect probes and optical techniques. 

The use of Hall effect probes to measure steady and low fre-

8 20 
quency (==10 kHz) transient fields is common. ' When compared 

to inductive probe measurements the Hall probe has various ad

vantages. The output voltage is, for instance, directly propor

tional to the magnetic field and requires no integration and the 

probe sensitivity can be easily adjusted. The primary disadvantages 

are: the expense and difficulty of construction; the necessity for 

additional power sources and cables; the poor frequency response. 

The most important optical techniques utilize the Faraday 

?n ?1 22 23 
effect and the Zeeman effect. ''' ' ' Both methods have 

distinct advantages over inductive or Hall probe measurements. One 

obvious advantage is that optical measurements in no way modify the 

fields being measured (It is possible, particularly at high fields, 

for a conductive pickup coil to modify the field value or distribu

tion) and are characterized by very high frequency response and good 

precision. 

The Faraday effect^^ has been used successfully to measure high 
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magnetic fields. The time resolved data are difficult to analyze 

if the measured waveform has a complicated shape and the technique 

is difficult to use with very fast fields without a loss of sensi

tivity. The technique is also incapable of distinguishing between 

time increasing and decreasing magnetic fields. 

25 

The Zeeman effect and its use is well documented. The appli

cation of the Zeeman effect in magnetic field measurements is ex

perimentally more difficult than application of the Faraday effect 

since the active sensing medium must either be a gas (absorption 

mode) or a plasma (emission mode). Both of these media are somewhat 

inconvenient when compared to the most common Faraday sensing ele

ment, which is glass. An additional experimental complexity is the 

required use of time resolved spectroscopy. 

Spatially resolved magnetic field measurements with inductive 

probes are very inconvenient, besides being subject to all of the 

disadvantages and distortions associated with time resolved measure

ments. Each data point either requires a separate probe or, if one 

probe is used, each data point requires a separate generation of 

the transient magnetic field. This procedure becomes unwieldy as 

the desired spatial resolution increases and/or the physical size 

of the probed area becomes very small or very large. A two dimen

sional spatial magnetic field distribution is therefore most com

monly determined by using numerical or analogue methods. Analogue 

methods include the use of electrolytic tanks and various resistance 

methods.^^ The most common and direct method, however, is the 
27 

measurement of the fields in an r.f. fed model coil. Numerical 



methods using digital computers have been used extensively in re

cent years. The results of and methods for these numerical calcu-

28 29 30 

lations can be found in the literature. ' ' 

From the above discussion it is obvious that an improved method 

for measuring the time and spatial dependence of pulsed high electric 

and magnetic fields is needed. An optical method has therefore been 

devised which: 

(1) has a frequency response exceeding 100 MHz 

(2) eliminates ground loop and stray capacitance and 

inductance problems 

(3) can be easily calibrated for use at high fields 

(4) yields time and space resolved data which represent 

the field shape exactly and in an easily inter

pretable manner 

(5) produces time resolved data with superior sensitivity 

and resolution compared to present optical methods 

(6) has the capability of distinguishing between in

creases and decreases of field values in time 

(7) produces space resolved data with sensitivity and 

resolution superior to present optical methods 

(8) yields space resolved data which allows the dis

tinction between increases and decreases of field 

values in space. 

The method is based upon an interferometric technique for de

termining electrically or magnetically induced anisotropies and 

utilizes either the Kerr or Faraday effect. The experimental results 
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are in the form of a finite fringe interferogram which can be viewed 

in time or space to yield time and space resolved data, respectively, 
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CHAPTER II 

THEORETICAL CONSIDERATIONS 

The operation of the analyzer used to measure electric and 

magnetic fields is based upon the use of polarized light and various 

optical components to form an intensity pattern indicative of a 

particular field quantity. The theoretical considerations will 

therefore begin with a discussion of the mathematical representa

tion of polarized light and the mathematical significance of various 

operations. These basic polarization concepts will then be used to 

explain the general theory of various analyzers and the specific 

theory of the analyzers as used to detect and measure induced linear 

and circular birefringence. 

Basic Polarization Principles 

The general polarization considerations will begin with a dis

cussion of the mathematical representation of polarized light. This 

will be followed by a discussion of the Poincare sphere technique 

and Jones calculus methods. 

Mathematical Representation of_ Polarized Light 

Light can be completely characterized by specifying: 

(1) intensity 

(2) frequency 

11 
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(3) direction of propagation 

(4) orientation of the vibrations relative to some known 

axi s. 

The fourth specification is concerned with the polarization of 

a given light wave. A light wave completely polarized in an arbi

trary direction can always be represented as the sum of two orthogo

nally polarized components. These components can either be circu

larly or linearly polarized; a complete description results using 

either set. Using linearly polarized components, the electric field 

of a wave propagating in the z direction can be represented as, 

E= Re {Aê 't̂ ^̂  " ^^h = a^E^ + y ^ . (1) 

The quantities E and E are the orthogonal, linearly polarized com-

ponents of E, given explicitly by 

and 

j(u)t - kz + 6 ) 

x̂ ^ \^^ ^ ^̂ ^ 

j(u)t - kz + 6 ) 
E. = A. Re e . ^ (3) 

where co is the radian frequency of the light wave, k is the wave num
ber, 6 , 6 are the phases of E and E for t = 0 and z = 0, and A 

X y X y ^ 

and A are component amplitudes of A". A wave itself, for a particu-

lar k and o), can therefore be completely described by specifying 

A , A , 6 , and 6 . The locus of the tip of the vector F for a 
X y X y 
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given value of z defines the polarization of the wave. For the arbi

trary state of polarization specified previously by Eqs. ( l ) - (3) the 

locus of the vector tip can be seen to be an ellipse by eliminating 

the t-dependence in Eqs. (2) and (3). The locus is therefore given 

by a relationship between E and E , 

X y 

FE 12 CE 1 
X "̂  ^ ^Y 

xj y 

This is an equation for an ellipse centered at (E , E ) = (0, 0). 
X y 

The four parameters A , A , 5 and 6 are sufficient to charac-
X y X y 

terize the state of elliptical polarization of a given light wave, 

but they are not the most convenient or general parameters since 

all four are dependent upon the orientation with respect to the 

rectangular coordinate system used. The shape and size of the 

ellipse can be described independently of the orientation of the 

coordinate system by specifying the semi-major and semi-minor axis 

a and b respectively. The ellipse is then related to the rectangular 

coordinate system by specifying the relative orientation in terms of 

an azimuth angle \i) and a parameter describing the angular direction 

or sense of rotation of the vector tip. The angle i|̂  will be defined 

as the angle between a and the A axis. The "sense" parameter de-

scribes the direction of rotation of the vector A" in the E - E 
x y 

plane. The traditional manner of defining the polarization sense 

is to consider the sense of rotation of A" as viewed by an observer 

receiving the radiation, in which case the sense is right if K is 
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rotating in a clockwise direction and le f t i f A is rotating in a 

counter clockwise direction. Using this convention the polarization 

is righthanded i f w > (6 - 6) > 0 and left-handed i f 0 > (6 - 6 ) 
y X ^ y x' 

> - TT. The set of parameters a, b, i/; can be related to the para

meters A^, A , 6^, and 6 according to the set of equations, 

2 2 2 ? 
a' + b̂  = Â  + Ay2 (5) 

tan 2\it = tan 2a cos 6 (6) 

sin 2x = sin 2a sin 6 (7) 

where. 

tan a = A^/A^ (8) 

« = <Sy - <Sx (9) 

tan x = ± b/a. (10) 

The numerical value of tan x represents the ratio of the amplitudes 

of the a and b components of the e l l ipt ical variation and the sign 

of tan x distinguishes the two senses of rotation of the vector A"; 

the plus sign indicating right-handedness and the minus sign le f t -

handedness. The parameter tan x is termed the e l l ip t ic i ty of the 

ellipse. Thus an e l l ip t ica l polarization given in term of A , A , 
X y 

6 , and 6 can be written in terms of a, b, 4̂ , and x- The converse 
X y 

is also true. A diagram of the vibrational ellipse for the electric 

field vector of an elliptically polarized wave, showing relevant 
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parameters is given in Fig. 1. 

Two special cases of elliptical polarization are of particular 

interest. These occur when the polarization ellipse degenerates 

into a straight line or a circle, corresponding to linearly and 

circularly polarized light, respectively. The ellipse will reduce 

to a straight line if a or b is zero, in which case 

tan x = 0 or " (11) 

such that 

X = m7T/2, m = 0, ± 1, ± 2, — . (12) 

This implies that 

sin 2x = sin mu = 0. (13) 

According to Eq. (7) this will be true if 

6 = nir; n = 0, ± 1, ± 2, — . (14) 

The equation for the ellipse then reduces to 

E^ E^ 2E E 
x ^ y ; _ J < J L = 0 

A A'̂  A A . X y X y 

or 

(15) 

(E /A + E /A )^ = 0 (16) 
^ x' X y y 

or 
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(17) 

That is, the polarization is linear. Thus the polarization is 

linear if a or b is zero or, equivalently, if 6 = n7T. The other 

special case of importance is circular polarization. This occurs 

when the polarization ellipse degenerates into a circle. The neces

sary condition is that a = b, such that 

tan x = ± 1 (18) 

and 

X = 
f2m + 1 

4 
7T; m = 0, ± 1, ± 2, --- (19) 

such that. 

sin 2x = ± 1. (20) 

Thus 

sin 2a sin 6 = ± 1. (21) 

This is possible if 

sin 2a = ± 1 (22) 

and 

sin 6 = ± 1. (23) 

Equations (22) and (23) imply that 
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a = \ = \ (24) 

and 

f2m + 1 
6 = 

2 TT; n = 0, ± 1, ± 2, — . (25) 

The equation for the ellipse then reduces to 

^x + ̂ J = ̂ -̂ (26) 

This is the equation of a circle and the resulting polarization is 

therefore circular. The sense of the circular polarization depends 

on whether sin 6 is positive or negative. If sin 6 = + 1, the wave 

is right circularly polarized and if sin 6 = - 1, the wave is left 

circularly polarized. In summary, the elliptically polarized wave 

reduces to a circularly polarized wave if a = b or equivalently if 

2m + 1) 
o TT. 

A^ = A^ and 6 = 

Poincare Sphere Principles 

The derivation and analysis of the field detection technique 

used in the experiment requires the determination of how the polari

zation state of an incident waveform is affected by doubly refracting 

or optically rotating elements or media. Conversely, the determina

tion of what elements are required to transform a given polarization 

state into another is also required. Direct analysis using the 

preceding equations is long and tedious and produces results which 

are difficult to interpret. The synthesis problem also cannot be 
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easily worked using this approach. A simple method exists which is 

founded upon an analogy suggested by Poincare whereby each general 

state of polarization is represented by a point on a unit sphere. 

Each point on the sphere corresponds to a unique value of azimuth 

angle, ellipticity, sense, and phase difference between components 

of a particular state of elliptical polarization. The effect of 

certain optical elements on different states of polarization and the 

components required to obtain a certain polarization state are 

easily visualized using the Poincare sphere technique. The use of 

the Poincare sphere technique is required for the analysis and 

synthesis of the analyzer used in the experiment. A brief discus-

32 33 34 si on and derivation of the theory ' ' will therefore be given. 

According to previous discussions and Eqs. (l)-(3), the electric 

field of an arbitrarily polarized light wave can be written in terms 

of two complex orthogonal components such that. 

i^-t^e'' (27) 
^x X 

or. 

E A A 
-^ = x^ cos 6 + i-X sin 6 = u + iv. (28) 
x̂ '̂x \ 

A state of elliptical polarization is completely described if A^, 

A , 6 , and 6 are specified. The specification of the complex 
y X y 
number BJB determines A /A and 6. Referring to Eqs. (6)-(8), 

y X y X 

this implies that the azimuth angle ^p and the ellipticity tan x of 
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the polarization ellipse are specified. Thus, except for a constant 

multiplier, BJl^ completely specifies a state of elliptical polari

zation. Hence a given state, m, of elliptical polarization can be 

represented by a point in the complex u-v plane as shown in Fig. 2. 

The point m in the complex plane can, by a suitable stereo-

graphic projection, be projected into a point M on a unit sphere 

tangent to the origin of the u-v plane. This sphere, the point m, 

and the projected point M are shown in Fig. 3. 

According to Eq. 28 the location of the point m in the complex 

u-v plane is given in terms of the parameters of an elliptical state 

of polarization. Similarly the coordinates of the point M, referred 

to the x, y, z coordinate system shown, can be given in terms of the 

same elliptical parameters. Using Fig. 3 it is clear that the co

ordinates of the points m and o' can be given in terms of the x, y, 

z coordinates as 

^^m' ^m' ^m' ' 
1 ^X one . ^x 

• T ' A-^°' '̂ r. 
sin 6 (29) 

and 

(x;, y;, z;) = (1/2, 0, 0 ) . (30) 

The m coordinates can be respecified in terms of a and 6 by using 

Eq. 8. The result is, 

(x , y , z ) = (-1/2, - tan a cos 6, tan a sin 6). (31) 
m m m 

The straight line connecting the points m ando' can be described by 
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the equations. 

X + i = y + tan a cos 6 _ z - tan a sin 6 ,._. 
2 tan a cos 6 - tan a sin 6 * ^^2) 

The equation of the sphere is given by 

2 2 2 
x^ + y^ + z = 1/4. (33) 

The point M is the point of intersection between the sphere and the 

straight line. The coordinates of this point are obtained by simul

taneously solving Eqs. 32 and 33. The solution is 

X = ̂ Q^ ̂ X^^os 2^ (3^j 
2 

_ cos 2x sin 2ij; 
(35) 

z = '-^ . (36) 

Hence the spatial x, y, z, coordinates of the point M on the 

sphere have special significance with regard to the ell ipticity and 

azimuth specifications of an elliptical polarization state. This 

significance is clarified by the following observations which are 

rigorously proved in the literature, using spherical trigonometry. 

Referring to Fig. 4 i t can be shown that c = 2\p and that a = 2x 

such that all polarization states having ij; = 0 lie along the semi

circle P,, P., Pp. Similarly all polarization states with \p = TT/2 

lie on the semi-circle through P,, P ,̂ Pp. Specifically, the 

vertical linear polarization state is represented by point P̂  and 
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the horizontal linear polarization state by point P.. The rela

tionship a " 2x implies that all linear polarization states, cor

responding to tan x = 0 or 0° (Eq. 11), are represented by points 

on the equator of the sphere. The relationship also implies that 

left and right circular polarization states, corresponding to 

tan X = ± 1 (Eq- 18) respectively, lie at the two poles P, and P^ 

where a = ± TT/2. A more general polarization state with a given 

azimuth and ellipticity can similarly be located on the sphere. 

These results are illustrated by Fig. 5. 

Several general relationships regarding the location on the 

sphere of elliptical polarization states having equal ellipticity, 

azimuth, A /A ratio, or component phase difference 6 can be derived 
y X 

using spherical trigonometry, Eqs. 34-35, and Eqs. 5-10. 

Referring to Fig. 4 and the previous results c = 24* and 

a = 2x, it is obvious that circles on the sphere about the axis 

through the points P-, and Pp represent polarization states having 

equal ellipticity (tan x) and great circles on the sphere through 

points P^ and P, represent polarization states having equal azimuth 

angles (i|;). 

Referring to Fig. 6, one can show that points on the sphere 

which are the same arc length d from point P^ represent elliptical 

polarization states with equal A /A^ ratios. Hence circles on the 

sphere about an axis through points P^ and P^ represent polarization 

states having the same A /A ratios. Similarly it can be shown that 
y X 

points on the sphere specified by the same angle E, have equal values 



26 

Fiq. 5. Illustrating the Location of Varioys 
Polarization States on the Poincare 
Sphere. 
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of 6. Hence great circles through points P^ and P- represent polari 

zation states having equal values of 6. 

All possible elliptical polarization states are represented by 

points on the Poincare sphere. It has been shown that polarization 

states having equal values of x» ^y A /A , and/or 6 generate par-
y X 

ticular families of circles. These results are summarized in Fig. 

7. 

Jones Calculus 

Poincare sphere techniques are most useful for visualizing the 

effect of a certain optical element or the element required for a 

certain polarization transformation. While this technique has been 

used for actual quantitative analysis a more convenient method for 

quantitative analysis of a polarization sensitive optical system is 

35 

the Jones calculus. 

This technique, introduced by R. Clark Jones,^^^ represents the 

electric field of any completely polarized light wave as a vector 

with two components in the plane perpendicular to the direction of 

propagation. The two components are orthogonal and can be members 

of any coordinate system, linear, circular, or elliptical. In most 

cases the linear coordinate system representation is the most con

venient. The general form of the Jones vector is given by 

E = 
A e ^ 
X 

i6 

iV ' 

(37) 
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Curves of Constant ij; Curves of Constant 6 

Curves of Constant a Curves of Constant X 

Fin. 7. Sunnary of Important Families of Circles on the Poincare 
Sphere. 
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where, for this illustration, the orthogonal components are taken 

along the x-y coordinate axis. 

All optical components which modify the phase or amplitude of 

the components of the Jones vector can be mathematically represented 

by a Jones matrix. Jones matrices are easily derived for such com

mon elements as quarter wave plates, half wave plates, and linear 
36 

polarizers. The results are presented in Table 1. 

The use of the Jones calculus is simple and straightforward. 

A given elliptical polarization state is represented as a Jones vec

tor. The effect of any optical element on this polarization state 

is represented by the Jones matrix of the element. The Jones vec

tor of the light after passing through the optical element is ob

tained by multiplying the vector by the matrix. The effect of suc

cessive passes through different optical components is found by 

merely multiplying the matrices representing the individual elements. 

Jones calculus is used to obtain quantitative information regarding 

the expected performance of the analyzer designed for the investiga

tion reported here. 

Analyzer Theory 

Two basic types of analyzers for the detection of both linear 

and circular birefringence are described. The first, a conventional 

type, detects induced birefringence by using crossed polarizers and 

uses additional optical components to produce an intensity pattern 

indicative of the anisotropy being measured. The second type of 

analyzer is of unique design and basically functions by detecting 
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TABLE 1 

JONES MATRICES FOR VARIOUS OPTICAL ELEMENTS 

Orientation of Transmission 
Type of Element or Fast Axis Jones Matrix 

Linear Polarizer 

Linear Polarizer 

Linear Polarizer 

Linear Polarizer 

n 0̂  

0 0 

fO 01 

1/2 

1/2 

n 
1 

1 -

-1 
^ / 

Quarter Wave Retarder 

Quarter Wave Retarder 

ei- /4 0 

0 e 
-i7T/4 

e-i^/4 0 

0 e 
iTT/4 

Quarter Wave Retarder 1_ 1 i' 

i 1 
v. / 

Quarter Wave Retarder 1 ^1 - i ^ 
-i 1 
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interferometrically the phase difference between two orthogonal 

polarization eigenmodes. (An eigenmode being defined as a polari

zation state unaffected, except in phase, by the anisotropy). The 

phase difference is introduced by nondichroic anisotropies in the 

medium through which the two eigenmodes propagate. The resulting 

interference pattern can be analyzed to determine the anisotropies 

and hence the quantities producing the anisotropies. 

Linear birefringence and in particular the Kerr effect, as 

used to determine electric field quantities, will be discussed first 

in conjunction with the theory of the two analysis techniques. This 

will be followed by a discussion of circular birefringence, particu

larly the Faraday effect, as used to determine magnetic field quanti

ties. The determination of this anisotropy using two analysis tech

niques will then be considered. 

Electric Field Measurements Using the Kerr Effect 

Linear birefringence arises due to either mechanical or elec

trical stress of a material in a particular direction such that 

light polarized parallel and perpendicular to this direction of 

stress travels at different velocities through the medium. The sub-

37 38 
ject of mechanical stress is well documented ' and will not be 

discussed in this report. Electrical stress and the resulting re-

fractoanisotropy, the Kerr effect, is observed to some extent in 

many dielectrics but is particularly strong in nitrobenzene. The 

physical explanation of the Kerr effect with regard to the polariz-

39 
ability of the dielectric molecule has been given by Gemant. The 



**d̂ î ^̂ -̂*-̂  

33 

magnitude of the Kerr e f fect is measured in terms of a Kerr constant 

K, character is t ic of the d ie lec t r i c medium, such that 

7-2 
'E 4 "̂ o " " I I " 27TK|E'-|JI (38) 

where 6„ and 6j_ are the phases of light polarized parallel and per

pendicular to the applied electric field E" and £ is the length of 

the birefringent path. This simple relationship assumes that E is 

independent of the coordinate in the direction of light propagation, 

otherwise the value of F in Eq. 38 is a spatially averaged quantity. 

The Kerr effect for an arbitrary polarization state can be 

adequately described using the basic principles of polarization 

optics and Eq. 38. However the results are cumbersome and difficult 

to use in the most general case when the direction and magnitude of 

E varies in space and time. A more convenient mathematical approach, 

producing comparatively simple and easily interpretable results, 

utilizes the principles of Jones calculus. 

The Kerr effect due to an applied electric field E on an arbi

trary light polarization state described by an electric field vec

tor E can be represented by the Jones calculus equation. 

f E " 

E; 
^ 

' i6./2 
e 

0 

0 
- i6^ /2 

e 
J 

[£„) 
,Ex. 

(39) 

where only relative phase shifts are of importance, E„ and Ej_ are 

the components of T parallel and perpendicular to E (and perpen

dicular to the direction of propagation) before passage through the 
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birefringent medium, E,', and E| are the components after passage, and 

6j- is given by Eq. 38. The eigenmodes of polarization are therefore 

obviously polarization states which are parallel and perpendicular 

to the direction of E. (Jones calculus is strictly applicable only 

in homogeneous systems but can be applied with negligible error if 

the relevant index of refraction is essentially constant in spatial 

dimensions comparable to a wavelength). 

The vector F, in the most general case, is at an angle e(x,y) 

with respect to the direction of the electric field E", as shown in 

Fig. 8. The effect of E on the eigenmodes E„ and E^ is given by 

Eq. 39. However the basis is inconvenient since E„ and E^ vary 

spatially as E" (x,y) varies. A more convenient orthogonal basis is 

defined by the x and y direction in terms of E and E where, from 
x y 

Fig. 8, 

x: 
A. 

COS 9 Sin e 

-sin e COS e 

Z' \ 

(40) 

Using the relationship between the E„, Ej_ and the E^, E^ basis, Eq. 

39 can be written as (using a similarity transformation). 

x 

E' 

cos 0 -sin 0 

sin 0 cos 0 

f i6r/2 
e ^ 0 

0 
i6^/2 

cos 6 Sin 0 

-sin 0 cos 0 I'yi 

, (41) 

where again the primes indicate that these are the field quantities 

after passage through the Kerr birefringent medium. Hence, 
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6> 
i Ur/2 2 ••'^E/^ 2 

e cos e + e sin 0 

i6p/2 -i6r/2 
e sin0cos0 - e cos0sin0 

16^/2 -i6p/2 
e cos0sin0 - e sin0cose 

i5^/2 2 -i<5£/2 2 
e sin 0 + e cos 0 

(42) 
i6./2 

A phase factor of e can be factored out and cancelled to yield 

the final relationship, 

i^;j 

2 "̂ '"̂ E 2 cos e + e sin 0 

-its 
sin0cos0 - e xos0sin0 

-i6 
cos0sin0 - e sin0cos0 

2 '̂ '"̂ E 2 sin 0 + e cos 0 i^yj 

(43) 

This can be written more compactly as. 

E' 
X a 

"'ii '"u 
fr- "\ 

i^yj 

(44) 

where obviously. 

2 ~^*^E 2 m,, = cos 0 + e sin 0 , (45) 

m,p = mpi = cos 0 sin 0 
-i6, 

1 - e (46) 
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m22 = sin 0 + e cos 0 . 
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(47) 

Thus, it has been shown that light having a state of polariza

tion described by E is affected by an electric field E"(x,y) at an 

angle 0(x,y) according to Eq. 44. It should therefore be possible 

to use this effect to measure the magnitude and direction of E by 

observing the effect of the electric field in a nitrobenzene Kerr 

cell on the polarization state of light passing through the cell. 

This can be done by using two distinctly different approaches. The 

first detects intensity changes in light passing through the cell 

and analyzer due to the applied field. The second technique de

termines the phase changes of orthogonal components passing through 

the cell. 

Crossed Polarizer Measurements 

The first technique detects intensity changes of light passing 

through a crossed polarizer analyzer and the Kerr cell. The simplest 

physical arrangement is shown in Fig. 9. Mathematically, the effect 

of the arrangement on the incident light vector E can be found by 

utilizing the Jones calculus matrices for polarizers P^, P2, and the 

Kerr cell. Assuming that the axis of P̂  is at 45° and the axis of 

Pp is at -45° with respect to x direction, and using the previous 

Kerr cell results and Table 1, 

K^ 

'y 

a 
1 

-1 

-r 
1 

\ \ 

•"21 

•"12' 

•"22 
J 

'X 

1 
(48) 
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where 

1, 

is the electric field vector emerging from P,. This reduces to the 

expression. 

E'^ 
X 

E' 
I yj 

a [m^l • - ^22] 
1 

-1 
> < 

(49) 

The recorded intensity is thus given by. 

I a |E;|^ + |E'1^ = |m̂ ^ 1̂  + |m22l^ - 2 Re m^^ m22*, (50) 

or 

4 I a 2 COS 0 (1 - cos 5^) + 2 sin 0 (1 - cos 6^) 

2 
+ s i n 0 (cos 6 n - 1). (51) 

Using applicable trigonometric identities this reduces to. 

I a sin^ 6^/2 (2 cos^ 0 + 2 sin^ 0 - sin 20) (52) 

or 

I a (sin^ 6̂ -/2) cos^ 20, (53) 

where 6, a |F(x,y)|^ and is also spatially x-y dependent. Thus the 
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intensity pattern recorded is indicative, simultaneously, of both 

iri and 6. If 0 == 0, the expression reduces to the more familiar 

form. 

2 
I a sin 6r/2, (54) 

and the intensity is dependent only upon |r(x,y)|. Note that both 

Eqs. 53 and 54 are of the form of infinite fringe interferograms. 

(However, no interference has occurred). 

Information regarding 0(x,y) can be produced by using a method 

similar to the above. The physical arrangement required is again 

shown in Fig. 9. However the transmission axis of P, and P2 are set 

at 0° and 90°, respectively, instead of ± 45°. The result of light 

passage through the system is thus found mathematically by. 

K^ 
S. 

such that. 

a 

0 0 

0 1 

• "11 

• "21 

• " 1 2 ' 

• "22 
J 

r 
0 

^ 
0 • 

mji 
(55) 

I a |m2^|^ = sin^ 6^/2 sin^ 20 (56) 

Hence regions of space for which 0(x,y) is zero should appear dark. 

It should therefore be possible to determine the regions in space 

where e = 0. This technique can obviously be extended to determine 

regions in space where 0 is any value by simultaneously turning P̂  

and Pp to the desired angle. This of course requires a different 

analyzer setting for each value of 0 desired. 
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A method exists for producing intensity variation data which 

are dependent only upon IE"!, that is, independent of 0(x,y). The 

rationale for this technique is most easily seen using the Poincare 

sphere. The effect of a Kerr cell having E" of varying magnitude 

and direction on a particular polarization state is shown in Fig. 

10. The polarization state represented by the point P, is changed 

according to the value of E" or equivalently 6r such that for a 

given 6^(6^^, 6^^, 6^^, ---) the transformed polarization state lies 

along one of the curves shown. It is significant that none of the 

curves shown coincide with any of the important circles of Fig. 7. 

If, however, circularly polarized light is passed through the Kerr 

cell the effect of the different values of 6^ and 0 is shown in Fig. 

11. Thus for a given value of 6^, or equivalently |r|, and all 

values of 0 the curve generated on the Poincare sphere corresponds 

to a circle of constant x» or a/b. Therefore an analyzer which is 

insensitive to different values of x will produce data independent 

of 0 and dependent only on 6^. 

A simpler solution exists if the circles of constant 6^ are 

changed to the circles shown in Fig. 12 by using a quarter wave 

plate. Reference to Fig. 7 shows that these curves correspond to 

circles of constant a. A polarizer set at 45° is independent of a 

such that the intensity of light transmitted by such a polarizer is 

independent of a. Therefore, a polarization state resulting from a 

particular value of 6^ and any value of 0 passes through a polarizer 

set at 45° to produce an intensity pattern which is independent of 

0. Thus data dependent only upon &r can be produced and the 6 
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Each Curve Is Produced Usino One Value of 6r and 
Various Values of o. 

Fiq. 10. Effect of Kerr Cell on 
Represented bv Point P 

Circular Polarization State 
for Different Values of 6^ and 



43 

Each Circle Is Produced Usinn One Value of 6̂  and 
Various Values of e. 

Fiq. 11. Effect of Kerr Cell on "Polarization State Represented 
by Point P for Different Values of 5^ and o. 
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Fin. 12. Circles of Constant 5r for All Values of e After ^assane 
Throunh a Quarter 'lave "^late. 
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16 ?7 38 dependence of the recorded intensity eliminated. ' ' 

The proof of the above reasoning and quantitative mathematical 

results are obtained using Jones calculus. The physical arrangement 

necessary is shown in Fig. 13. Polarizers P-, and P2 and quarter 

wave plates Q, and Qp are adjusted as shown. 

The output electric field is determined by the equation. 

E' 
a 

1 -1 

-1 1 0 i7T/4 
'"ll "̂ 12 

"̂ 21 ''22 

e-i-/4 0 

iTT/4 
(57) 

or 

fE ' l 
X 

E' 
I yj 

a [^11 • - 2 im,2 • - 1122] 
1 

-1 
iv > 

(58) 

The recorded intensity is therefore of the form, 

I a |m^^|2 + |m22l^ + 4|m^2l^ "̂  ̂  ^^ (^^^u^U ' '̂ ll"'22 ̂  2im^2'^22^ 

or 

. 2 I a cos"̂  0 + 2 sin^ 0 + cos 6^ sin^ 20 + 4 sin 6^/2 sin 20 

9 4 • 4 „ 
- sin 2e - 2 cos 6^ cos 0 - cos 6^ sin 0. 

(59) 

Using several trigonometric substitutions this reduces to. 

. 4 sin 26 ? , 4 . ^ ^ sin ^t)\ 
I a sln^ 6^/2 (cos 0 + sin 0 + j ' (60) 
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and finally, 

2 
I a sin 6^/2, jg^j 

which is independent of e and dependent only on 6r(|E(x,y)|) accord

ing to Eq. 38. The minima of Eq. 61 occur for values of 6̂  satisfy

ing 

<S£ = 2nTT n = 0, ± 1, ± 2, — 

or for 

E\^ = -H-

This implies that fringes occur for values of |E| given by 

^\- M ' (62) 

where n is the number of cycles of I observed. 

For completeness with regard to the above discussion it should 

also be observed that the possibility exists for producing data 

which are independent of 6r and dependent only on e. The effect of 

the Kerr cell (having E" values differing in magnitude and direction) 

on circularly polarized light is shown in Fig. 14. 

The curves generated by the Kerr cell on the Poincare sphere 

for each value of 0 and different values of 6r correspond to the 

curves of constant i> of Fig. 7. Thus an analyzer which is inde

pendent of \i) will produce data which are dependent on e, but inde

pendent of 6r. A technique will be discussed later for choosing 
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Each Circle Is Produced Usino One Value of G and Various Values of 5, 

Fin. 14. Effect of Kerr Cell on Polarization States for Different 
Values of o and v -
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the analyzer and implementing the technique for determination of 0, 

independent of 6r-. 

The methods thus far discussed produce intensity patterns that 

are of the form of infinite fringe interferograms since no back

ground fringes are apparent. Certain salient facts should be pointed 

out concerning the relative merits of the finite fringe interfero

gram as compared to the infinite fringe interferogram. The spatial 

resolution attainable using finite fringe interferometry exceeds 

that of infinite fringe interferometry since data points exist along 

all of the background fringes, the number of which can be increased 

or decreased at will by changing the angle of intersection of the 

two interfering beams. Data points for an infinite fringe inter

ferogram exist only at points where fringes are created, the number 

of these points is generally small. The sensitivity of finite 

fringe interferometry exceeds that of infinite fringe interferometry 

since fractions of a fringe displacement can be measured (typically 

1/10 of a fringe shift can be detected) relatively independent of 

any noise present. Infinite fringe interferometry using photo

graphic recording is capable only of detecting entire fringes. In

finite fringe interferometry using photoelectric recording or de

tection is capable of detecting partial fringe shifts, but is noise 

sensitive. An additional advantage of finite fringe interferometry 

is that the observed direction of the deflection of the background 

fringes is dependent upon the anisotropy. Hence, by noting the 

direction of fringe deflection, one can determine at every point in 

space or time whether the anistropy is increasing or decreasing. 

TEXAS TECH LIBRARY 
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Thus finite fringe interferometry is capable of producing an 

interferogram which can be used to determine the spatial variation 

of an anisotropy or (by observing the motion of the fringes in a 

limited region) the temporal variation of the anisotropy. This 

technique has high sensitivity and resolution and is sign sensitive 

in both space and time. 

Finite Fringe Interferometric Measurements 

The equivalent infinite fringe detection techniques discussed 

previously have low sensitivity and resolution and are unable to 

distinguish between increases and decreases in 6^, or equivalently 

r, in either space or time. Another technique, which produces a 

finite fringe interferogram indicative of both 6r and 0, will now 

be discussed. 

This technique is based upon interferometric measurements of 

the phase difference of the two eigenmodes which have propagated 

through the anisotropic medium. The physical arrangement necessary 

for the detection of the phase difference between two eigenmodes 

for a linear birefringent medium is shown in Fig. 15. The arrows 

by the polarizers P,, P^, P3 indicate the direction of their trans

mission axis. The arrows by the quarter wave plates Q^ and Q2 indi

cate the direction of their fast axis. Mirrors M^ and M2 and beam

splitters B, and B^ divide and direct the beam to be analyzed. 

Briefly the operation of the analyzer is as follows. After 

passing through the Kerr cell the emerging beam is divided so that 

one eigenmode goes through P2 and the other through P^. Quarter 
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wave plates Q^ and Q2 rotate the one polarization eigenmode 90° so 

that it is able to interfere with the other eigenmode. A finite 

fringe interference pattern which is indicative of the phase dif

ference between the two eigenmodes is formed at plane A. This 

phase difference, with certain approximations, is solely dependent 

upon 6r and hence F, according to Eqs. 38 and 39. 

The quantitative aspects of the analyzer-Kerr cell arrangement 

of Fig. 15 are most easily determined using Jones calculus. There 

are two output beams, E-I and EA,which intersect at plane A at an 

angle e. The output E-] can be determined by the following mathe

matical operation. 

• ^ 1 ; 

hi 
a 

1 

i 

• > 
1 

1 
> 

1 

i 

1 

1 
> 

'1 0̂  

0 0 

m,, m,2 

mp, mpp 

1 
(63) 

or 

a 

0 

m,, + m 
12 

(64) 

Similarly, 

(^2; 

l'^;] 
a 

'0 0" 

0 1 

f 

"•21 ""22 

e-'\ (65) 

where 

-y = k X COS B (66) 

Hence, 
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Ul 
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mpi + mpp 
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(67) 

The intensity recorded at plane A is given by. 

a |E ]+E^ |^ = \E\\^ + |E^|^ + 2 Re E] • E^* (68) 

or 

I a |m^̂  I + |m^2l + 2 Re ni-iim * + m + jm^pl + 2 Re m«,m«5 21 ' ""'22 2r"22 

• • • 

+ 2 Re nî ^m2^ e^^ + 2 Re m -̂,m2̂  e^^ + 2 Re m 2̂"̂ 21 ^^^ 

lY 
+ 2 Re m,2m22 ^ » (69) 

which reduces to . 

lY I a |m^J + ^221 + 2|m2^r 0 + cos y) + 2 Re m^̂ m *̂ (1 + e'^) 

+ 2 Re m2^m2| (1 + e^^) + 2 Re m^̂ m2̂  e^^. (70) 

Using the definit ions of m , ^ m 2̂» "^21* "̂ 22 ^ '̂̂ ^" ^^ ^^^* ^^"^^' ^^ 

can be seen that . 

2 2 4 4 cos 6^ sin 20 
|m, J = |m22r = cos 0 + sin 0 + 2 (71) 

i"^2ll^ = |m^2l^ " s in^20sin^ 6^/2 , (72) 
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"'ll"'l2 = 
„ „ * sin 20 , 

- m2^m2^ = — - ^ — (cos 20 -
16. U, 

cos 0 e ^ + e ^ sin^ 28). (73) 

and 

"̂ ll'"22 
sin^ 28 . "̂̂ E 4 '"E 4 

P + e cos 8 + e " sin^ 8 
-i6. 

(74) 

Thus 

I a COS 8 cos' 
Y + 6, 4 

+ 2 sin 8 cos' 
Y - 6 E . _._2 

2 — + sin 28 cos &r/2 

+ 2 sin^ 28 sin^ 6^/2 cos^ Y/2 (75) 

or. 

4 2 ^ '^ ^ 
I a 2 cos 8 COS TT— 

F 4 o Y - "Sp 
- + 2 sin^ 0 cos —T T - ^ 

+ sin 20 (cos^ 6r/2 + sin^ 6^/2 cos Y ) . (76) 

If 0 is small, implying a nearly vertical E, the last three 

terms of Eq. 76 can be neglected such that. 

I a cos' 
Y + 6, 

(77) 

This is certainly true for a parallel plate Kerr cell of reasonable 

plate spacing. Thus Eq. 77 is applicable, with negligible error, to 

the parallel plate Kerr cell. 

Examination of Eq. 77 shows that this intensity pattern is of 
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the form of a finite fringe interferogram, since for, 5^ = 0 (F = 0) 

the intensity distribution reduces to 

I a cos^ Y/2 . (78) 

This defines background fringes, or regions of zero intensity for 

Y = (2n + 1) 7T, n = 0, ± 1, ± 2, — (79) 

located at points 

^ (2n 4- 1) ^ ^ (2n + 1) X / . 
^0 k cos 6 2 cos e • "̂̂ ^ 

The locus of these points define fringes which for this case, 6r = 0 

are straight lines in space and do not move in time, since 6 and x 

are constants. These background fringes are separated in space by 

a distance 6x given by. 

6x = -= - ^ — . (81) 
an cos B ^ ' 

If 6r and hence E are not equal to zero, the fringes or minima de

fined by Eq. 77 are located at spatial points x^, where 

(2n + 1) TT - 6c 

Thus 6r effectively shifts the location of the zeros of the intensity 

patterns. The amount of this shift is given by 

AX = X« - Xr = K ^^^ Q = -n (̂ )̂ 
0 E k COS B 27T 
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such that 

2'rr A X ,„.v 

h = -IT- ' (84) 

where Ax and hence 5^ are functions of x,y, and time. Therefore 6. 

and r can be determined from the measurable displacement of the back

ground fringes of the finite fringe interferogram. Specifically, 

using Eq. 38, 

|E|^ (x.y.t)=iLAx(x,y.t) _ (85) 

An illustration of this is given in Fig. 16. 

It will be seen in Chapter III of this report that in addition 

to the bending of background fringes, new fringes can be created. 

This, however, presents no interpretation difficulties since if the 

fir for a particular displaced fringe is known, the 6^ for an ad

joining new fringe can be found since, according to Eq. 82, the two 

fringes simply differ in their values of n by one. It can therefore 

be reasoned that 

fi- = 2. (1 - I f ) + 6̂  , (86) 

where AX' is the separation between the two fringes. Thus 6^ values 

can be computed for all finite fringes which exist in a particular 

interferogram. 

The intensity variation given by Eq. 77 corresponds to a finite 

fringe interferogram since background fringes are apparent. However, 
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if 3 is zero, Y is zero, and the more general expression of Eq. 76 

reduces to. 

I a 1 - cos 28 sin^ 6r/2 . (87) 

Equation 87 defines an infinite fringe interferogram, except for a 

constant background term, having the same intensity variations as 

with crossed polarizers and given by Eq. 53. 

A finite fringe interferogram can also be produced which is 

indicative of the angle 8 that E" makes with the x direction. It 

has been shown in Fig. 14 that the passage of circularly polarized 

light through a Kerr cell, for a particular value of 8 and different 

values of 6^, is represented on the Poincare sphere by circles of 

constant ip. If the light from the Kerr cell is now passed through 

a quarter wave plate at 45° the circles of constant ip can be trans

formed into circles of constant 6, according to Fig. 7. Thus cir

cularly polarized light after passing through a Kerr cell (having 

varying E magnitudes and directions) and a quarter wave plate has 

a phase difference 6 between the x and y polarization components 

which is independent of 6. for each value of 8. The value of 8 can 

therefore be determined interferometrically by using an analyzer 

arrangement similar to that of Fig. 15. Thus a finite fringe inter

ferogram can be produced which is dependent only upon 8 and not F. 

The necessary physical arrangement is shown in Fig. 17. The output 

E' can be calculated using Jones calculus to be 

E' 
y 

a 
n i 

1 1 

""11 

"̂ 21 

""12 

""22 
J 

f • 

-1 

0 

0̂  

1 
4 

'X 

1 
(88) 
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t ^ j 

a 
2m, 2 "*• ini22 " ini]-! 

•"n * "'22 
(89) 

The output E-j can therefore be calculated to be 

•^i; 

h 
a 

1 

i 

i" 

1 

1 

• 
1 

1 

1 

'1 0̂  

0 0 

2m,2 + ini22 " ^^ii 
(90) 

or. 

'h'.' 

.̂ i;j 
a 

'0 

2m,p + im^p -

N 

• '̂"'11 
J 

(91) 

Similarly 

•^2^ 

.Sj 
a 

'0 0̂  

0 1 

'2m,2 + ini22 " • ' " " u ' 

, 

. - l Y (92) 

or. 

^2 ; 

^2 ; 

a 

ro 

"̂ 11 ^"^22 

. - l Y (93) 

Us ing the definitions of m,,, m^2» "^21* ̂"^ "̂ 22 ̂ ^ ̂ ^" ̂ ^ ̂ ^^" *̂̂ ^̂  

lY E^' a e'^ (cos^ 0 cos 6^/2 + sin^ 8 cos 6^/2) = e ^ cos 6^/2, (94) 

and that 
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E2' « 4i cos 0 sin 8 si., ̂ p 
in X /o X • / 2 -•''Sr/2 p ifi 
in 6p/2 + 1 (cos^ 8 e •" + sin'̂  8 e ^ 

/2 

2 i<5F/2 p -i6p/2 
- cos 8 e - sin 0 e ) (95) 

The last equation simplifies to 

E^y a 1 sin 20 sin 6^/2 + cos 28 sin 6^/2. (96) 

It can now be shown that 5^ - 6^ is independent of 6^, where 6' 

and 5^ are the phases of F^ and F^ respectively. Equation 94 im

plies that 

5' = Y (97) 

and Eq. 96 implies that 

&2 = tan 
-1 'sin 2 8 sin 6^/2" 

cos 2 8 sin &r/2 = 0 (98) 

Hence &!, - 6' is indeed independent of 6^. The intensity distribu

tion resulting from the interference of F-j and Fp can also be calcu

lated. This intensity is written, in general, as 

I a |Ej + E '1^ = IF' 1̂  + IF' '̂  ; r + 2 Re E^ • E^* (99) 

or, using Eqs. 94 and 96, 

I a cos^ 6^/2 + sin^ 2 8sin^ 6^/2 + cos ^ 2 8sin^ 6^/2 

. - i ^ 
+ 2 Re [(e'^ cos 6^/2) (i sin 2 e sin 6^/2 + cos 2 0 sin 5^/2)] 

(100) 
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which reduces to, 

I a 1 + sin 5^ cos (2 8 - Y ) . (101) 

This is again of the form of a finite fringe interferogram. The po

sition of the fringes is determined by the 2 0 - Y term. The ampli

tude of the interference pattern is modulated by the sin 6r term, 

however the location of the intensity minima is unaffected by this 

term. 

The intensity minima defined by Eq. 101 are located at 

X. = 1 7 - ^ - ^ + %-^^-^ , n = 0, ± 1, ± 2, — . (102) E k sin 3 k sin 3 

Similar ly the background fringes are located at 

^O = - ^ ^ H T T ^ ' " = ° ' ^ ^ > * ^ ' - '̂ "' 

and are separated in space by a distance fix given by 

fix = !^=-J— (104) 
an sin 3 * 

The deflection of the background fringes due to the application of 

r is dependent only on 8 and is given by. 

^^ • ^E ^0 k sin 3 ^ T, ' 

such that o(x,y,t) can be calculated using the formula, 

8(x,y,t) = I L ^ 4 ^ . (106) 
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It can be shown that although a phase sensitive analyzer de

pendent on 8 and independent of fi^ can be constructed, the converse 

is not true. The effect of a linearly birefringent medium, having 

an anisotropy which varies in both magnitude and direction, on an 

arbitrary polarization state can be visualized using the Poincare 

sphere. A particular value of 6^ and all values of e affects a 

linear polarization state as shown in Fig. 10. Obviously, as stated 

previously, these generated curves do not correspond to any of the 

important circles of Fig. 7. A simple analysis method is therefore 

not obvious. 

The effect of a given value of 5^, for all values of e, on a 

circulary polarized state is shown in Fig. 11. The curves of Fig. 

11 correspond to the circles of constant ellipticity, or constant 

X, of Fig. 7. These circles cannot, by means of simple rotation, 

be transformed into circles of constant 6. Therefore for each value 

of fir the relative component phases are not only dependent upon fi^ 
^ E 

but also 8. Thus the deflection of finite fringes is a function of 

both 6^ and 8. It can therefore be concluded that a finite fringe 

interferogram indicative only of 6r cannot be produced by using 

linearly or circularly polarized light and elements representable 

simply as a rotation on the Poincare sphere. 

Magnetic Field Measurements Using the Faraday Effect 

The preceding discussion has shown that it is possible to pro

duce an equivalent infinite fringe interferogram using crossed 

polarizers, or a finite fringe interferogram using a phase detection 



64 

technique which is indicative of the magnitude or direction of the 

electric field applied to a Kerr cell. It is also possible to pro

duce similar interferograms of light which has passed through a 

magnetic field by using the Faraday effect. These intensity vari

ations can also be produced by using crossed polarizers or a phase 

detection scheme. 

The physical explanation of the Faraday effect is given by 

several authors. ' This anisotropic effect manifests itself 

by causing left and right circularly polarized light to propagate 

with a different velocity in certain media immersed in a longitu

dinal magnetic field. The resulting phase difference can be de

tected by either measuring the phase difference directly or, 

equivalently, the rotation of the plane of polarization of the 

linear polarization represented by the vector sum of the left and 

right circularly polarized components. The last method utilizes 

crossed polarizers as an analyzer and will be discussed first. 

Linearly polarized light which passes through a Faraday rotat

ing material in a magnetic field has its plane of polarization 

rotated by an amount e given by 

e = B„ £ V, (107) 

where B„ is the axial component magnetic field amplitude, i is the 

path length through the rotating medium in the direction of propaga

tion, and V is the Verdet constant which is characteristic of the 

medium. 
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Crossed Polarizer Time Resolved Measurements 

The physical arrangement of an analyzer capable of detecting 

the axial component of B is shown in Fig. 18. The transmission 

axes of polarizers P̂  and P2 are perpendicular such that any rota

tion due to the Faraday effect will cause transmission through Pp 

and an intensity variation to be recorded at plane A. The electric 

field of the light transmitted by Pp is given by 

E' a 
0̂ 

Sin e 
(108) 

such that the recorded intensity is of the form, 

2 
I a sin e(x,y,t). (109) 

This intensity distribution is of the form of an infinite fringe 

interferogram (it is not actually an interferogram since no inter

ference has occurred) and yields data concerning the behavior of e 

and hence B„ in space or time. However, since it is of the form of 

an infinite fringe interferogram, the sensitivity and resolution are 

low and increases and decreases in c cannot be distinguished. 

The magnetic field at any particular time can be determined by 

observing the intensity minima, as defined by Eq. 109, such that the 

change in B„ is related to the number, n, of fringes observed during 

the time of change by 

AB„ = ^ . (110) 
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Thus if an initial value of zero is assumed for B„, the axial mag

netic field can be calculated at any time using the expression. 

B (t) = ^ "(^) 
II V ^ / o\l i\l (111) 

Finite Fringe Interferometric Measurements 

It is desirable to produce a finite fringe interferogram which 

will yield improved magnetic field data. In a manner analogous to 

the work done previously with regard to finite fringe interferometry 

of electric fields, an analyzer capable of producing a finite fringe 

interferogram indicative of the Faraday effect anisotropy can be 

designed. The analyzer detects the phase difference of eigenmodes 

propagating through the Faraday rotating medium. The Faraday ro

tating material effectively shifts the relative phase of left and 

right circularly polarized waves. Therefore, in a basis formed by 

a left and right circularly rotating coordinate system, the Jones 

matrix for the Faraday effect is given by 

ifi 

ifi 
0 

(112) 

where fi and & are the phases introduced by the medium. The eigen-
r A/ 

modes for the Faraday rotating material are therefore left and right 

circularly polarized states. 

The phase difference introduced between the eigenmodes is re

lated to the magnetic field by the equation. 
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\ ' \^ ^ e(x,y,z) = 2 B..(x,y,z) Mi. (113) 

An analyzer can be designed to detect this phase difference by in

terference between right and left circularly polarized light which 

has passed through the Faraday rotating material. 

The physical arrangement of the analyzer is shown in Fig. 19. 

The operation of the analyzer is as follows. Linearly polarized 

light from polarizer P̂  (the sum of left and right circularly 

polarized light) passes through the Faraday rotating element, where 

a phase difference is introduced between the left and right circu

larly polarized components, and then to the analyzer. Quarter wave 

plate Q, changes the left and right circular polarizations into 

horizontal and vertical linear polarizations. Polarizer Pp passes 

the vertical polarization and Qp and Q^ change this into horizontal 

polarization. Polarizer P^ passes the horizontal polarization. The 

two horizontal polarization states F-j and Fp interfere at plane A 

to produce an interference pattern indicative of the phase difference 

between the left and right circular polarization states, e(x,y,t). 

A finite fringe interferogram is therefore produced which depends 

upon the magnetic field B„. 

The fact that Q. changes the left and right circular polariza

tions into linear polarizations and the fact that Qp and Q.̂  change 

the vertical polarization into horizontal polarization can be 

illustrated qualitatively using the Poincare sphere. Quantitative 

analysis of the analyzer is most easily accomplished by using Jones 

calculus. The vertically polarized light from P̂  consists of a left 
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and a right circularly polarized component, both of which are eigen

modes represented by the Jones vector 

\ ' 
a 

r 
1 

in the eigenmode basis. The Jones matrix for the Faraday rotating 

element in this basis is given by Eq. 112 such that the light emerg

ing from the Faraday rotator is given by 

V i ' 

r 
a 

i f i 
0 

i f i 
l l j 

i f i 

i f i (114) 

It now becomes more convenient to work in the rectangular x-y 

basis instead of the left and right circular basis. The polariza

tion state of Eq. 114 can be changed to the x-y basis by the trans

formation 

ff" 
X 

E' 
I yJ 

a 
'1 

i 

r 

1 

r i61 
e ^ 

such that 

V 
X 

E' 
i yj 

a 

e "̂  + e ^ 
ifi ifi, r • I le - le 

(115) 

The two outputs E' and E' of the analyzer can then be computed. The 

output is found by the operation 



which a f t e r m u l t i p l i c a t i o n simply becomes. 

S im i la r l y the output E' can be found by the operation 

which reduces t o . 
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•̂ i;̂  

% 

a 
'1 

i 

1 

1 
> 

'1 

i 

1 

1 

0 0' 

0 1 

'1 

i 

1 

1 
> 

e + e 
if i i f i 

r . z 
l e - l e 

(116) 

n 
" I x i f i 

a le 
0 

(117) 

•^2^ 

,^2;. 

a 
'1 0" 

0 0 
> 

'1 V 

i 1 

i f i i f i „ 
e + e 

ifi i6 „ 
r • £ 

le - le 

lY (118) 

i f i 
a e 

e-iY (119) 

The i n t e n s i t y pat tern which resu l ts due to the in ter ference at plane 

A is given by. 

I a |FT + F^l^ = |F'|^ + |F^|^ + 2ReEj • El^ 
1 "-2 

(120) 

or 

if i i f i +iY 
I a 1 + 1 + 2 Re i e "̂  e e (121) 

Thus, 
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I a 1 - sin (6^ - ^z ^ y) ' (122) 

The explicit magnetic field dependence is given, using Eq. 113, by 

I a 1 - sin [2 V £ B..(x,y,t) f YI- (123) 

The magnetic f i e l d data are therefore recorded in the form of i n f i 

nite f r inge interferograms. The background fringes are located at 

X = {^^ ^ !)•" n = 0 + 1 + 2 - - - (124) 
^0 2 k sin 3 ' u, _ i , ^ ^, \\^^) 

and separated by an amount 

It is also seen that the fringes for B„ + 0 are located at 

X - (2n + 1) TT ̂  ;;_ (126) 
B„ 2 k sin 3 k sin 3 

such that 

2£ B„ V 2£ B„ A V ̂  £ B„ V 

^B„" ^0 ̂  ̂ ^ " k sin 3 " 2 TT sin 3 ^ ^^ 

Therefore the desired values of B„ can be determined by measuring the 

fringe displacement Ax, the background fringe spacing fix, and using 

the equation 

B (x v t) = -^ ^^tx>y»t) . (128) 
o„u.y,t; V£ fix 
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This is illustrated again by Fig. 16. This finite fringe interfero

gram can be viewed in time for a particular region in space by ob

serving the movement of the background fringes or in space by noting 

the bending of the background fringes at a particular time. 

Simultaneous Linear and Circular Birefringence 

The preceding discussion considered the simplest case of only 

circular birefringence. A more difficult situation arises when 

linear and circular birefringence exist simultaneously, such as 

mechanically stressed glass in a magnetic field. The results of 

simultaneous effects can be determined using the results of Tabor 

and Chen which state that the Jones matrix for a medium possessing 

both linear and circular birefringence is given by 

cos n/2 - i cos v s i n n - s i n v s i n n/2 

sin V sin n/2 cos ri/2 + i cos V sin n/2 
, (129) 

where. 

n - 2 U' ^ i^'^' ^ , (130) 

cos V = 

2 [e^ . ^ ] l / 2 

(131) 

and 

s in V = 

r 2 + E-iV2 

(132) 
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an 

After passage through the analyzer of Fig. 19 the outputs F 
1 

d F2 are, as calculated using Eq. 129, 

^ \ -

'cos V sin n/2 + sin v sin v/2 + i cos n/2' 

0 
(133) 

and 

^2 = 
cos n/2 + i sin v sin n/2 - i cos v sin n/2' 

0 
ilY (134) 

The recorded intensity is then given by. 

1 = 1 + [sin Y (cos V sin n/2 - sin v sin n/2 + cos n/2) 

+ cos Y (2 cos n/2 sin v sin n/2)]. (135) 

For small values of linear birefringence sin v approaches one and 

cos V approaches zero such that Eq. 135 reduces to the previously de

rived tq. 22 which is applicable If only Faraday rotation Is present 

The intensity distribution given by Eq. 135 for the general 

case of both linear and circular birefringence implies that for this 

situation the background fringes are not simply shifted but are 

modulated and shifted in a complicated way, dependent upon e and fi^. 

In general, however, for most practical solid Faraday rotating ma

terials, such as glass, the linear birefringence (due to stress) is 

much less than the circular birefringence. Using this assumption 

various approximations are valid: 

n =̂  2G£ , (136) 
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cos V - 2^ ' (137) 
^E 

and 

sin V - 1 . (138) 

The recorded intensity variation therefore reduces to 

I a 1 + [sin Y (-^sin^ G/2 - sin^ e/2 + cos^ e/2) 
4e^ 

+ cos Y (2 COS e/2 sin G / 2 ) ] , (139) 

or simply 

^2 

I a 1 - sin (e + Y ) + - ^ sin Y sin^ G/2 . (140) 
4E'^ 

Thus, if 6 is small compared to e, so that the above approximations 

of Eqs. 136, 137, and 138 are valid and the last term of Eq. 140 is 

negligible, the background fringe shift is dependent only upon e. 



CHAPTER III 

EXPERIMENTAL ARRANGEMENT 

Various analyzers have been designed and constructed for the 

purpose of detecting electric and magnetic fields. A block diagram 

of the system required, regardless of the type of analyzer employed, 

is shown in Fig. 20. The system consists of a pulsed ruby laser 

(120 Mw, 20 ns pulsewidth in this case) used as a coherent light 

source, collimating optics, various polarizing optics used immedi

ately before the analyzer, the Kerr cell or Faraday rotator in which 

the field to be measured is generated, the analyzer, imaging optics 

to reduce diffractive distortion, a narrow bandpass (.6943 ym) 

filter to reduce extraneous optical signals, and a photographic 

recording medium. Correct timing of the necessary events is insured 

by using a bank of signal generators. The electric or magnetic 

field is monitored using probes and inductive pickup loops and viewed 

on a dual beam oscilloscope together with the pulsed laser light 

which is monitored by a fast rise time detector. The continuous 

He-Ne laser is used to align the system components visually and to 

produce long duration time resolved data. 

The details of the polarizing optics and analyzer shown in Fig. 

20 are dependent upon the field parameters to be measured and the 

form in which the data are to be generated. Two basic types of 
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analyzers, useful for the determination of various field parameters, 

have been discussed theoretically. The first type is phase insensi

tive and utilizes crossed polarizers to produce the equivalent of an 

infinite fringe interferogram. The second type is phase sensitive 

and produces a finite fringe interferogram. The component consid

eration and overall construction of both these types of analyzers 

will now be discussed. 

Crossed Polarizer Analyzer 

The physical arrangement of the first type of analyzer is shown 

in Figs. 9, 13, and 18. The polarizers used are Polaroid type HN32 

dichroic laminated sheets (extinction ratio 0.005%). The quarter 

wave plates required in the arrangement of Fig. 13 are inexpensive, 

large aperture mica plates (these plates are however temperature 

sensitive). The holders for these components are uncritical, as is 

the alignment of the components. The axis adjustment of the 

polarizers and quarter wave plates is accomplished using standard 

reflection and transmission techniques. 

Finite Fringe Interferometric Analyzer 

The physical arrangement for the second, interferometric ana

lyzer is shown in Figs. 15, 17, and 19. The component selection, 

general analyzer construction, adjustment, and alignment for this 

type of analyzer are critical and will be discussed in some detail. 

All optical components used in this analyzer must be of high 

optical quality to insure negligible wavefront distortion in the 

interferometer, so that straight background fringes will be produced. 
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Thus high quality quartz quarter wave plates and quartz Glan-air 

prisms are used. The mirrors and beam splitters are also chosen to 

be flat to within 1/10 wavelength and are of high optical quality. 

The beam splitters and mirrors, in addition to being of high 

optical quality, must meet other requirements which arise because 

the mirrors and beam splitters are themselves inherently polariza

tion sensitive. In all previous theoretical calculations the re

flection and transmission coefficients were assumed to be unity. 

The qualitative nature of the predicted results could thus be found 

more easily. However, to maximize and quantitatively evaluate the 

performance of the analyzer, it will be necessary to consider the 

actual numerical values of these coefficients. 

Referring to Figs. 15, 17, or 19 one finds the outputs F^ and 

F' of the analyzer, considering the values of the reflection and 

transmission coefficients, from the following Jones calculus manipu

lations. 

TT 
•1 a - « -

i f i 

\ °' ^^ i' 

i 1 

1 V 

i 1 

'1 0̂  

0 0 

fM Ol 
X 

0 M 

\ 0̂  
i6 

e P 
(141) 

which reduces to 

fo 
E-1 a t 

I TT 

0 

t r M 0 
X X X 

if i 
S>i 

i f i (142) 

such t ha t . 

i f i 
E' a t^ t r K e ^ 

1 TT X X X 

(143) 
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The vector 

i f i 

I f i (144) 

represents a general polar izat ion state entering beam s p l i t t e r B,, 

and can be spec i f i ca l l y determined by using Eqs. 63 or 115. The 

quantit ies t and t are the beam s p l i t t e r transmission coeff ic ients 
X y 

and r and r are the re f lec t ion coeff ic ients for l inear polariza-
X y 

t ion in the x and y d i rec t ions , respectively. The quantit ies M" 

and R are the complex mirror re f lec t ion coef f ic ients. These co-

ef f ic ients are complex since i t is anticipated that aluminum metal 

f i lm mirrors w i l l be used, with the i r inherent loss and absorption 

character is t ics. The transmission coef f ic ient for the quarter wave 

plate is t . S im i la r l y , 
TT 

E« a 

fM 0̂  
X 

0 M 

0 0̂  

0 1 

fe ^1 

e ^ 
> 

ilY (145) 

or, 

fo 0 
E^ a 0 M r t 

y y yj 

i f i :iY (146) 

such tha t . 

ifi. 
^2 « ^ ^ ^ ' 

0 

1, 
glY (147) 



81 

The resulting interference pattern is given by 

I - \^ - E ^ l ^ = \E\\^- \^\^^2ReE\ • F' (148) 

or 

tV ,2 |M .2 
T Ti X X' x ' , 2^2in- i2 

l a ^ _ _ + y y | M y | ' ^ (149) 

where 

M, = |MJ e''"^'' (150) 

and 

My = l«yl e^^J' . (151) 

Equation 149 expresses two important facts. First, i f fi and fi 
^ ^ mx my 

are constants the deflection of the background fringes is independent 

of the mirrors and the results of Eqs. 85 and 128 are applicable. 

The quantities fi and 6 will certainly be constants for high 
mx my 

quality mirrors. Second, it is obvious that the principle effect 

of non-ideal beam splitter and mirror characteristics is to determine 

the visibility of the fringes or, equivalently, the contrast between 

the light and dark areas of the interference pattern. The visibility 

of the fringes will be optimum if |E-j | = IE2I. This implies that 
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t - t^ IM I 
X X _ ' y ' 

2 " 2 ,TT . * (152) t - t'^ t^ M 
y y TT ' x ' 

Reference to Fig. 15 shows that the x direct ion is perpendicular and 

that the y d i rect ion is paral le l to the mirror and beam s p l i t t e r 

plane of incidence. Therefore |M | - 0.92 and IM" | - 0.98, for 
X y 

AO 

aluminum mirrors. The value of t can be taken to be 0.92. Thus 
TT 

t and t should satisfy x y "̂  

t - t^ 
_x x ^ (_,98] ^ ^ 2 6 (153) 
ty - t^ (.92)^ (.92) 

for maximum fringe visibility. Inexpensive achromatic dielectric 

beam splitters are available having t and t values of 0.6 and 0.8 r ^ X y 
41 respectively such that for these beam splitters 

t - t ' 
-^ ^ = 1.5 . (154) 
t - t 
y y 

This value is not equal to the optimum value determined by Eq. 153 

but offers the best performance available using commercial, stock 

beam splitters. These beam splitters were therefore used in the 

analyzer. 

The mounts used for the mirrors, beam splitters, prisms, and 

quarter wave plates were designed and specifically built for this 

analyzer. All mounts are orthogonally adjustable in the x-y direc

tion. The quarter wave plate and prism holders have, in addition. 
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provisions for polarization sensitive angular adjustments. The 

height and orientation of the entire analyzer is also adjustable. 

A photograph of the actual analyzer used is shown in Fig. 21. 

The imaging optical system used also requires a brief discus

sion. The analyzer is designed so that the optical path length 

through the analyzer plus the optical path length from the analyzer 

to the anisotropic medium is equal to the focal length of the 

imaging lens used. This insures that diffraction effects are mini

mum. Using this technique, the size of the anisotropic medium 

which can be investigated is limited by the smallest aperture in 

the analyzer. However, it has been found that the imaging lens can 

be placed before the analyzer and the anisotropic medium imaged 

through the analyzer to produce interference patterns of anisotropic 

regions much larger in size than the smallest analyzer aperture. 

(A long focal length lens is used to insure that the image produced 

by both optical paths through the analyzer are essentially the same 

size.) This allows the simultaneous investigation of relatively 

large spatial regions, the size of which is limited only by the 

imaging lens used. An additional lens is used after the analyzer 

or first lens to direct the light to a Polaroid film holder and to 

adjust the size of the recorded photograph. 

The alignment of the analyzer system is a fairly tedious opera

tion due to the large number of optical components used and is best 

accomplished in the following order. The polarizer and quarter wave 

plate transmission and fast axis are first adjusted using additional 

polarizers in a conventional manner. The orientation of the analyzer 
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Fin. 21. Photonraph of Analyzer. 
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is then adjusted so that the light beam can pass through the analyzer. 

Mirror M^ and beam splitter B^ are then adjusted so that the light 

passes through the apertures defined by the polarizers and quarter 

wave plates internal to the analyzer. Beam splitter B^ and mirror 

M2 are then adjusted to form an interference pattern. Additional 

simultaneous adjustment of M, may also be required to achieve the 

desired background fringe spacing and orientation. 

The fringes, in addition to being viewed in space at a particu

lar time (space resolved data), were also observed in time at a 

particular spatial location using an image converter camera oper

ating in the streak mode. A slit perpendicular to the fringes was 

viewed by the camera to determine the motion in time of the fringes 

located in this particular spatial area. This technique produces 

time resolved data using a continuous He-Ne laser as the light 

source. It is obvious that since a different wavelength is used 

different quarter wave plates are necessary for data acquisition. 

High Electric Field Generation 

A Kerr cell and two types of high voltage generators were used 

to create the high electric fields. The Kerr cell consisted of two 

parallel stainless steel plates (0.13 m x 0.02 m) immersed in rea

gent grade nitrobenzene. Voltage was applied to the plates using 

stainless steel rods which were inserted into the nitrobenzene using 

Viton 0-ring sealed feed-throughs. The rods were screwed into the 

plate electrodes and thus also served as mechanical supports for 

the plates. The cylinder containing the nitrobenzene was constructed 
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of pyrex and high quality quartz end flats. The entire Kerr cell 

structure was immersed in oil to eliminate flash-over for operating 

voltages exceeding 50 kV. The electrode spacing was adjustable be

tween zero and three centimeters. However all data were taken using 

a one centimeter electrode separation. A photograph of the Kerr 

cell is shown in Fig. 22. 

A high voltage pulse transformer and a Marx bank were used as 

generators of the high voltage required. A high voltage damped 

sinusoidal variation was obtained using a large 0.6 m x 0.4 m oil 

immersed, air core pulse transformer with a 20:1 turns ratio. Pri

mary discharge voltages were obtained by an ignitron initiated 

capacitor discharge. The circuit diagram for this generator is 

shown in Fig. 23. The maximum obtainable output pulse amplitude 

was 200 kV and the frequency of oscillation was 20 kHz. 

An 8 stage Marx bank was also used as a source of high voltage. 

The exponential wave form produced was convenient since various 

voltage levels could easily be observed at well defined times. A 

circuit diagram of the Marx bank is shown in Fig. 24. 

Commercial spark gaps were used as switches in the Marx bank. 

The first spark gap was triggered using a 5 kV input pulse. All 

successive spark gaps were triggered, with negligible jitter, by 

connecting the triggers to the preceding spark gap cathode. 

Faraday Rotating Materials 

Magnetic fields are detected and measured using the Faraday 

effect. The Faraday effect is large in various materials, particu

larly certain oxides (perovskites), rare earth aluminum garnets. 
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Fig. 22. Photograph of Kerr Cell Used for Electric Field Measurements, 
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44 certain glasses, and crystals containing rare earth ions. Mery 

large Verdet constants exist in certain rare earth crystals at low 

temperature. For example, TbAlG at a temperature of 1.45 °K has a 

Verdet constant of -200.95 min/Oe-cm,* with acceptable attenuation 

44 
characteristics. The commercial unavailability of these crystals 

in practical sizes and quality preclude their use as practical, 

large aperture Faraday rotators. 

Certain glasses also have large Verdet constants.^^' ^̂  Values 

as large as 4.34 min/Oe-cm have been measured for terbium doped 

44 
aluminum silicate at 77.4 °K. High quality, exotic glasses, with 

yery large Verdet constants are, however, not presently commercially 

available. Commercially available, reasonably large Verdet constant 

glasses which may be obtained in large quantities and finished to 

high quality are obtainable from several sources, however. The 

glasses are listed in Table 2 together with the principle source of 

the glass, Verdet constant (at a particular wavelength), and linear 

birefringence. 

All of these glasses, with the exception of Owens Illinois EY-1 

are heavily doped lead glass and have useful transmission qualities 

for wavelengths as short as 0.38 ym, for which approximately 20% of 

the light is transmitted. All of the glasses have the property 

that the Verdet constant and the attenuation both increase as the 

These are the units most commonly found in the literature. 
Conversion to MKS units is accomplished by multiplying by 291. The 
resulting units are radians/T-m. 
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TABLE 2 

TYPES OF COMMERCIAL FARADAY ROTATIONAL GLASSES 

Linear 
Birefringence 

Glass V(min/Oe/cm)* (nm/cm) 

Schott 
SF-1 0.07(.546 ym) 6 

Schott 
SF-6 0.09(.546 ym) 6 

Schott 
SF-57 0.1(.546 ym) 6 

Schott , , . 
SF-58 0.12(.546 ym), .065(.7ym), .09(.65 ym) 6 

Schott 
SF-59 0.13(.546ym) o 

Bourns „ 
SF-6 0.09(.546 ym) ^ 

Corning ,^P, 
8363 0.137(.546 ym) '̂ ^ 

Corning » 
8277 0.09(.546 ym) ^ 

Owens 
Illinois „^^^ 
EY-1 0.14(.633ym) P°°^ 

Hoy a 
FR-4 0.104(.633ym), .0345(1.06 ym) < 5 

*See Note Page 90 
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wavelength decreases. The Owens Illinois glass has the highest 

Verdet constant, however the optical quality, particularly the 

stress birefringence characteristics, is poor. This is a terbium 

doped glass and is usable for wavelengths as short as 0.5 ym. The 

transmission characteristics of this glass are discussed in detail 

51 
by Robinson and Graf. 

Schott SF-58 was chosen as the glass to be used for spatial 

magnetic field distribution determination since it is the only high 

optical quality, large Verdet constant glass which can be inex

pensively and quickly obtained in virtually any size. The glass was 

finished into a rod, 0.1 m long, 0.0127 m diameter, with ends 

polished flat to within 1/10 x. American Optical EY-1 glass, in the 

form of a square rod 0.0185 m x 0.0185 m x 0.128 m was used for de

termining the time behavior of the magnetic field since it has the 

largest available Verdet constant. The low optical quality does 

not effect the performance in this application since only a small 

cross section of the glass is used. 

High Magnetic Field Production 

Several different methods have been used to produce the magnetic 

fields to be measured. These fields must be high (order of 5 T) and 

should vary in both time and space. All of the fields were pulsed, 

large, time varying fields. Large spatially uniform fields were 

produced using a flux concentrator configuration. Spatially non

uniform fields were produced using a theta pinch coil. 

Large time varying, spatially uniform magnetic fields were 
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produced using a flux concentrator^^' ^^' '̂̂  constructed of a 0.0508 

m diameter aluminum rod having either a round 0.0127 m hole bored 

through its center or a 0.0185 m square hole machined through its 

center and a 0.00318 m feed slot machined lengthwise along the rod. 

The rod was then wound with 6 turns of flat magnet wire and enclosed 

in a 0.00635 m acrylic tube. A diagram of the assembly is shown in 

Fig. 25. 

The flux concentrator was excited by a 30 yF capacitor charged 

to voltages as high as 20 kV and switched using a single ignitron 

(General Electric GL37228). Magnetic field values as high as 5 T 

having a frequency of 27 kHz were obtained before obvious deforma

tion of the coil occurred. 

The generation of high non-uniform magnetic fields was attempted 

using a more robust flux concentrator. This flux concentrator con

sisted of a 0.0382 m diameter brass rod which was machined to have 

a 0.0127 m bore and a 0.00318 m feed slot. Four helical grooves 

per inch were machined onto the outside of the brass rod. Two 

parallel lengths of #10 wire (20 turns) were then inserted into 

these helical grooves. Each #10 wire was insulated to withstand 

voltages as high as 4 kV so that the flux concentrator assembly 

could be operated as high as 8 kV. A diagram illustrating the flux 

concentrator construction is shown in Fig. 26. The flux concentra

tor assembly was inserted into a bore of a 0.102 m diameter nylon 

rod to supress outward motion of the helical windings. The brass 

between each successive winding eliminates mutual lateral forces 

between adjoining coils. The flux concentrator was fed using a 945 
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uF, 10 kV capacitor bank capable of storing 47 kJ of energy. The 

bank was switched using 5 parallel ignitrons and connected to the 

flux concentrator by 10 parallel RG-58 coaxial cables. A circuit 

diagram of the bank system is shown in Fig. 27. A photograph of the 

flux concentrator assembly is shown in Fig. 28. The aluminum col

lector plates with provisions for 10 coaxial connectors are apparent. 

Magnetic fields as high as 15 T at 2 kHz (corresponding to a 

bank voltage of 4 kV) have been produced using the flux concentrator 

at Fig. 28 and the capacitor bank described. Unfortunately, at this 

frequency, not only do the solenoidal fields of the outer flux con

centrator windings leak in through the 0.00318 m feed slot but also 

through the brass walls. The result is a wery uniform solenoidal 

field. 

A theta pinch configuration was therefore constructed to obtain 

the high, spatially non-uniform, fields required. The theta pinch 

coil consisted of a 0.0762 m square aluminum block with either a 

0.0127 m round hole or a 0.0185 m square hole and a 0.00318 m feed 

slot. The flux concentrators previously discussed were inherently 

high impedance devices so that they could be efficiently fed by the 

10 coaxial cables and the relatively high impedance (0.6 uH), 47 kJ 

capacitor bank. However, a theta pinch coil is a wery low impedance 

device and therefore cannot be efficiently fed as the flux concen

trators were. A current transformer was therefore constructed to 
CO 

match into the high impedance source. The transformer was con

structed of a large 0.45 m diameter plastic pipe onto which 40 turns 

of heavy, 0.00636 m x 0.00318 m, rectangular wire was wound. This 
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Fig. 28. Photograph of Flux Concentrator Assembly. 



99 

assembly was encased in epoxy and nylon tape and enclosed with a 

single sheet of 12 gauge copper. The copper sheet was then con

nected to header plates which were connected to the theta pinch 

coil. This 40:1 transformer coupled the energy effectively into 

the theta pinch coil. 

Non-uniform magnetic fields as high as 5 T corresponding to 

a bank voltage of 5 kV were measured using this device. Figure 29 

shows the theta pinch, current transformer, and capacitor bank. 

Also shown is the analyzer and ruby laser used. 
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Fig. 29. Photograph of Theta Pinch Assembly Showing 
Theta Pinch Coil, Current Transformer, Analyzer, 
and Lasers Used. 
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CHAPTER IV 

EXPERIMENTAL RESULTS 

Different optical techniques for the determination of high 

electric and magnetic fields have been theoretically presented in 

Chapter II. The experimental results of the application of these 

techniques will now be presented. Time resolved and space resolved 

electric field data will be considered first. This will be followed 

by a presentation of time resolved and space resolved magnetic field 

data. 

Time Resolved Electric Field Measurements 

Crossed Polarizer Measurements 

Time resolved data regarding the electric fields In the Kerr 

cell of Fig. 22 can be obtained using the physical arrangement of 

Figs. 9 or 13. The intensity of the laser light transmitted through 

the output polarizer is monitored using a photo detector (1P28 

photomultiplier) and an oscilloscope. The output of the detector 

is time dependent only and is given by Eq. 61 for either the ana

lyzer of Fig. 13, or Fig. 9 since e is time independent. Equation 

61 can be written explicitly in terms of F(t) as 

I(t) a sin^ [TT K £|F(t)|^] . (155) 

101 
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The Kerr constant for nitrobenzene at 6328 A has been accurately 

determined by Cassidy and Cones^ to be 3.2 x 10"^^ (MKS units). 

Hence for £ = 0.135 meter. 

I ( t ) a sin^ [1.36 x 10"^^|E(t)|^] . (156) 

The time dependence of E can be determined from Eq. 156. This de-

termination is, however, not straight forward since |F| is not a 

single valued function of I. Values of |E| can easily be obtained, 

however, at discrete times corresponding to the periodically occur

ring minima or maxima of Eq. 156. The number of fringes or periods, 

n, of I can be related to the value of the electric field using Eq. 

62, which for the specific Kerr cell used reduces to, 

|F(t)| = 1.52 X 10^ y^TTtT V/m. (157) 

The voltage corresponding to a given number of fringes and an elec

trode separation of .01 m can therefore be written as 

V(t) = 1.52 X 10^ »4iTtT Volts. (158) 

The analyzer of Fig. 9 was used to determine the output voltage 

of the high voltage pulse transformer described in Chapter III. The 

output voltage waveform obtained using a resistive probe is shown in 

Fig. 30 and shows the transients present at the initiation of the 

discharge. 

The analyzer light intensity output for this voltage waveform 

is shown in Fig. 31 together with the simultaneously observed 
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Fig. 30. Pulse Transformer Output Obtained frort 
Resistive Voltage Divider. 
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(a) 50 ys 

(b) 20 ys 

Upper Traces Are Primary Voltages at 5 kV/cm 
Lower Traces Are Detector Outputs 

Fiq. 31. Transformer Primary Voltage and Detector Output. 
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transformer primary voltage. Qualitatively it is observed that many 

fringes are evident for each cycle of output voltage variation. The 

initial transients are also observed. The problem of obtaining 

quantitative voltage or electric field data for such a general wave

form as that of Fig. 31 can now be fully appreciated. 

The problem of interpreting a complicated waveform is due to 

two factors. First, the analyzer is unable to distinguish between 

increases and decreases in fields or voltages. That is, the ana

lyzer output appears the same for either an increase or a decrease 

in the field from a certain value. Secondly, an interpretation 

problem arises due to the fact that many fringes are created for 

each quarter cycle of the voltage waveform. Interpretation of these 

signals requires that the voltage or field value be known for a 

particular time, generally before or after the voltage is applied. 

The number of fringes can then be counted from this reference time 

and the field value determined at all additional times. The compli

cated shape of the transient waveform of Fig. 30 does not permit 

this procedure. It is therefore not possible, without knowing the 

shape of the waveform, to determine the time behavior of a compli

cated waveform using this analyzer. 

Finite Fringe Interferometric Measurements 

The voltage waveform of Fig. 30 can also be detected and ana

lyzed using the analyzer of Fig. 15. The motion of the fringes 

produced by the analyzer is recorded using an image converter streak 

camera and Polaroid film. The observed time variation of the fringe 
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displacement is related to the electric field according to Eq. 85, 

which for this particular Kerr cell can be written as 

F(t)|2 = 2.32 X 1 0 ^ ^ ^ (159) 

or 

F(t)| = 1.52 X 10̂  /^P V/m. (160) 

Photographically recorded data produced by this analyzer are shown in 

Fig. 32. Figure 32(a) shows the swept background fringe pattern for 

no applied electric field. Voltage is applied to the Kerr cell in 

the remaining pictures. Figure 32(b) shows an initial transient 

followed by the first four output cycles (the deflection of the 

fringes is up). Figure 32(c) shows the second and succeeding cycles. 

Specific cycles are more carefully observed on a shorter time scale 

and Fig. 32(d) shows more details regarding the initial transient 

and the first one and one-half cycles. 

Larger voltages and electric fields produce greater fringe 

shifts, the observation of which is limited due to the small aper

ture of the camera used. Results corresponding to large electric 

fields are shown in Fig. 32(e). The last cycles are obvious, how

ever the first few are beyond the aperture range of the camera. 

Useful data at arbitrarily large fields could be produced by using 

a camera having a larger useful aperture, reducing the length of 

the Kerr cell, or using closer spaced fringes. 

The data shown in the preceding figures are directly Indicative 
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(a) E = 0 (b) 100 ys 

(c) 200 ys (d) 50 ys 
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Times Given Are Total Sweep 
Durations 

The Deflection of the Fringes 
Is Up 

(e) 200 ys 

Fig. 32. Motion of Fringes in Time Due to Time Varying 
Electric Fields. 
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of the electric field or voltage applied to the Kerr cell. The wave

form shape of the applied voltage is obvious using this analyzer, 

such that the time variation of the electric field can be obtained 

easily using the data of Fig. 32. No interpretation problem arises 

since (1) the analyzer output is capable of differentiating between 

increases and decreases in field values, (2) the deflection of the 

fringes is a linear single valued function of |F(t)|^, as given by 

Eq. 159, (3) background fringes are present, such that a zero 

reference always exists. Thus the value of the field can be de

termined immediately, for any time, without counting fringes from 

a time where the voltage is known. 

Quantitative data regarding the electric fields can be obtained 

using these data. For example, the amplitude of the first voltage 

peak shown in Fig. 32(d) can be calculated using Eqs. 160 and 161. 

From this figure Ax/fix is measured to be approximately 2.5. Hence 

using Eq. 159, |F|^ = 5.8 x 10^^ and hence 

El = 2.41 X 10^ V/m. (161) 

In a similar manner |E| can be calculated for all times and the com

plete waveform F(t) reconstructed. 

Comparisons 

The results of these two time resolved analysis techniques dif

fer considerably. A comparison summary of the two techniques will 

therefore be given. Method one produces the equivalent of an infi

nite fringe interferogram in time. It is therefore relatively 
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insensitive to low field values but has excellent resolution and 

sensitivity at high field values since the observed value is pro

portional to /n. The method is applicable only to the determina

tion of simple waveforms, such as a single rectangular pulse, since 

the analyzer output light intensity does not depend on F(t) in a 

simple way. Analysis of fast rise time, high voltage pulses is 

complicated by the fact that many fringes are produced, thus re

quiring extremely high frequency response of the detection system. 

Method two produces a finite fringe interferogram. The motion of 

the fringes in time is linearly related to F(t). Hence the exact 

waveform of F(t) is directly produced. No fringe interpretation 

problems arise since only the displacement of background fringes 

is monitored. Since this is a finite fringe interferogram, the 

sensitivity of this method for detection and analysis exceeds that 

of method one (for the data shown in Fig. 31). The quality of the 

interferograms increases with a decrease in the size of the viewing 

slit and a corresponding increase in the laser light intensity. 

Space Resolved Electric Field Measurements 

Crossed Polarizer Measurements 

Space resolved data regarding the Kerr cell electric field can 

be produced using a crossed polarizer analyzer or a phase sensitive 

analyzer. The simplest crossed polarizer analyzer is shown In Fig. 

9. The intensity pattern of light which has passed through this 

analyzer is given by Eq. 53 or specifically for this Kerr cell in 

terms of the applied F by. 
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I(x.y) a cos 2 e(x,y) sin^ 2.72 x 10"^^|F(x,y) |̂ . (162) 

Photographs corresponding to the spatial distribution of a Marx bank 

generated electric field inside of the Kerr cell of Fig. 22 were 

produced. The output of the Marx bank, as a function of time is 

shown in Fig. 33. The additional trace shows the ruby laser pulse 

and is useful for timing purposes. The resulting spatial electric 

data are shown in Fig. 34 for various delay times relative to the 

initiation of the Marx bank output. 

The mathematical relationship of Eq. 162 and the corresponding 

photographs of Fig. 34, produced by using the simple analyzer of 

Fig. 9, can be simplified by using the analyzer of Fig. 13. The 

recorded light intensity dependence then reduces to Eq. 61 or to 

I(x,y) a sin^ 2.72 x 10'^^|F|^(x,y), (163) 

which is e independent. Spatial distributions obtained with this 

analyzer are shown in Fig. 35. Actually in this case the polarizers 

were not crossed but parallel such that the intensity pattern ap

pears as one minus the expression of Eq. 163. The absence of cer

tain e dependent curves which existed in Fig. 34 is obvious. Par

ticularly note that the dark fringes originating at the electrode 

edges (independent of the applied voltage) are no longer present. 

The pictures of Fig. 35 can be used to determine, quantitatively, 

the electric field values inside the Kerr cells at various spatial 

points. The dark fringes, according to Eq. 163, represent curves 

_ 2 
of constant |E(x,y)r. These minima in space are analogous to the 
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Laser Pulse 

Marx Bank Output 

Horizontal Sweep 20 ys/cm 

Fig. 33. Time Behavior of Marx Bank Output and Laser Pulse. 



(a) 10 ys (b) 20 ys 

(c) 30 ys (d) 40 ys 

Times Given Are Delay Times after Initiation of Marx Bank Output 
of Fig. 33. 

Fig. 34. Intensity Distribution as Given by Eq. 53 and Produced 
by Analyzer of Fiq. 9. 
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Fiq. 34 (Continued) 
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Fig. 34 (Continued) 
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(a) 10 ys (b) 20 ys 

(c) 30 yS (d) 40 ys 

Times Given Are Delays after Initiation of ^'erx Bank Sional of Fin. 33 

Fiq. 35. Intensity Distribution as Given by Eq. 163 and Produced 
by Analyzer of Fig. 13. 
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(e) 50 yS (f) 60 ys 

(g) 70 ys 
(h) 80 ys 

Fiq. 35 (Continued) 
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Fiq. 35 (Continued) 
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minima observed in time using the analyzer of Fig. 9 or 13. Equa

tion 163 can therefore be used to relate the number, n, of observed 

cycles of I(x,y) to the value of |F(x,y)|. 

|F(x,y)| = 1.52 X 10^ /n(x,y) V/m (164) 

Equation 164 can be used to determine the Kerr cell electric 

field at various spatial points corresponding to the locations of 

the intensity minima. The electric field is assumed to be zero at 

sufficiently large distances from the interelectrode region. All 

spatial electric field values are therefore referred to this by 

counting the number, n, of cycles of I (or fringes) encountered. 

Hence for the data of Fig. 35, the first minimum corresponds to 

n = 1/2, the second to n = 3/2, etc. Thus the electric field value 

for all points in the Kerr cell corresponding to the location of 

the first transmission minimum (n = 1/2) can be calculated to be 

1.08 MV/m. Field values corresponding to increasing values of n 

are shown in Table 3. It should be emphasized that spatial electric 

field values can be accurately calculated only for points lying on 

a transmission minimum. 

Using the data of Fig. 35(a) it can therefore be determined 

that the electric field at the center of the Kerr cell exceeds 3.22 

MV/m and that the electric field in the region of the electrode 

edges exceeds 5.25 MV/m (n > 12). The expected spatial behavior, 

exhibiting fringing and large electric field gradients at the 

electrode edges, is clearly shown in the photographs. 
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TABLE 3 

VALUE OF E(x,y) CORRESPONDING TO 

n(x,y) 

1/2 

3/2 

5/2 

7/2 

9/2 

11/2 

13/2 

15/2 

17/2 

19/2 

21/2 

23/2 

25/2 

ZJ. ^\ " tJ 1 

E(x,y) = 1.52 X 10^ ̂ n" 

1.08 MV/m 

1.86 MV/m 

2.4 MV/m 

2.85 MV/m 

3.22 MV/m 

3.46 MV/m 

3.88 MV/m 

4.16 MV/m 

4.44 MV/m 

4.7 MV/m 

4.92 MV/m 

5.15 MV/m 

5.37 MV/m 
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Certain general summarizing observations regarding the data of 

Fig. 35 will be made. 

1. Electric field values can easily be calculated only 

at points corresponding to transmission minima. The 

spatial resolution is therefore very low in regions 

of small electric field and high in regions of large 

electric field (see Fig. 35(a)). 

2. Partial fringes are difficult to detect. It Is there

fore unclear what the exact value of F is in the Kerr 

cell center for any of the pictures of Fig. 35. Sen

sitivity to low values of electric field is poor, 

therefore wery little data are obtainable from the 

pictures of Fig. 35 corresponding to low applied 

fields (see Fig. 35(j)). 

3. It is, in general, not possible to determine If the 

field is increasing or decreasing In space from one 

fringe to the next. This determination Is of course 

obvious in this simple geometry but becomes difficult 

in more complex configurations. 

Information regarding the e variation of the applied electric 

field can be obtained using the analyzer of Fig. 9 with the trans

mission axis of P, and P2 set at 0° and 90° respectively. The out

put of the analyzer is in general given by Eq. 56, or specifically 

for the Kerr cell used, by 

I(x,y) a sin^ e sin^ [2.72 x 10"^^|E|^(x,y)]. (165) 
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Photographs obtained using this analyzer are shown in Fig. 36. The 

dark region in the center of the Kerr cell and the region lying on 

the line between the two electrodes correspond to spatial regions 

where e = 0. This is obvious in this instance due to the known 

symmetry of the electrode configuration. The determination of re

gions of other values of e requires a different setting of the 

analyzer polarizers. The method is therefore not useful for the 

simultaneous determination of e for all spatial points. A photo

graph showing the transmitted intensity for E = 0 is shown in Fig. 

36(k). 

Finite Fringe Interferometric Measurements 

The analyzer of Fig. 15 can be used to determine the Kerr cell 

electric f ie ld magnitude and direction. The output of this analyzer 

is given approximately for a parallel plate Kerr cell by Eq. 77 or 

specifically for the Kerr cell used by, 

I (x ,y) « cos^ [ 1 1 2 ^ + 1.36 X ^0-^^\E{x,y)\^^ . (166) 

Electric field values can therefore be determined by observing the 

deflection of the background fringes, according to Eq. 85 or for the 

Kerr cell used by 

|E|2(x.y) = 2.31 X 10^2 M l £ ^ . (167) 

Thus, 

|r(x.y)| = 1 . 5 2 x 1 0 ^ / ^ ^ V/n, . (168) 
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(a) 10 yS (b) 20 ys 

'^^<^k^ 

iy^''mi?X 

(c) 30 yS (d) 40 ys 

Times Given Are Delays after Init iation of Marx Bank Output Sho»r/n 
in Fiq. 33. 

Fig. 36. Determination of Spatial Regions where o = 0 According 
to Eq. 165. 
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(e) 50 yS ( f ) 60 ys 

(g) 70 ys (h) RO ys 

Fiq. 36 (Continued) 
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(1) 90 yS (j) 100 pS 

I'V'' '• 

(k) E = 0 

Fig. 36 (Continued) 
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Figure 37 shows the resulting finite fringe interferograms of 

the Kerr cell electrode region produced by the analyzer for various 

delay times after the initiation of the Marx bank source. 

Using Fig. 37 the electric field can easily be calculated at 

all spatial points lying on a fringe by using Eq. 168, where Ax(x,y) 

is the measured deflection of a given fringe from its "E = 0 position 

and fix is the background fringe spacing obtained fori = 0. The 

electric field at the Kerr cell center, as shown by Fig. 37(b), can 

therefore be calculated to be 34 kV/cm (AX and fix are measured using 

the same interferogram). The electric field at any other point can 

be determined by noting the deflection of the fringe passing through 

that point. It is obvious that this procedure is not always possible 

since some points lie on fringes which do not themselves pass through 

a region of zero electric field. The electric field at all points 

along such fringes can be calculated, however, using the procedure 

leading to Eq. 86. That is, if the electric field along any fringe 

is known, the electric field along the ajoining fringe can be com

puted using Eq. 86 and the observed separation between the two 

fringes. 

This method has increased sensitivity (compared with the crossed 

polarizer method) such that the fields in the center of the Kerr cell 

after 90 ys can easily be determined, using Fig. 37(j), to be 12.3 

kV/cm, corresponding to a Ax/fix of one. 

Additional photographs showing the variation in the high field 

region about the electrode edges are given in Fig. 38. Figures 

38(a) and (b) show the background fringes with no field applied. 
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(a) E = 0 (b) 10 ys 

(c) 20 ys (d) 30 ys 

Times Given Are Delays After Init iat ion of Marx Bank Output Shown 
In Fig. 34. the Quantities Ax and fix Are Measured Using the Same 
Interferogram. 
Fiq. 37. Finite Fringe Interferogram of Kerr Cell Electric Field. 
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(e) 40 ys 
(f) 50 ys 

in) 60 ys (h) 70 ys 

Fiq. 37 (Continued) 
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(1) 80 ys ( j ) 90 ys 

(k) 100 ys 

Fiq. 37 (Continued) 
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^ -< Jy '•'«i-^'''*^!fWP'*^" 

(a) E = 0 (b) E = 0 
(Different Background 
Frinqe Orientation) 

(c) .6«V/m (d) 2.1MV/m 

Fig. 38. Finite Fringe Interferoqram of Kerr Cell Electric Field 
at Electrode Edge. 
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(e) 3.7MV/m (f) 3.7MV/m 

(g) 5.5MV/m (h) 5.5MV/m 

Fig. 38 (Continued) 
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The fringe orientation can be adjusted at will by adjusting the ana

lyzer mirror and beam splitter orientations to emphasize spatial 

variations in a particular direction. A low voltage is applied, re

sulting in Fig. 38(c) which shows even low fields in the vicinity 

of the electrode edges. Larger voltages were applied in the remain

ing pictures, up to 55 kV in Fig. 38(h). Care must be exercised in 

the analysis of these photographs since the assumption e = 0 is not 

strictly valid at the electrode edge. The distribution observed is 

therefore modulated and displaced according to the more general 

functional form of Eq. 76. 

The analyzer of Fig. 17 can be used to determine the e dependence 

of the electric field. The analyzer output light intensity is given 

by Eq. 101 such that the background fringe deflection is dependent 

only upon e. Each fringe intensity is however amplitude modulated 

by the fir term. Equation 101 is repeated here for convenience. 

I a 1 + sin fi^ cos (2 e - y) (101) 

An attempt has been made to determine the Kerr cell electric field 

direction using this analyzer. The results are shown in Fig. 39. 

Only qualitative agreement has been obtained between the photo

graphs of Figs. 39 and Eq. 101. Figure 39(a) corresponds to no 

applied electric field and is seen to be a spatially constant in

tensity pattern as it must be according to Eq. 101 with fi^ = 0. 

Figure 39(b) corresponds to the Marx bank generated field after 10 

ys and should be compared with Fig. 37(b). An effect, consistent 

with the behavior predicted by Eq. 106, is observed in regions R^ 
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(a) Zero Electric Field 

R. 

(b) Electric Field Applied 

R, 

Fiq. 39. Finite Frinqe Interferoqram Indicative of Intensity Variation 
Given by Eq. 101. 
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and R2. In these regions, corresponding background fringes are bent 

by approximately equal amounts. However the direction of fringe 

displacement in region R̂  is opposite that of region R2, as expected 

from Eq. 106. The angle of the electric field in these regions is 

different from zero; the values of e being the same for each elec

trode edge, but differing in sign. This fringe bending effect has 

been found to be independent of the magnitude of F, as it should be 

according to Eq. (101). The same effect is obscured for the upper 

electrode. The fringe bending in the region between the electrodes 

is due to an imperfection (burn) which developed on one beam split

ter. 

Magnetic Field Measurements 

Magnetic fields can also be determined using the analyzer of 

Fig. 18 or Fig. 19. The first produces only time resolved data 

while the second, due to superior sensitivity, produces both time 

resolved and space resolved data. 

Time Resolved Crossed Polarizer Measurements 

The analyzer of Fig. 18 was used in conjunction with EY-1 glass 

to determine the time variation of the magnetic field produced by 

the flux concentrator of Fig. 25. The time behavior of the magnetic 

field, as observed by a Helmholtz coil calibrated inductive probe 

and passive integrator, is shown in Fig. 40. The indicated peak value 

is 2 T, corresponding to a discharge capacitor voltage of 8 kV. The 

maximum magnetic field, corresponding to a maximum capacitor voltage 

of 20 kV, therefore exceeds 5 T. The output of the analyzer used 
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Vertical Deflection 0.85 T/cm 

Horizontal Deflection 20 ys/cm 

Bank Voltage 8 kV 

Integrator Time Constant 33 ms 

Fig. 40. Magnetic Field In Flux Concentrator. 

Bank Voltages 

(a) 8 kV 

(b) 6 kV 

(c) 4 kV 

Horizontal 2 ys/cm 

Fiq. 41. Output of Analyzer of Fig. 18, Used with Magnetic 
Flux Concentrator of Fig. 25. 
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with the magnetic flux concentrator is shown in Fig. 41 for several 

values of bank voltages. 

The waveform of Fig. 41 is of the form represented by Eq. 109 

which, for this particular flux concentrator and EY-1 glass used, 

can be written explicitly in terms of B„ as, 

I(t) a sin^ 5.21 B„(t), (169) 

where B„ is in Tesla, V = 0.14 min/Oe-cm = 40.6 radians/T-m, and 

i = 0.128 m. 

The output intensity exhibits minima or fringes as the plane 

of polarization is rotated by the glass in the magnetic f ie ld . The 

number of minima observed up to a particular time can be related to 

the magnetic f ie ld value at that time by using Eq. I l l , or specific

ally 

Bn(t) = ^^-^= 0.6 n(t) (Tesla). (170) 

Figure 40 implies that a peak magnetic field of 2 T occurs after 

approximately 7 yS. Using Fig. 41(a) it can be seen that approxi

mately 3 fringes (or cycles of I) occur from t = 0 to t = 7 ys. 

Equation 170 therefore implies a magnetic field at 7 ys of approxi

mately 1.8 T. Again it is noted that partial fringes are difficult 

to distinguish and that the exact shape of the waveform of Fig. 40 

is difficult to reproduce, using the data of Fig. 41. (Even though 

the waveform in this case is relatively simple). 

This difficulty of data interpretation is due to several 
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inherent characteristics of the recorded intensity as given by Eq. 

109. Basic to the problem is the multivalued nature of the inverse 

of Eq. 109 (i.e., there are many values of B„ which could correspond 

to a given value of I). This particular characteristic also makes 

it impossible to differentiate between increases and decreases in 

field values. In addition, partial fringes are difficult to dis

tinguish (particularly for a complex unknown waveform shape) such 

that only entire fringes are counted reliably. (This is due to the 

variation in the fringe amplitude and base line caused by noise. 

Elimination of noise by careful shielding would enable the determi

nation of partial fringes). This effectively decreases the ob

tainable sensitivity and time resolution. The magnetic field data 

produced by this analyzer are therefore most useful in determining 

the magnitude of a known waveform and not for the determination of 

an unknown waveform shape and magnitude. 

Finite Fringe Time Resolved Interferometric Measurements 

An improved analysis scheme utilizes the analyzer of Fig. 19 

and produces easily interpretable data of increased sensitivity and 

time resolution. This analyzer was also used to determine the time 

variation of the magnetic field produced by the flux concentrator 

of Fig. 25. The output of the analyzer corresponding to a magnetic 

field waveform as in Fig. 40 is shown in Figs. 42 and 43. The data 

of Fig. 42 were obtained using EY-1 glass and that of Fig. 43 using 

SF-58 glass. 

These intensities have the functional dependence given by Eq. 
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(a) 0 kV, 100 us 

(b) 4 kV, 100 ys 

(c) 4 kV, 100 ys (different 
background frinqe spacing) 

Discharge Bank Voltages and Streak Durations 
Are Shown. 

Fig. 42. Magnetic Field of Flux Concentrator of Fig. 25 as Determined 
by Interferometric Analyzer of Fiq. 19 and FY - 1 Glass. 
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(a) 3 kV, 100 ys 

(b) 6 kV, 100 ys 

(c) 8 kV, 100 ys 

Discharge Bank Voltages and Streak Durations Are Shown. 

Fin 41 Maanetic Field of Flux Concentrator of Fiq. 25 as Determined 
Fig. 43. ^^^net^^^g^Q^t^^-c Analyzer of Fig. 19 and SF - 58 Glass. 
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123. The observed fringe displacements are given generally by Eq. 

127, such that the magnetic f ield can be directly determined from 

the observed time fringe displacements by using Eq. 128. Equation 

128 becomes, for the EY-1 glass used, 

and for the SF-58 glass, (using V = 0.09 min/Oe-cm = 26.1 radians/T-m 

and i = 0.1 m) 

B „ ( t ) = T ? r M ^ = 1 . 2 0 ^ ^ (Tesla). 
VJI 6X fix (172) 

The applied magnetic field can be determined for all times using 

these equations and the data of Figs. 42 and 43. The peak field 

corresponding to a bank voltage of, for instance, 4 kV can therefore 

be determined using Fig. 42(b) with Ax/fix =^1.7 and Eq. 171 to have 

a value of 1.02 T. The SF-58 data can be used in a similar manner 

such that, for instance. Fig. 43(c) and Eq. 172 indicate a peak 

field of 2.1 T using the measured value of 1.75 for Ax/fix. 

It is observed that the waveform of the applied field is immedi

ately obvious without the need for counting fringes from a particular 

point in time, the zero reference always being obvious. The time 

resolution is essentially infinite since B„ can be determined at any 

time. It is also possible to measure partial fringe shifts such 

that the sensitivity is increased over the crossed polarizer tech

nique. The sensitivity limit is set by the quality of the fringes. 

This quality can certainly be improved by decreasing the viewing 
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slit width and increasing the laser power. (This would eliminate 

the smearing which is apparent for large fringe displacements). The 

sensitivity can also be increased by enlarging the photograph so 

that the relative error in measuring AX and fix is decreased. 

Finite Fringe Space Resolved Interferometric Measurements 

Space resolved magnetic field data cannot be produced using the 

analyzer of Fig. 18 because of the relatively uniform nature of 

pulsed magnetic fields in space and the insensitivity of the ana

lyzer. The analyzer of Fig. 19 can, however, be used for such 

spatial determinations since the sensitivity of this analyzer far 

exceeds that of the crossed polarizer analyzer. 

Spatially resolved data are obtained by passing the expanded 

laser beam through the magnetic field region containing SF-58 glass 

and ana.lyzer. The resulting light intensity is then photographi

cally recorded. This technique was used to measure the fields of 

the flux concentrator of Figs. 26 and 28 and the theta pinch of 

Fig. 29. 

The photographic results obtained for the flux concentrator 

field are shown in Fig. 44 and imply that the fields are spatially 

uniform. Careful measurements of the flux concentrator inductance 

explained the reason for this. It was expected that an inhomogeneity 

should be measured in the region of the 0.0318 m feed slot through 

which the primary solenoidal field enters into the center hole of 

the flux concentrator. However for the frequency of field used, 

the skin depth was such that the solenoidal field of the primary 
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(The Horizontal Distortion is 
in the Glass Rod Used.) 

Due to a Defect 

Fiq. 44. Interferogram Obtained Usinn Analyzer of Fiq. 19, Indicating 
the Homogeneity of the Fields of the Flux Concentrator 
System of Fiqs. 26 and 27. 
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coil penetrated the brass rod sufficiently to produce an essentially 

uniform solenoidal field. 

The theta pinch of Fig. 29 was therefore constructed and the 

spatial field distribution measured. Again, due to the frequency 

of operation and resulting large skin depth, the field did not vary 

spatially to any great degree. The results of Fig. 45, however, do 

indicate slight inhomogenieties in the feed slot region. Figure 

45(a) shows the intensity pattern with zero magnetic field. Figure 

45(b) shows the recorded analyzer output intensity for B = 4 T. In 

order to increase the sensitivity of detection, the beam has been 

passed through the magnetic field region twice. This double pass 

scheme, while doubling the sensitivity, degrades the quality of 

the data produced. The parallel lines are therefore drawn on the 

photographs to emphasize the observed fringe bending. 

The observed intensity distribution of Fig. 45 is of the form 

given by Eq. 123 or specifically, for the SF-58 glass and the double 

pass scheme used, 

B(x.y) = ^ - ^ v f ^ = 0.6 ^ i ^ (Tesla). (173) 

No useful area of zero magnetic field is available in Fig. 45. 

Therefore only relative values of magnetic field can be calculated. 

In particular, the difference in the magnetic field in a region 

opposite the feed slot and the magnetic field at the feed slot is 

determined by using Eq. 173 and the measured values of Ax/fix to be 

approximately 0.3 T. This represents a 7.5% spatial change due to 
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Feed Slot 

(a) B„= 0 

Feed Slot 

(b) B„= 4 T 

Fiq. 45. Double Pass Interferoqram Obtained Using Analyzer of 
Fiq 19. Indicating Slight Inhomogeneity in the Feed Slot 
Region of the Theta Pinch Shown in Fiq. 28. 
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the presence of the feed slot. This measured inhomogeneity was 

verified by exciting the theta pinch, using a continuous source, and 

electrically measuring the fields using two inductive loop probes 

and a differential amplifier. 

The data produced using the crossed polarizer analyzer of Fig. 

18 and the phase sensitive analyzer of Fig. 19 differ considerably. 

Summarizing observations, comparing the two techniques, can be made 

analogous to those made regarding the two analyzers when used for 

electric field measurements. Briefly one can state that the phase 

sensitive detection method is superior due to increased spatial and 

temporal sensitivity and resolution and, because of the unambiguous 

presentation of data, allows direct reconstruction of an unknown 

waveform in time or space. 

Data Interpretation and Error Analysis 

The sensitivity of the crossed polarizer technique depends upon 

how precisely the number of fringes, n, can be produced and counted. 

Spatially resolved partial fringes cannot easily be detected due to 

the non-linearity of the photographic recording medium. However, 

temporal partial fringe shifts can be detected if the laser light 

source and the photoelectric detection system are adequately 

shielded so that the fringe amplitude and base line remain constant. 

This careful shielding is, however, quite necessary (as seen by the 

data of Fig. 31) since the crossed polarizer technique detects 

amplitudes and is therefore inherently noise sensitive. The temporal 

sensitivity of the crossed polarizer technique is therefore dependent 
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upon the care taken in shielding the required equipment. 

The finite fringe interferometric technique is phase sensitive 

and is therefore relatively independent of induced noise amplitudes. 

The sensitivity of the techniques therefore related to how accurately 

Ax/fix can be measured. This is dependent upon the optical quality of 

the components used and the resulting visibility of the fringes pro

duced. 

The time resolved or space resolved data are interpreted by 

first enlarging the resulting interferogram. (This is easily done 

by using an opaque projector to produce an enlarged interferogram 

on a screen, non-uniformity of enlargement can however be a problem). 

The enlargement of the interferogram reduces the error in the meas

urement of Ax and fix. The quantities Ax and fix are then measured 

using a millimeter scale. 

The temporal data of, e.g.. Fig. 32(c) were analyzed using this 

fringe position measurement technique. The displacement of the 

fringe corresponding to the time t̂  shown was measured to be 31 mm. 

The background fringe spacing was similarly measured in Fig. 32(a) 

to be 23 mm. (The background fringe spacing is ideally measured in 

the same interferogram as the fringe displacement. This is easily 

done by including some undisplaced fringes before the event to be 

measured has occurred). Thus Ax/fix = 1.35. It is estimated that 

AX and fix can be measured accurately to within 1 mm (corresponding 

to 1/23 fringe) with an error of approximately 1/2 mm. Thus Ax/fix = 

1.35 ± 0.037. This corresponds to an electric field value (using 

Eq. 160) of 1.77 x 10^ ± 2.42 x lo"̂  V/m. Thus the error which is 
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attributable to the measurement of Ax and fix is approximately 1.36%. 

Improved fringe quality should permit much more accurate determina

tion of Ax/fix and therefore less error. It is not uncommon to 

measure Ax/fix values as small or 0.01 or even 0.001.^^"^° 

The spatial data of, for instance. Fig. 37(b) can be similarly 

analyzed. The electric field at the point x can be calculated by 

measuring, from the same interferogram. Ax to be 86 mm and fix to 

be 19 mm. Again it is determined that both Ax and fix can be meas

ured with an error of approximately 1/2 mm such that Ax/fix = 4.51 

± 0.121. The electric field can therefore be calculated using Eq. 

168 to be 3.24 x 10^ ± 4.12 x 10^ V/m. (This compares to the value 

of 3.22 MV/m obtained using the crossed polarizer technique). The 

fringe measurement error is therefore 1.27%. 

There are other sources of error besides the measurement of 

the fringe position. These are associated with the calibration of 

the Kerr cell or Faraday rotator. Calibration of the Kerr cell 

consists of the determination of the Kerr constant, the length of 

the Kerr cell, and the electrode separation D. Calibration of the 

Faraday rotator consists of the determination of the Verdet constant 

and the glass length. 

The Kerr cell is most accurately calibrated by measuring the 

dc voltage V necessary to produce the first transmission maximum 
^ m 

of the crossed polarizer analyzer of Fig. 13. This voltage can be 
18 

\/ery accurately measured (error less than 0.01%) using a resistive 

voltage divider. The value of V^ can be used in conjunction with 

Eq. 62 to determine D /Kii. The dimension D and z can be measured 
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with errors less than 0.01% and a numberical value of K can be cal

culated. The entire Kerr cell is then calibrated with an error 

less than 0.01% and can be used to measure electric fields or 

voltages. It should, however, be noted that dc currents can heat 

the nitrobenzene an introduce additional errors since K is tempera

ture dependent. 

The above calibration procedure is complicated by the fact that 

the Kerr cell electric field varies spatially in direction and mag

nitude. The spatial direction dependence can be eliminated by using 

only that portion of the Kerr cell where e = 0. This portion can 

be found by using the data of Fig. 36. The spatial magnitude de

pendence is due to two factors in this dc calibration case. As 

shown previously, in Fig. 35 and 37, the electric field varies 

spatially due to the electrode configuration and resulting edge 

fringing. This variation can be eliminated by using only a narrow 

portion of the Kerr cell about a line perpendicular to the two 

electrodes, in a region where the electric field is uniform from 

electrode to electrode. However, in the dc case it is found that 

the electric field is not uniform in this area but varies in the 

18 
region between the electrodes. This is due to ions which are 

18 
present in the nitrobenzene. 

The calibration of the Kerr cell must take into account this 

inhomogeneous dc field. A method for doing this is explained by 

Cassidy and Cones^^ and makes use of the spatial variation of the 

dc field as determined using the analyzer of Fig. 13 or 15. The 

average relative field strength E'/E^ (E^ is the electric field 
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required to produce the first transmission maximum of the crossed 

polarizer analyzer) imposed by an applied Voltage V may be determined 

from the measurements of the spatial electric field distribution by 

numerical integration of the equation 

1 
E_; 
E 
m 0 "̂  

along a central line perpendicular to the electrodes. The quanti

ties E(x)/E^ can be determined using dc field data similar to the 

pulsed data of Fig. 35 or 37. The finite fringe interferometric 

technique yields much more accurate data with much improved spatial 

resolution such that an essentially continuous graph showing the 

dependence E(x)/E_ can be drawn. 
m 

I t is evident that E'/E is the re lat ive strength of the uni-
m 

form field which the applied voltage V would impose on a given Kerr 

cell. Therefore 

E I 

E D V E m m m 

where E D is the voltage required to produce the first transmission 
m 

maximum in a cell under uniform field conditions. Again, V can be 

measured with an error less than 0.01% and E'/E^^ found using the 

spatial dc electric field data. This equation therefore permits the 

determination of E D = V and hence K. The calibrated Kerr cell can 

then be used to measure pulsed electric fields or voltages. (The 

pulsed fields measured must be of short duration, < 50 ys, so that 
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ions do not modify the field pattern). 18 

The error associated with this calibration procedure arises 

due to the error in the calculation of E'/E and hence in the 
m 

measurement of the spatial position of the fringes. This error 

has been assumed to be less than 1% for the data produced but can 

be much less for better quality fringes. 

The use of the Kerr cell, calibrated as explained above, for 

time resolved measurements necessitates the use of only the central 

region of the Kerr cell, where the electric field is uniform. 

Other regions of the Kerr cell can be used if a path dependent cor

rection factor C(x) is introduced, as explained, by Cassidy, et al. 

The quantity C(x) is given for a particular x value, x^, by the ex

pression. 

14 

C(x-,) = 
E(x^) 

'm 
/ 

E(x) 

"m 

E(x^) 

TTTT 

The quantities E(x-,)/E^ and E(x)/E^ can be obtained using pulsed data 

similar to those of Fig. 35 or 37 for any x^ and x. Again the inter

ferometric analyzer produces more sensitive results with improved 

resolution. The C(x) factor adjusts the cell constant V^^ known for 

a single calibrated point x for accurate voltage measurements using 

any path through an arbitrary point x^. 

E(xJ 
xl 

m 
C(x^) V 

mx 

where V has been determined using the previously discussed dc 
mx 
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technique. Again the error associated with this calibration tech

nique arises due to the measurement of fringe positions. 

Other errors associated with the use of a Kerr cell for elec

tric field or voltage measurements should also be mentioned. The 

Kerr constant is wavelength dependent and temperature dependent. 

Errors therefore arise if the spectral line width of the light source 

used is not sufficiently narrow or if the temperature of the nitro

benzene changes. The spectral line width limitation is easily 

satisfied by using a laser as a light source. The termperature de

pendence is one primary reason why Kerr cells cannot be used to 

measure dc voltages, since the small conduction current heats the 

nitrobenzene and introduces extraneous fringes. The temperature 

dependence of the Kerr constant of nitrobenzene is discussed by 

15 Cassidy, et al. 

The calibration of the Faraday rotator is much simpler than 

the calibration of the Kerr cell. This is because the magnetic 

field of a long solenoid is spatially uniform and axial. The cali

bration of the Faraday rotator consists of measuring the glass Ver

det constant and length. The length is easily measured with an 

error of less than 0.01%. The Verdet constant can be measured using 

45 
a photoelectric polarimeter with an error of less than 1%. Hence 

the total calibration error is of the order of 1%. 



CHAPTER V 

CONCLUSIONS 

Summary and Observations 

Conventional methods for measuring electric and magnetic fields 

have been reviewed and their characteristics discussed. This dis

cussion inferred that conventional crossed polarizer optical meas

urement techniques yield data having not only improved signal to 

noise ratio but are typically relatively insensitive and have poor 

resolution capabilities. An optical interferometric technique has 

been mathematically formulated and experimentally implemented to 

determine the temporal and spatial behavior of electric and mag

netic fields. The theoretically predicted performance of this and 

other, optical, non-interferometric, techniques has been compared 

and experimentally verified by measuring various electric and mag

netic field distributions. 

The data obtained show that the interferometric technique has 

several advantages over to the more conventional crossed polarizer 

techniques. These are: increased temporal sensitivity and resolu

tion; capability of distinguishing between increases and decreases 

in field values. 

The temporal sensitivity and resolution of the finite fringe 

interferometric technique can exceed that of the crossed polarizer 

151 



152 

technique under certain conditions. Partial fringe shifts can be 

measured using the crossed polarizer data only if the laser and 

photoelectric detection system are carefully shielded from electro

magnetic noise, such that the fringe amplitude and base line re

main constant. The finite fringe interferometric technique is, 

however, phase sensitive and hence is independent of induced noise. 

Partial fringe shifts (much less than a tenth of a fringe) can 

therefore be easily measured with an accuracy dependent only upon 

the quality of the fringes produced. Under noisy conditions, there

fore, the finite fringe interferometric technique produces temporal 

data of increased sensitivity and improved resolution. However, in 

a noise-free situation (where partial fringes can be measured) the 

crossed polarizer technique can have at least equal temporal sensi

tivity and resolution, depending on the quality of the fringes pro

duced by each technique. The crossed polarizer technique may in

deed be more convenient to use in this noise-free situation since 

no image converter camera is required. 

The spatial sensitivity and resolution of the finite fringe 

interferometric technique exceed that of the more conventional 

crossed polarizer technique by at least an order of magnitude (and 

possibly two orders of magnitude). Partial fringe shifts cannot be 

measured using the spatial data produced by the crossed polarizer 

technique. However, partial fringe shifts as small as 1/10 or even 

1/100 can be measured using the finite fringe interferometric data. 

The spatial resolution is much improved due to the background fringes 

and can be adjusted by changing the angle of intersection of the two 
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interfering beams. 

Spatial or temporal increases and decreases in field values 

cannot be distinguished using the crossed polarizer analyzer (It 

should, however, be mentioned that this ambiguity can be essentially 

eliminated by simultaneously probing and recording using two lasers 

of different wavelengths). Spatial or temporal increases and de

creases can be distinguished by using the finite fringe interfero

metric technique by simply noting the direction of fringe displace

ment. This is very advantageous for determining the shape of an 

unknown spatial or temporal variation. 

Unique Applications 

The interferometric technique for the determination of either 

electric or magnetic fields yields easily interpretable data having 

superior temporal and spatial resolution qualities and very high 

sensitivity. The characteristics imply that the technique can be 

used to measure fields which were difficult or impossible to meas

ure using conventional electrical techniques or the crossed polarizer 

optical analysis technique (equivalently infinite fringe producing). 

Among these unique applications are the determination of field 

anisotropies in a theta pinch vacuum field for the purpose of pre

dicting plasma instabilities, the determination of the magnetic 

field inside a plasma, the determination of magnetic domain struc

tures in orthoferrites, the determination of longitudinal electric 

fields using the Pockels effect, the determination of transverse 

magnetic fields using the Cotton-Mouton effect, and improved mechanical 
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stress analysis. 

Plasma Confining Magnetic Field Determination 

The analyzer of Fig. 19 has been shown to be useful for de

termining the spatial variation of magnetic fields. This is par

ticularly important for predicting the stability of a plasma con

fined by a magnetic field. Small anisotropies in the confining 

field can lead to instabilities and resulting loss of plasma con

finement.^^' ^̂  

The analyzer of Fig. 19 has a sensitivity given by Eq. 128. 

Assuming a minimum detectable Ax/fix of 0.1, a minimum detectable 

spatial change in B„ of O.ITT/VJI results. Schott SF-58 glass can 

certainly be used as a detector and a light source at 0.546 ym can 

be used to produce a minimum detectable AB„ of 91.1/Ji (T/m). Thus 

the analyzer SF-58 combination could detect (using x - 0.546 ym) 

spatial variations of 0.911 T per centimeter length of glass used. 

The inhomogeneities observed in an actual theta pinch field 

arise due to the discontinuity at the feed slot-coil interface. 

This can be a discontinuity due to the difference in feed slot 

height and coil bore size or in feed slot length and coil length. 

Either discontinuity produces actual field inhomogeneities of ap-

63 

proximately 14% across the theta pinch coil diameter. A large, 

high energy theta pinch field is of the order of 10 T such that 14% 

represents a change of 1.4 % across the diameter. 

The sensitivity of the analyzer system is 91.1 T/m of SF-58 

glass used. Thus if a glass length of 0.1 m is used (a readily 
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available length in virtually any applicable diameter) the resulting 

sensitivity is 0.09 T for a detectable Ax/fix of 1/10. Thus applica

tion of the analysis technique to the measurement of a high fre

quency theta pinch field would result in an interferogram showing 

background fringes bent by as much as 1.53 fix. This is easily 

observable and can be increased by increasing the length of glass 

used. Thus the analyzer of Fig. 19 is capable of producing spatial 

interferograms of the vacuum magnetic field of a theta pinch of 

sufficient sensitivity to be useful in predicting the plasma sta

bility. 

Because of the very fast response time and sensitivity of this 

technique it should also be possible to determine the transient 

magnetic field distribution in a large diameter theta pinch. Miller 

has theoretically investigated the early time development and per-

formance of the theta pinch asymmetries. This work implies that 

appreciable asymmetries exist for times comparable or as large as 

100 times the electromagnetic transit time across the theta pinch 

diameter. This transit time for a large bore theta pinch of 0.2 m 

is of the order of a few nanoseconds. Thus by using a short time 

duration laser light source and a Faraday glass slab having a length 

much shorter than its diameter (so that the longitudinal light 

transit time through the glass is less than the transverse electro

magnetic transit time) data regarding the early theta pinch fields 

can be obtained. A glass length of 0.02 m would be applicable for 

a theta pinch radius of .2m. This would result in a minimum de

tectable ABM of approximately .45 T for X = .546 ym and Ax/fix = .1. 
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The data of Miller implies that this sensitivity is sufficient to 

determine the very early transient magnetic field distribution. The 

sensitivity could however be increased by using EY-1 glass (of high 

optical quality) or a shorter wavelength, pulsed laser. 

Plasma Magnetic Fields 

The analysis method associated with the analyzer of Fig. 19 is 

directly extendable to the measurement of the magnetic fields inside 

of a plasma. It is particularly applicable to the measurement of 

fields produced by a long, high energy theta pinch or a dense plasma 

focus. 

The Faraday effect in a plasma is exhibited by a relative shift 

in phase between left and right circularly polarized light passing 

through the plasma. This phase shift depends both on the density 

of the plasma and the magnetic field in the plasma. The index of 

refraction of a plasma for right and left circularly polarized light 
CO 

is given by the general expression 

nl/2 
«JL). 

1 -
. 2 ( 1 . ^ ) ( 1 . - / ) 

(174) 

where co is the plasma frequency, w is the electron cyclotron fre-
P ^ 

quency, and v is the dominant collision frequency. The plus sign 

refers to right circular polarization and the minus sign to left 

circular polarization. Using the generally valid assumptions 

0) << OJ and V << 0) Eq. 174 reduces to, 
e e 
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(175) 

such that 

y+ - y. ^ - ""i = 
Wg'̂ P 

00 

B,g N 

J 3 
(176) 

where e is the electronic charge, N is the charged particle density, 

m the electron mass, and ê  is the vacuum permittivity. Equation 

176 can be used to derive an expression for the difference in phase 

shi f t , fi - <5 , since 
I X 

\-\-z (y^ - y^)dz radians (177) 

0 

for a plasma of length i. The quantity c is the vacuum velocity of 

light. Thus 

fi - fi„ r z 2 2^ 
CQm^u) c 

N(x,y,z) B„(x,y,z)dz (178) 

0 

A generally valid, simplifying assumption Is that N and B are Inde

pendent of z. This is particularly true for a long plasma column 

where the end effects are negligible compared to the effects of the 

remaining plasma length. Equation 178 then reduces to 

6 - 6 = 

r z 

e\ 
.pnigu; c 

y-N(x,y) B„(x,y). (179) 

file:///-/-z
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Subst i tut ing numerical values and assuming x = 0.6943 ym Eq. 179 

reduces to 

fi^ - 6^ = 2.53 X 10"^^ N(x,y) B,(x,y) radians. (180) 

The density N(x,y) can be independently determined using standard 

interferometr ic techniques. Thus i f 6 - 6 is known, B (x,y) can 

easi ly be found. 

The phase difference fi - fi can be determined using the ana

lyzer of Fig. 19. Previous results in this report suggest that th is 

phase difference i s , in general, related to the observed f i n i t e 

f r inge s h i f t by. 

fi - fi= 2TT ^ (181) 
r z ox 

such that 

NB.,£ = ^ p r 7 7 = 2.48 x 10^^ f ^ radians. (182) 
2.53 X 10"^^ ̂ ^ ^̂  

Thus the displacement of the background fringes produced by the 

analyzer of Fig. 19 Is directly related to the NB„ii product. Using 

high quality optical components it should certainly be possible to 

detect Ax/fix as small as 1/10. It may, using more elaborate 

schemes,^^' ^° be possible to detect Ax/fix as small as 0.001. The 

minimum NB„ji product necessary to produce the realistic Ax/fix value 

24 2 
of 1/10 can be found, using Eq. 182, to be 2.48 x 10 T/m . 

This minimum detectable NB..£ product is achievable using a 
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large e pinch or a dense plasma focus. Parameter values of N = 

22 -3 
5 x 10 m , B = 10 T and £ = 6 m are presently reasonable values for 

a large, high energy theta pinch. These numerical values produce an 

24 
NB„£ product of 3 x 10 which is in the detectable range of the 

analyzer of Fig. 19. An increase in any of the parameter values 

assumed above would of course make detection easier. An increase 

in sensitivity could also be realized by using a longer wavelength 

laser (see Eq. 178). Hence if a YAG laser (1.06 ym) were used, the 

minimum detectable NBJI would decrease to 1.04 x 10 . Longer wave

lengths would result in further improvement. However longer wave

lengths are more difficult to use since refraction losses increase 

2 
as X . The recording medium and its bandpass also becomes a problem 

at longer wavelengths. 

The technique could also be used to determine the internal mag

netic fields of a dense plasma focus. Reasonable values to assume 

24 2 
for the plasma produced by this device are NB„£ = 10 T/m for a 

18 kJ machine^^ and as large as 10 T/m , as observed by Bostick, 

et al.,^^ in which cases the minimum detectable NB„Ji product would 

certainly be exceeded. 

Kerr Effect Measurements 

The analyzer of Fig. 15 can be used to measure the Kerr effect 

in any medium. A particular application of interest is the measure

ment of the Kerr effect in permalloy thin films. No direct measure

ment of this effect has been accomplished until the recent inter

ferometric measurement of Chau and Hseih. However their technique 
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is capable of detecting the effect only if the Kerr effect is very 

small. Intermediate and large Kerr effects are not measurable by 

using their technique directly. In addition, this technique in

corporates the medium under investigation as part of the interfero

metric analyzer. This is inconvenient and requires a medium of high 

optical quality. The analyzer of Fig. 15 is capable of producing 

similar data in an improved manner. A finite fringe interferogram 

is produced which is indicative of the Kerr effect irregardless of 

the magnitude of the effect. In addition the medium being investi

gated is not a part of the analyzer proper. This simplifies align

ment and makes measurements considerably more convenient. The 

optical quality requirement of the medium is consequently also re

duced. 

Laser Medium Analysis 

Another possible application of the analyzer of Fig. 15 is as-
72 

sociated with the design of electrodes for high power gas lasers. 

Minute spatial inhomogeneities in the field can reduce lasing action 

considerably. In order to reduce these inhomogeneities, potted 

Rogowski surfaces and materials having spatially varying conductivi

ties (to reduce spatial field gradients, especially at electrode 

edges) have been used. The only method of predicting the remaining 

small inhomogeneities was, previously, by computer simulation. While 

the analyzer of Fig. 13 does not possess the required sensitivity 

for the determination of the spatial field distribution, the analyzer 

of Fig. 15 does, and can therefore be used to determine the spatial 
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electric field distribution in the laser volume by constructing the 

obvious simple analogue experiment. 

Longitudinal Electric and Transverse Magnetic Field Measurements 

The analysis techniques associated with the analyzers of Figs. 

15 and 19 can be used to determine transverse electric and longi

tudinal spatial magnetic field distributions by observing the mag

nitude of either the Kerr or Faraday effects. The same analysis 

techniques can also be used to determine longitudinal electric and 

transverse magnetic fields by observing the magnitude of the Pockels 

of Cotton-Mouton effects. 

The Pockels effect can be used to measure longitudinal electric 

fields. This effect introduces a relative phase shift between 

orthogonal polarization components in the plane perpendicular to the 

direction of the electric field, according to the equation. 

Afi = fi.. - 5. = - (n, n,)dz (183) 

where. 

n - n, = r E 
X y z 

(184) 

(r is the electro-optical coefficient and E^ is the applied longi

tudinal field). The sensitivity of the finite fringe analysis tech-
81 -7 

nique can be calculated by using the measured value of 8.48 x 10 

cm/kV for r of an ADP crystal. Thus for X = .694 um Eq. 183 becomes. 
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Afi = 9.08 X 10 "̂  E,£ radians (185) 
r3 

t 
z 

such that 

E^£ = 693 1^ volts. 

Assuming a minimum detectable Ax/fix of 0.1, the minimum detectable 

E £ product is therefore given by 

E^£/min =69.3 volts. 

The Cotton-Mouton effect is the magnetic dual of the Kerr effect 

and therefore produces a relative phase shift between polarization 

components parallel and perpendicular to an applied transverse mag

netic field. ' The magnitude of the phase shift introduced is 

2 

proportional to B . The analyzers of Fig. 15 and Fig. 17 are there

fore directly applicable for determining the magnitude and direction 

of the transverse magnetic field. A material having a large Cotton-

Mouton effect, such as nitrobenzene, is than used as the sensing 

medium. The magnitude of the effect is approximately two orders of 

82 
magnitude less than the Kerr effect. The sensitivity provided by 

the finite fringe interferometer is therefore certainly required. 

It should therefore be possible to experimentally verify the 

field distribution in such configurations as a slotted cylindrical 

shell carrying an axial current. The transverse magnetic fields for 

this configuration have been theoretically predicted by Ellis. 

The configuration is applicable to the design and shielding problems 
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associated with either a linear or a toroidal z-pinch, screw pinch, 

or programmed pinch. The field configuration is therefore of in

terest in predicting the stability and equilibrium of a plasma 

column. 

Mechanical Stress Analysis 

The analyzer of Fig. 15 has been used to determine electrically 

induced linear birefringence (the Kerr effect). This analysis tech

nique can also be used to detect the spatial variation of the mag

nitude of mechanically induced linear birefringence in transparent 

37 3ft 
media ' with better spatial resolution and sensitivity than is 

now possible. In addition the analyzer of Fig. 17 could be used to 

determine the spatial variation of the stress direction. This 

stress analysis of transparent media can be analogically used to 

predict stress in actual structural configurations. 
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