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ABSTRACT

The controversy over ihe ability of High-volitage photography to
detect subsurface electrical inhomogeneities independent of surface
smoothness has been addressed. A method was devised in which one or
more samples could be tested under exactly the same conditlons with
controlled deviations in surface smoothness. Thils method was also used
to examine the ability of the photography to resolve differences in the
corductivity of materials which have no surface correlations. The
findings of this study indicate that it 1s possible to detect subsurface
electrical deviations and that materials of differing resistivity
can also be detected to some degree. TFinally, a theory 1s advanced
which offers an explaination for the observed dependence of the discharge
on frequency, the occurance of unexpected areas 1ackiné discharge and
which provides a mechanism by which materials of differing resistivities

can be det

ected independant of other parameters.



INIRODUCTION

High-voltage Fhotography 1s known by several names: Corona Discharge
Fhotography, Glectrical Discharge [maging, and most popularly Kiriian
Fnotography. The technique first gatned fame as a result of the work
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of Semyon Kirlian who began his studies in Russia in the 1930's.

His work was with living subjects and resulted in the Russian idea
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of a biopiasma. Fere in the United States Dr. Thelma Moss, of the

University of California at Los Angles was greatly influenced by the
Lussian work and her work has brought much attention to the technigue
with wnich she claims to detect an unknown life forceaj In attempts to
learn more about the process sclentists were forced to apply the technigue
to better understood physical materials. This lead to the important
advances in the 1970's in understanding the technique and its use
in materials testing.

High-voltange pholography 1s a process where a photograph of an
object 1s taken in complete darkness, using an induced corona discharge

to expose the rilm. The simplest type of device for making these plctures
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shown in Flgure One. With this device the object to be photographed
1 in direct contact with the film, although in others it is not.

Under the film is an insofation plate, usually glass, that helps protect
the object from over-exposure. Under the insulation is an electiric
conductor, such as a copper plate, and connected to the copper plate 1s

a high voltage power source.



The method of the formation of corona discharge has been well
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studied and is a well known phencmenon. he applied high voltage
current causes electrons to Jump into the air gap between the cathode
and the object, which serves as the anode. When these electrons acquire
enough energy, they begin to travel across the alr gap toward the anode

&) 4 =4 )
ionizing the surrounding alr and producing an avalanche effect along
the way. The density of the positive ions left behind soon becomes
sufficient to pull some of the electrons back from the anode and
recombination events occur, causing the emission of light which exposes
the film. Blectrical breakdown occurs across the gap as a result of the

propagation of additional avalanches by the secondary processes described
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by Uiller,
In their study of High-voltage photography, Boyers and Tiller show
that the pattern of the positive-negative streamer formation is strongely
dependent on pulse width, the number of pulses and the interelecirode
; ) R . - t . &
spacing, and is weakly dependent on the type of eleclrode material.
Here perhaps the most important, and often subtile, parameter is the

wcing. It is defined as the distance from the cathode
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to the anode, but it is extremely varible over the surface area due to
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deviations from absolute smoothness. In Figure Twe, the effect is

evident in the great detall of the surface relief in the photograpns of

the two colns.



Lord goes a step further in his studies and describes the use of
High-voltage photography as a technique for materials testing. He
proposes that the technique can be used to reveal or amplify surface
and subsurface conditions of the material beilng tested. He also
sugzests that 1t 1s sensitive to impurities and porosites in the material.
In one of the experiments described by Lord and Petrini, a nickel specimen
with hardness indents is photographed on both sides. The photograph of
the indented side shows the indents as light areas surrounded by dark
circles. The opposite side, with no visibly or mechanically detectable
indication of the indents, reveals the indents as black spots surrounded
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by gray areas. Nielsen and Schackelford suggest that this indicates

deviations from surface smcothness as opposed to evidence of subsurface

10 ) .
stress. = However, another extremely interesting experiment performed

vy Lord and Petrinil is not so easily explained. Tn this experiment an
aluminum bar with milling marks 1s polished smooth until no evidence

of the marks are detectable elther by visual or talysurf profileomctor

. 1 . . ; o
Inzpection. 1 Interestingly a high voltage photograph of the bar reveals

the milling marks, which Lord attributes to the technique's detection of
. , o ) 12
the subsurface internal state of the metal.

It is apparent that a contiroversy has developed between the iwo
Californian teams of reseachers. Lord and Petrinl claiming that High-
voltage photograpny can be used to detect subsurface characteristlcs of
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materials, while Nielsen and Schackelford hold thet thelr work can be
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explained by micro-deviations in surface smoothness. It is the

purpose of this study to end the controversy and determine the status

of the technique. The primary goal of this research is to establish

proof of the ability of the photography to detect subsurface characteristics
of a material independent of surface characteristics, and secondly to
determine if differences in the electirical characteristics of materials

can be detected.



MATERTALS AND METHODS

A diagram of the equipment used in this study is shown in Figure 3.
The gain of the amplifier is used to set the maxlimum applied voltage.

The applied voltage could be held relatively constant by observing the
length of streamers through the spark gap but was difficult to measure
with any accuracy. The frequency of the output voltage was controled

by the oscillator and the pulse width by a tap switch. This power source
is connected to the photographic device previcusly described so that
breakdown occurs in the ailr gap between the object to be photographed and
the copper plate. With this apparatus, photographs were taken of various
materials under different conditions. Exposures were made on 4 x 5 kodak
Tri-X pan sheet film and directly on photographic paper.

The first sample consisted of a pencil drawing of a fish on paper.
{Other photographs were taken of a polycrystaline silicon plate with horon
doped crystal inlerfaces aiv@ﬁyimg frequencies. Here it was hoped that
the slightly higher electric field produced at the interfaces could be

detected. Due to the complexity of the silicon sample, it was declded
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that experiments were needed of samples with more obvlious electri

Objects of differing electrical characteristics were sandwiched
between two sheets of opaque graphlte paper which were sealed with photo-
graphic ssaling paper. In one, a hole was cut in a third plece ol graphlite

paper and filled with a plece of plain paper cul to a nearly a perfect



fit as possible. This was then sealed batween the éraphite Taper as
described. In another, an aluminum triangle approximately 2.5 ¢m in
helght was sandwhiched in the grapniie, this was followed up by placing
several one centimeter triangles between the graphite to determine
resolution. Finally liquid graphite was palnted onto an Aluminum foil
square, over which another square was placed and the whole thing was
sandwhiched betiween the graphite paper as described.

However, none of these set-ups control for the surface deformation
caused by the sandwiched material or for the interelectrode spacing.
A method was therefore, devised in which one or more samples could be
tested under exactly the same conditions with controlled deviations in
surface smoothness, using a cleaved plate of mica on which deposits were
made (Figure 4). A material such as copper is deposited to a desired
depth on one plate, another material can then be deposited in any manner
s0 as to test the effects of varying the thickness and conductively.

A second plate and glycerine are used asa protective covering which is
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sealed with wax. The wax also forms an alr gap in which discharge can

occur. With this set-up, photos can be taken from side A to 1llustirate
differences in interelecirode spacing and surface relief or from side B
to contrel for these parameters. This method was also used to examine

the ability of the photography to resolve differences in the conductivity

of materials which have no surface correlations.



Using this device a serles of pholos were taken of two 500 A thick
depositions of copper and Bismuth which were deposited so as to overlap.
The first layer was of copper followed by Blsmuth, a second layer of
copper and then a second layer of Bismuth. Photos were taken from side
A in which the interelectrode spacing and surface relief had a maximum

on

variance of 1500 A, and from side B in which the surface relief was held
constant.

3ince the reflectivity of a material 1s a factor in the image
produced, a more concrete analysis of the photographs was derived by
counting the number of streamers in a square centimeter of each area
shown in figure 5. 'The averages were obtained from six counts from
500 to 1400 Hz 1in one series and five counts from 1000 to 1800 Hz in
the second. These frequency ranges encompased the upper limit at

which discharge would occur for the sample.



RESULTS

Figure 6 shows the pencil drawing of a fish on paper. Note the
lower part of the tail, which had been erased and redrawn. The erased
area shows up clearly but differently than the other. A photo taken
at 1000 Hz of the silicon plate is show in Flgure 7c, the discharge
pattern reveals no correlations with the chrystal interfaces. At
ten Hertz ihe same plate has a dramatically different discharge pattern.
This photo clearly shows the depression of the silicen plate in the center
due to the heavy ground on top, which reduces the alr gap toward the center.
There is a low density of streamers and the occurance of indistinet
shadows typlcal of glow discharge. The density of the sireamers and
glow discharge is seen to increase at 100 Hz (Fig. 7b), but the depression
rattern ;1s lost. Finally a complete dominace of streémers is seen at
1000 Hz (Fig. 7¢). In figure 8, a picture is taken of the same plate
after 1t was cracked, the crack can be seen sxtending across ihe middle
of the photos taken at higher frequencies (approx. 1000 He) .

A pilcture of the graphite sandwich with the cut out 1s shown
in figure 9. The area of the hole can clearly be seen in the center
of the photograph as an area of high discharge surrocunded by an area of
poor discharge. The 2.5 enm aluminum triangle is seen in the upper
by areas of discharge. The 1 cm triangles are tarely visible in the

center aof figure 10b. The sample of the aluminum foll sandwiching



liquid graphite and which is itself sandwiched . by the graphite paper, is
shown in figure i11. The aluminum area is clearly seen as being without
discharge, while the center area of graphite appears exactly like that

of the surrounding graphite paper.

Pnotographs of the deposition samples taken from side A, are shown
in figure 12. Ignoring the first copper deposition, no distinct border
is seen to 1llustrate differences in the thickness or type of material.
Photos of the same sample taken of side B in whith surface relief is
controled are seen in figure 13. 'The arsa of the second bismuth layer
has a different pattern than the others, being dominated by larger more
diffuse streamers. A graph of tle average streamer density for an area
over the entire frequency range in which discharge occured, verses
resistivity is shown in figure 1.

In the photographs the effect of varying the voltaée was that
of shifting the frequency range cver which discharge occured, but no
other effects were observed. The frequency however, had a major effect
on the amount of discharge produced for a given material. This was
seen in all cases and is shown in figure 7, 12 and 13, It was also
observed that, different materials produce discharge over different

requency ranges. Another general observation is illustrated in most
of the photographs. Here a large portion oo - of the photographs

have an unexplained area lacking discharge (Example figure 7).



To 1llustrate some of the parameters affecting the pattern of
corona discharge produced, a pilcture of a leaf is shown in figure 15.
The surface rellef is greatist along the velns of the leaf, here the
ridges act to increase the local electric fleld and hesnce decrease the
sparking potentlal, creating more discharge along the vein. Increasing
the alr gap decreases the discharge in the area, but alsc increases the
density of the streamers in a clustering manner because there is more
time for branching of the main streamer channel. Note the density of
the streamers from the aluminum ground plate ls gradually decreasing,
while the pattern becomes more diffuse due to the tilt of the plate.

The erased area of the fish drawing which clearly shows up in
figure 6, could indicate the presence of un-erased grapéite and a lower
conductance, or the ridge formed by the penclil itrace. This question
could be answered by testinhg simllar samples against a contreol in which
a trace is formed by a stylus. Hxperiments with the silicon plate were
unsuccessful, possibly due to the resolution of ithe technique. However,
the dependance of the discharge pattern on the frequency of the applied
voliage, and the presence of the depression pattern are very important
(figure 7). The depencence of the discharge on frequency was noted by

15 . . .
“ bt has not been understood, and will be discussed later.

Nelsen
The ability of the photography to detesct the depression of the

silicon plate is in itself very interesting, but the manner in which

lo



the pattern is formed is even more fascirnating. In figure 7a, this
pattern is made up mostly of glow discharge but also of streamer discharge.
The discharge is confined within gradients resembling an interference
rattern, instead of appearing as gradual density changes as would
be expected. This phenomenon is unexplained, but may involve the
effects of an aztual interference pattern on the local concentration
of phoicionizatioq,resulting in discrete areas of discharge.

In the photographs of the hole cut out of a plece of graphite
paper sandwiched 1inside two other pleces (figure §), the pattern
produced may indicated the surface geometry, since a ridge would bhe
developed only at the edge of the cut, forming the outline of the hole,
In the photos of the aluminum tri&nﬁhs) ong would expect an indletinct
border hetwsen the area of the aluminum and the heavily discharged area
of the graphite, because the bulge in the surface r&lie% would tend to
be rounded. Here, ales the pattern of the aluminum is markedly different
from the surrcunding graphite, completely lacking discharge. The 1limit
of the resolution of the photography using my equipment, is 1llustrated
by the barely visable 1. cm triangles in figure 10b., It is clear ihuﬁ,

my equipment,

by

that the chrystal interfaces are not within the resoclution o
providing one explaination for the enability to detect them.
The most interesting photographs from the graphite paper series

d graphite), and aluminum

[

where those of the sandwiched aquadag (liqu
foil., The aluminum area is clearly seen to be without discharge, while

the center area of the aquadag appears exactly like that of the surrounding



graphite paper (figure 11). If this were a surface effect, one would
expect a gradual transition from the pattern of the graphlte paper to
that of the aquadag. The aluminum area should appear intermediate to
the other two areas. Instead, areas of graphite appear the same regard-
less of thickness, and the aluminum area is dramatically different.
Note also, that the aguadag is seen through the aluminum. In my
opinon, this is strong evidence of the photography's ability to distingulsh
between the electrical characteristics of materials regardless of the
surface geometry.

Bven so, more conclusive results are desired. To achleve these
results, 1t is essential that surface effecis are controled. The
sample set up previously descrived and shown in figure 4 accomplishes
this goal. The deposition of the samples on the rigid mica plate controls

™

the surface relief since the mica determines the surface (from side B).
It also controls the interelectirode spacing (air gape) to some degree
due to the rigidness of the plate, It was dlscovered, however, that

the plate could be tilted due to inconsistancies in the thickness of

the wax used to seal the sample, resulting in a gradual gradient in the
thickness of the alr gap. The set-up also has the advantage of allowlng
different materials to be photographed under exactly the same conditions.

The detection of the copper and bismuth deposits through the mica

plate proves that subsurface characteristics can be detected. In this

sample there are no surface correlations with the deposits since the surface
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of the mica determines the surface rellef and interelectrode spacing.

The image is not merely formed asa result of streamers arcing from the
ground plate through the mica plates and sample. Since there 1s no

air gap between the deposits and the mica plate, streamers in the area of
the sample must be generated from the surface of the mica. That the pattern
.

is not caused by any changes in the surface relief is supported by the lacl

of differences in the discharge pattern for the area in pictures taken

1

of side &, where the surface relief has a maximum variance of 1500 A.

U

Wnen the average streamer density of the areas illustrated in
figure 5 are compared, a possible correlation 1s seen bvetween streamer
density and the resistivity of a material (Figure {4). To explain this
occurance, one must keep im mind the dependence of the discharge on
frequency. In the course of my study, i1 was noticed that for a glven
sample, discharge would cccur only over a specific rangb when the voltage
is constant. The amount of discharge would increasc to a peak wiih an
increase in frequency to a limit, and then decrease with increased frequency.
varying the voltage only had the effect of shifiling the frequency
range at which dlscharge occured, but this occured only to a certain

ra

noint beyond which further increases in the voltage had no visible effect.’

Lol

A possible reason for this behavior was suggested when it was discovered

that the frequency range at which ithe discharge occured, could bes dramatically
increased by adding a large resistance to the sample. It then became clear
that as the impedence of the tranférmer changed with the frequency and load,

the current passing through the sample was changing. As the



frequency increases the load on the itranformer increases and the current
passing through the alr gap increases., If the quenching time of the
discharge streamer is on the same order as the frequency, then the
streamer may not be able to quench between pulses, and recombination
events would be inhibited until the discharge stopes. Therefore, one
would see an lincrease in discharge with frequency due to the the increase
in current up to a maximum point, followed by a decrease in the discharge
with further increases in the frequency. The validity of thls theory

can easlly be determined by conducting experiments in which the
resistance of the sample is changed, controling the current through

the sample.

The above reasoning may alse explain the patches of no

£
discharge which occurs in nearly all the photos taken. Boyers and Filleri

suggest that this pattern ls caused by buckling of the film, but I find
this unlikely in some of my set-ups. There seems to be a strong
correlation of these areas with the ground contact to the aluminum
ground plate. -If this ié the case, then the contact is belng detected
thorugh the air gap, two mica plates, the sample and an alumlnum plate
one milimeter thick. The ability to detect this area may be due to

the extremely strong elctric field and current flow from the contact,
which may produce a reglon where the charge density remains high

and does not quench even at low frequencies. This theory can

easily be tested by completely eliminating film buckling with glass

film and by carefully controling the locatlion of the contact.

i
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The findings of my study support the work of Lord and Petrini.

Tt is possible to detect subsurface electrical inhomogeneitieg in materials
which have no correlation with the surface characteristics. It was

found that areas of differing electrical characteristics produce different
discharge patiterns as was seen in the aluminum-aquadag sample. Pre-
limenary data from this study also suggests that materials of different
resistivities can be detected by finding the average streamer density

over the entire frequency range at which dlscharge will occure for
materlals and graphing it against the resistivity of the material.

Finally, a theory ls advanced suggesting a possable explanation for

the observed dependence of the discharge on frequency, and for the occurance
of unexpected areas lacking discharge. Thls theory aisé offers a mechanism

by which the resistance of a material can effect the type of discharge

jars

pattern produced, resulting in the detection of materials of differen

resitivity.
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Sample set-up used to test one or
more samples under the same conditions
while contrelling for surface relief,
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Figure Five

Count areas used to quantify the
amount of discharge for a material.
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Figure Six

High-voltage photograph

of a pencil drawing of

a fish on paper. Note

the lower portion of the
tall which had been erssed
and redrawn.
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Figure

Yhotographs of Aluminum triangles
sandwiched bvetween two sheets of
graphite paper. The large triangle
in the upper letft hand corner of A.
The smaller triangles are vislible
as heart shaped black areas in the
center of B, Taken at 1000 Hz.
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Figure Twelve

Negative prints of .copper-bismuth deposits

on mica, taken from side A so that the surface
relief is not contreled. A at 500 Hz, B at 1000 Hz,
¢ at 1300 Hz, D at 1600 Hz.
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Figure fourteen

Graph of materials verses streamer density.

Materials are shown in order from the mica surface.

For example, area 7 1s composed of a copper layer
over bismuth on mica. Hence the bismuth layer
has the greatest effect on the discharge. But
due to diffusion the resistiviiy can vary widely
in the areas and is unknown. The dramatic
difference between areas 4 & 5 compared 1o 3 & 2
is due to the tilt of the mica plate, resuliing
in a smaller streamer densiiy for 4 & 5. These
results are highly amblgous, but areas with more
Bismuth have higher discharge densities.
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