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color of Kirlian photographs of human sul 
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A type of photography, commonly 
called Kirlian photography (1), has 
gained considerable notoriety in recent 
years. In this technique a photographic 
image of a subject is obtained when a 
large electric potential is applied be- 
tween the subject and a dielectrically 
isolated electrode. There has been con- 
siderable debate concerning the inter- 
pretation of the photographic images ob- 
tained of human subjects. Claims have 
been made that variations in image struc- 
ture and coloration can be related to 
changes in physiological, psychological, 
and psychic states (2). However, in 
many cases it is not clear what physical 
parameters were controlled. 

When one has some familiarity with 
the literature concerning gaseous dis- 
charge, it becomes obvious after a re- 
view of published and unpublished Kir- 
lian photographs that at least one of the 
important processes that contributes to 
the formation of the photographic image 
is corona discharge occurring at the sur- 
face of the subject. Furthermore, re- 
search in this field (3-7) indicates that 
corona discharge is probably the most 
significant source of energy capable of 
generating an image. Corona discharge is 
a luminous, low-current gaseous dis- 
charge occurring in the atmosphere at 
electric field strengths below the thresh- 
old for spark breakdown. 

From this perspective, we have stud- 
ied this photographic procedure to deter- 
mine to what extent observed image 
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We monitored room temperature and 
humidity. In addition, we monitored the 
physiological parameters of palmar skin 
resistance, sweat activity, and skin tem- 
perature of a number of subjects during 
test periods. Electrical skin resistance 
was measured according to standard gal- 
vanic skin response (GSR) techniques (8, 

9). Measurements were made between a 
finger pad and the back of a hand by 
using Tektronix Ag:AgCl electrodes 
and a 0.1N NaCI contact medium. Sweat 
activity at a finger pad was checked di- 
rectly by the method of Sutarman and 
Thomson (10). Skin temperature of a 
finger was measured with a thermistor. 

Current measuring 
resistor 

Fig. 1. Diagram of experimental arrangement. 
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Fig. 2. Typical waveforms observed with the high-voltage supplies used in this investigation. (a) 
Capacitive discharge high-voltage supply output waveform. This is categorized as a bipolar 
"ringing" pulse with an exponentially decaying envelope and a negative leading edge. This 
typical pulse has an amplitude of-9 kv from zero baseline to peak and 15 kv from peak to peak. 
Two ringing components can be seen, but the most important to this experimental design is the 
one with the 40-gsec rise time (10 to 90 percent). (b) The resultant when the high-voltage diode 
(see Fig. 1) shunts waveform (a). The unipolar pulse shown has a -9-kv-peak leading edge with a 
longer rise time of 42 Axsec (10 to 90 percent). The second pulse (40 percent of peak) had a 
minimal influence on the images presented here. (c) LTS 100 high-voltage supply output pulse. 
This waveform is unipolar with a 10-kv-peak leading edge. The rise time is 300 tisec (10 to 90 
percent), the fall time is 3.5 tLsec (10 to 90 percent), and the pulse width is 2 jtsec (50 percent). 
(d) Variable-persistence display of a typical current waveform showing superposition of corona 
pulses for a dry, conductively coated, wooden specimen with a continuous 50 pulse/sec pulse 
train of waveform (b). The measurement is made in the ground return path with a 1-kilohm 
noninductive resistor. The isolator was 0.63-cm-thick glass plus 0.025-cm-thick Mylar. 
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Besides temporally random observa- 
tions of the corona of fingers of relaxed 
subjects, we did three sets of experi- 
ments in which corona images were ob- 
tained before and after certain manipula- 
tions. These were hydration of one finger 
in water at room temperature (- 23?C); 
simultaneous hydration of two fingers in 
two different baths (distilled water and 20 
percent NaCI by weight in distilled wa- 
ter) as a function of temperature; and 
imposition of a 100-decibel 1000-hertz 
tone burst on 80-db white noise, minor 
pain (a forcep pinch), mental arithmetic 
(series subtraction by odd numbers), or 
hyperventilation by a subject paced at 30 
respiration cycles per minute for 1/z min- 
utes. 

Except when two fingers were hydrat- 
ed simultaneously, one finger was "dehy- 
drated" with denatured alcohol and the 
other finger was untreated. A photo- 
graph was taken of both fingers; a manip- 
ulation was introducej; a second photo- 
graph was taken; and finally a third, post- 
manipulation photograph was taken after 
a lapse of 1 minute. When two fingers 
were hydrated simultaneously, both fin- 
gers were washed with alcohol; the re- 
maining procedures were the same. 
These procedures facilitated the assess- 
ment of the influence on finger corona of 
manipulations and of prior corona activi- 
ty. In addition, when a number of manip- 
ulations were performed in a series with 
one subject, the sequence of the manipu- 
lations was counterbalanced within and 
across subjects. The time in which the 
manipulations were applied and the inter- 
vals between photographs (of the order 
of minutes) were constant within 10 sec- 
onds. 

Characteristics of Corona Photographs 

Figure 3 consists of corona photo- 
graphs (11) of human fingers. These illus- 
trate the image characteristics we will 
discuss, and typify those obtained when 
the applied voltage is bipolar or when it 
is unipolar with the subject positive with 
respect to the electrode. The bipolar 
mode is the one used most frequently by 
investigators. We have grouped these 
corona discharge features into four cate- 
gories: (i) streamer range, (ii) streamer 
density, (iii) secondary images, and (iv) 
streamer curvature. These are defined 
and discussed below. 

Within the confines of the experimen- 
tal conditions we employed, we have not 
observed any photographic image forma- 
tion that could not be related directly to 
glow and streamer modes of corona. 
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Streamer Range 

Streamer range refers to the length of 
streamer images extending radially from 
the subject-film boundary. Streamers 
may usually be classified into two 
groups: relatively long streamers that 
may be faint, and a denser group of 
shorter streamers (see Fig. 3). 

We studied streamer range as a func- 
tion of (i) the peak value of the input 
voltage pulse, (ii) the initial rate of rise of 
the voltage pulse, (iii) the pulse count, 
(iv) the pulse repetition rate, (v) the cir- 
cuit resistance, and (vi) the photographic 
film type. 

By observing image growth as a func- 
tion of the number of voltage pulses, we 
see that the streamers generated during 
the first pulse can always be classified as 
long streamers. Only one streamer is 
formed per corona site during a pulse, 
for a range of peak voltages up to four 
times the minimum needed to initiate a 
corona. 

Streamers formed during subsequent 
pulses of a pulse train may extend as far 
as or even beyond the first set of stream- 
ers, but in many cases pronounced 
streamer attenuation is observed after a 
small number of pulses. Of the film types 
we used, the attenuation effect is most 
pronounced when corona is imaged by 
Polaroid 55 P/N film. When streamer 
attenuation occurs, streamer range 
reaches a minimum after a few pulses, 
after which it increases with further puls- 
ing. The range of attenuated streamers is 
more extensive for bipolar pulses than 
for unipolar pulses with the same pulse 
count and peak voltage. 

With our CD voltage source, streamer 
range tends to increase as pulse repeti- 

tion rate decreases within the experimen- 
tal range from 50 to 5.5 pulses per second. 
The percentage increase of long streamer 
range is small, that of short streamer 
range much greater. Furthermore, the 
total number of streamers produced by a 
given number of pulses decreases with 
increasing pulse repetition rate. Appar- 
ently, the interval between corona 
events has a bearing on corona image 
patterns. 

When a resistance greater than 200 
kilohms is added between an inanimate 
subject and ground, range diminishes 
measurably. For example, with the out- 
put waveform of the CD supply, range 
decreases linearly with an increase in 
resistance up to at least I megohm within 
experimental error. At this resistance, a 
20 percent average change was recorded. 
Both long and short streamers appear to 
be influenced similarly. With a longer 
voltage pulse rise time, circuit resistance 
has a smaller effect on streamer range 
(for example, for a pulse with a 3-msec 
rise time, the addition of 1 megohm 
reduced streamer range only 10 per- 
cent). The resistance loading had no 
influence on the output voltage of our 
supplies. 

We have also observed a linear rela- 
tionship between streamer range and ap- 
plied voltage (Vp), when the voltage is 
somewhat above the minimum required 
to initiate streamers. When we use a 
0.63-cm glass isolator and our CD sup- 
ply, range increases by about 1 mm/kv. 
As Vp is increased, the electrode-to-sub- 
ject voltage (Vc) associated with the on- 
set of corona current (the corona onset 
voltage) increases at about one half the 
rate of Vp. Furthermore, the time inter- 
val between the start of the voltage pulse 

and the onset of the corona decreases 
nearly linearly with increased applied 
voltage. The results indicate that the co- 
rona onset voltage varies directly with 
the rate of rise of the triggering voltage 
pulse. Streamer range, therefore, is simi- 
larly influenced since it is determined 
chiefly by the vector properties of the 
local field existing at a corona site. This 
dependence on rise time is further veri- 
fied by the observed decrease in range 
for a given peak voltage when the volt- 
age pulse rise time is increased from 40 
,usec to 3 msec. 

Therefore, the modulation of streamer 
range by circuit resistance is due to a 
change in the time rate of rise of the 
electric field at the surface of the subject 
because of the division of the output 
voltage between the subject-electrode ca- 
pacity (about 1 picofarad per square cen- 
timeter for a 0.63-cm glass isolator) and 
the varying series resistance. This divi- 
sion is frequency-dependent, since the 
ratio of the voltage drop across the ca- 
pacity to that across the resistance de- 
creases with increasing frequency. Con- 
sequently, the change in streamer range 
with resistance is greater at higher fre- 
quencies. 

Since changes in circuit resistance af- 
fect corona streamer range, there ap- 
pears to be the possibility that body im- 
pedance changes could be sufficient to 
produce consistent, measurable varia- 
tions in the range of long streamers. We 
have observed that the skin resistance of 
a subject can be altered by several hun- 
dred thousand ohms by hyperventilation 
and body cooling. Consequently, we 
checked to see if changes of resistance of 
that magnitude would produce a measur- 
able reduction of initial streamer range. 

Fig. 3. Corona photographs of human fingers (tip oriented to left of figure). (a) The waveform is bipolar (Fig. 2a) at - 17-kv peak (23.8 kv peak to 
peak); 24 pulses at 50 pulses per second were applied. The isolator was 0.63-cm-thick glass (dielectric constant k = 6.0 at 1000 hertz) plus 0.025- 
cm-thick Mylar (k = 2.5 at 1000 hertz). (b) Same conditions as (a) except that the waveform is unipolar (Fig. 2b). (c) The waveform is unipolar 
(Fig. 2c) at -11 kv peak, 75 pulses at 50 pulses per second. The isolator was 0.25-cm-thick phenol-formaldehyde (Bakelite, k = 5.1 at 1000 hertz) plus 0.025-cm-thick Mylar (k = 2.5 at 1000 hertz). The photograph is an enlargement of the lower part of Fig. 6a. Two printing exposures (14 seconds at the top and 7 seconds at the bottom) have been used to show the range of image detail. Abbreviations: L, long streamers; S, short 
streamers; SI, secondary images; and C, streamer curvature. 
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However, when GSR variations of as 
much as 500 kilohms were evoked, no 
detectable differences in long streamer 
range were observed. Therefore, when 
experimental conditions fall within those 
we employed, we would not expect sig- 
nificant modulation of streamer range by 
changes in skin resistance. 

In the film we used, the ranges of first- 
pulse streamers of human corona and 
from nonliving subjects are much alike 
and consistent. However, the ranges of 
streamers produced by succeeding 
pulses may differ markedly for these two 
classes of subjects. The variability in 
streamer range among human subjects 
for the same photographic conditions is 
much greater than among inanimate sub- 
jects. Much of this variability will later 
be shown to be related to moisture. The 
corona images of "dry" fingers are much 
like those obtained with dry inanimate 
representations. 

Other factors that influence streamer 
range are electric field bending due to the 
mismatch of dielectric constants at di- 
electric interfaces, the relative thickness 
of the dielectric components between the 
subject and high voltage, the water vapor 
content of the atmosphere, and geomet- 
ric characteristics of the surface of the 
subject. 

Preliminary studies of corona onset 
voltage as a function of the dielectric 
constant of the dielectric with which the 
subject is in contact indicate that corona 
onset voltage decreases as the dielectric 
constant increases. This correspondence 
is probably a result of an increase in local 
electric field for the same applied volt- 

age, as the field is brought closer to a 
normal direction by the decrease in the 
tangential component of the field in air at 
the air-dielectric interface. As a con- 
sequence, streamer range is diminished. 
On the other hand, an increase in thick- 
ness of the dielectric isolator when the 
magnitude of the electric field is kept 
constant will increase streamer range be- 
cause of field spreading. 

It is known that an increase in atmo- 
spheric water vapor content will influ- 
ence the range of positive streamers in 
two ways (12). First, it reduces streamer 
range by absorbing photons which other- 
wise would be available for propagating 
positive streamers by photoionization. 
Second, it may reduce streamer break- 
down voltage by influencing the charge 
sheath that forms about a positive point. 
However, within the limits of our experi- 
mental design we have not observed vari- 
ations in streamer range due to normal 
variations in room humidity (40 to 70 
percent relative humidity) beyond experi- 
mental variability. 

Surface topography, of course, is im- 
portant in defining the strength of the 
electric field along the surface of a sub- 
ject. We have not investigated this as- 
pect in any detail beyond obtaining en- 
largements of some photographs of hu- 
man fingertip corona. The spacing and 
regularity of corona sites suggest that 
they may be sweat pores. Considering 
the small radius of curvature of sweat 
duct openings (about 25 micrometers), it 
would not be surprising if these were the 
most likely corona sites on the human 
body. 

Corona Streamer Density 

The degree of streamer activity in the 
corona of human subjects may vary from 
one exposure period to another. The 
measure of this activity is the density of 
a corona image resulting from photo- 
graphic integration of successively 
formed streamers. By density we mean 
the overall impression of the degree of 
streamer activity given by a photograph, 
with particular reference to absence of 
streamers around the subject-film bound- 
ary. For comparable experimental condi- 
tions, the photographic images of stream- 
er activity of fingers of relaxed subjects 
taken randomly over a period of time 
varied from a condition where no stream- 
er activity was recorded to one in which 
streamers were produced uniformly 
about fingers. Such extreme variations 
have even occurred within several hours 
with the same subject. For intermediate 
cases-that is, when streamers are ab- 
sent from only portions of the finger 
contact boundary-the streamerless re- 
gions tend to concentrate at the rear of 
the fingertip. 

The following observations indicate 
that the absence of streamers in finger 
corona is predominantly due to the re- 
lease of water present on or within the 
skin and a subsequent interaction of the 
water with the gel coating of the photo- 
graphic film. 

1) Streamer formation about a finger 
tends to increase after washing with alco- 
hol or acetone. 

2) The corona of a finger, when a thin 
(25 g/m) polyethylene terephthalate (My- 

Fig. 4 (left). Simultaneous corona photographs: (a) 
and (c) are of the second and third digits of the left 
hand of a subject in contact with the film emulsion. 
In (b), the fingers are separated from the film by a 
25-/am-thick Mylar sheet. The waveform is bipolar at 
-17-kv peak with other conditions as in Fig. 3a. 
Fig. 5 (right). Corona photograph of filter paper 
covering a conductive wooden specimen when dry (a) 
and when wet with tap water (b). The waveform is 
unipolar at - 17-kv peak with 50 pulses applied; other 
conditions are as in Fig. 3b. 
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lar) sheet is inserted between a finger and 
photographic film, is always full, without 
any gaps around the finger contact 
boundary. This occurs even when im- 
ages obtained before and after insertion 
of the Mylar exhibited substantial gaps in 
streamer activity. This effect is shown in 
Fig. 4. 

3) Streamer formation about in- 
animate representations containing plas- 
tic filter material wetted with water is 
greatly reduced in the regions wetted and 
exposed. This condition is illustrated in 
Fig. 5, which shows the corona of a 
conductively coated wooden replica cov- 
ered with the filter material when it is dry 
and wet. 

4) A relationship between indicators 
of palmar sweat activity and corona im- 
age density has been delineated. These 
indicators are sweat count and GSR 
measurements. Palmar sweat activity 
covaries negatively with skin resistance 
and accounts for some, but not all, of the 
variability of GSR data. When sweat 
count is high and the GSR value low (on 
the order of 10 kilohms) the density of 
the photographic image is low. Under 
these circumstances there are often no 
streamers at all. Furthermore, hyper- 
ventilation by a subject, which would be 
expected to initially increase palmar 
sweating (13, 14), tends to reduce corona 
activity, as shown in Fig. 6. 

5) Hydration of a finger in water and 
saline solutions will often, depending on 
temperature, decrease streamer activity 
when photographic film is the recording 
medium. We have found that hydration 
of a finger in room-temperature water for 
1 minute will usually produce a reduction 
in streamer density for that finger. In- 
stances when appreciable reduction of 
corona did not occur appeared to be 
related to a relatively low room temper- 
ature (18?C). In dual hydration experi- 
ments (in which a finger is immersed in a 
20 percent NaCl solution and another in 
distilled water, both for 1 minute) the 
change in corona activity with solution 
temperature followed the predicted tem- 
perature dependence of epidermal hydra- 
tion rates in the two liquids. Figure 7 is a 
typical set of photographs obtained at 
three test temperatures. With subjects 
who had a moderate to low sweat count, 
the corona of fingers soaked in the NaCI 
bath at low temperature (8?C) did not 
change greatly, whereas that of fingers 
hydrated in water at the same temper- 
ature decreased significantly (usually a 
nearly total absence of corona). At a 
moderate bath temperature (23?C), a re- 
duction but not complete extinction of 
the corona image of fingers soaked in the 
NaCI solution usually occurs, while 
there is complete loss of streamer activi- 
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Fig. 6. Simultaneous corona photograph of 
two fingers before and after hyperventilation. 
The second digit of the right hand is at the top; 
the sequence is left to right with tips oriented 
to the right. (a) The upper finger was washed 
with alcohol; (b) after hyperventilation for 1.5 
minutes; and (c) after a lapse of 1 minute. The 
arm and hand were restrained and supported 
to maintain constant pressure on the film. 
Conditions are as in Fig. 3c. 

ty around the finger soaked in water. 
When the temperature of the baths is 
increased (to 37?C), no corona was re- 
corded from either finger following im- 
mersion in the respective baths. Usually 
an increase in the corona is shown in the 
follow-up photographs (taken 1 minute 
after hydration). This increase is usually 
greater for the finger soaked in the NaCI 
solution, at all three bath temperatures. 

Hydration of the skin is a function of 
the osmolality of the solution outside the 
skin and of physiological properties. 
Buettner (15) reported bidirectional wa- 
ter diffusion through the skin depending 
on environmental characteristics, solu- 
tion characteristics, and skin physiology. 
He also showed that at low temperatures 
water leaves the skin in a 20 percent 
NaCI solution and hydration increases as 
function of temperature for all solutions. 
A similar relationship between temper- 
ature and osmolality is indicated by the 
corona photographs. Therefore, water 
vapor evolution from the stratum corne- 
um, which can imbibe water up to 200 
percent of its weight, appears to be re- 
sponsible for the moisture effect on these 
photographs. 

When finger corona of subjects was 
recorded before and after hyper- 
ventilation, a tone burst, a pinch, and 
mental arithmetic, a substantial reduc- 
tion of corona occurred for at least two 
of the four imposed conditions for all 
subjects (six). However, the changes in 
corona were not consistent among all 
subjects. No single condition produced a 
large reduction of corona with all sub- 
jects. The overall response was least for 
mental arithmetic. With this stimulation, 
if a response occurred, it was always 
small. In our judgment a change in co- 
rona beyond normal variability occurred 
for four of the subjects. The tone burst 
evoked a strong response in four of the 

six subjects, while five responded signifi- 
cantly to the pinch. In the hyper- 
ventilation experiment, a corona reduc- 
tion occurred with all the subjects, being 
substantial with five. When a response 
occurred, the degree of corona reduction 
tended to follow the level of sweat activi- 
ty recorded when the subject was re- 
laxed (that is, the higher the initial sweat 
count the greater the reduction of corona 
at the time of stimulation). 

Another major influence on finger co- 
rona recorded photographically is the co- 
rona itself. The image of finger corona 
obtained after an earlier corona photo- 
graph of the finger is often more dense 
than its predecessor, provided the time 
between the corona events is not long. 
The effect can last, however, at least as 
long as a minute. It appears to be com- 
parable to that produced by washing the 
finger in alcohol. 

Secondary Corona Images 

Surrounding, and possibly within, the 
subject-film contact boundary, there 
may appear images that have a diffuse 
character, such as SI in Fig. 3, a and b, 
which we will label as secondary corona. 

Secondary image formation is a com- 
mon occurrence when corona is formed 
about fingers that are in contact with 
photographic film having a transparent 
film base and a translucent antihalation 
coating on the surface opposite the emul- 
sion. Such images often occur in regions 
where there is an absence of streamers 
emanating from the finger-film boundary. 
With black-and-white film, secondary im- 
ages are characterized by lack of image 
sharpness since the light is diffused as it 
travels through the antihalation coating 
and several hundred micrometers of film 
base before exposing the emulsion. With 
color film of similar construction (such 
as Kodak Ektachrome) secondary im- 
ages usually have a coloration that falls 
within the red-to-yellow range, in addi- 
tion to being less distinct than the usual 
blue-colored images of streamers. The 
appearance of secondary images is en- 
hanced by procedures that increase pal- 
mar moisture. For example, we have ob- 
tained orange images with Ektachrome 
film after hydrating fingers in water. 

When we used film that has an opaque 
base, such as Polaroid 52 (black and 
white) and 58 (color), no images having 
the above characteristics were obtained. 
However, others have obtained photo- 
graphs of living subjects with Polaroid 58 
film in which indistinct reddish-to-orange 
coloration is present within the subject 
boundary. We have ascertained that solu- 
tions of salts can cause nonblue color- 
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ation in this type of film. In particular, 
saline solutions have caused color devel- 
opment ranging from red to yellow (de- 
pending on NaCl concentration) without 
the benefit of an electric field. Further- 
more, fingers moistened with per- 
spiration produced an orange image even 
when no field was applied. 

From a close examination of photo- 
graphs, it is apparent to us that the image 
formation in film with a transparent base, 
which we have labeled as secondary, is a 
result of corona occurring between the 
film backing and the dielectric isolator. 
This possibility was previously sug- 
gested by Tiller (3), Boyers and Tiller 
(4), and Poock (7). Further verification 
has been obtained by using two sheets of 
transparent base film and permuting the 
orientation of their surfaces with respect 
to the subject. When this was done, im- 
ages were recorded that could easily be 
traced by the sharpness of their structure 
to the surfaces at which corona oc- 
curred. It was evident that corona had 
occurred at all of the three surface 
boundaries in each case: subject to film, 
film to film, and film to isolator. 

The occurrence of secondary corona is 
dependent on the electric field at the 
film-isolator boundary. The effect of 
moisture is to cause an increase in the 
strength of the field at this boundary. Of 
course, the occurrence and form of sec- 
ondary images are also dependent on the 
voltage and geometric conditions of the 
experiment. 

Streamer Curvature 

The existence of corona streamers that 
deviate significantly from a radial trajec- 
tory is another phenomenon that is re- 
lated to moisture. With inanimate sub- 
jects streamer curvature is not observed 
when the subjects are dry, but does oc- 
cur when they are wetted with water, as 
is seen in Fig. 5. Such curvature is com- 
mon in the corona of human fingers, but 
can be eliminated when moisture is pre- 
vented from reaching the photographic 
film-for example, by blockage with a 
25-,um Mylar sheet. 

When there are regions in a photo- 
graphic corona image within which 
streamers are absent, the streamers that 
outline these regions often curve into 
them, as illustrated in Figs. 3 to 7. As 
seen, 90? deviations can occur and 
streamers may form almost a complete 
line image that circumscribes the bound- 
ary of the finger with the film. In such 
cases, streamers produced at different 
times often follow the same curved path. 

By following the growth of finger co- 
rona images as a function of the number 
of voltage pulses, we can see that the 
first pulse streamers are usually radially 
directed (excluding branching). It is the 
streamers generated by succeeding 
pulses that may deviate greatly from radial 
trajectories. This dependence on pulse 
number occurred even after a finger was 
in contact with the film for a minute 
before corona initiation. Therefore, the 

curvature of streamers appears to be 
very dependent on prior corona activity. 

Discussion 

The variations in the corona photo- 
graphs of humans that are most fre- 
quently exhibited are those of streamer 
density and image coloration. Such 
changes have been linked by observers 
to both internal and external influences 
on subjects. By controlling the availabili- 
ty of moisture at fingertips and by using 
wetted, inanimate structures, we have 
been able to replicate many of the 
changes in images of corona whose sig- 
nificance has been debated. It is appar- 
ent to us that most of these modulations 
are a result of differences in the distribu- 
tion and amount of moisture that is trans- 
ferred from the subject to the surface of 
the photographic film. Through an inter- 
action with the film, moisture has a di- 
rect influence on streamer density, sec- 
ondary image formation, and streamer 
trajectories. 

The occurrence, length, and initial di- 
rection of streamers are determined by 
the magnitude and direction of the elec- 
tric field at a corona site. The electric 
field is dependent not only on applied 
voltage and dielectric and geometric fac- 
tors, but also on the charge distribution 
that remains on the surface of the film 
after prior corona activity. For example, 
it seems clear that the observed influ- 

Fig. 7. Corona photographs of fingers as a function of hydration at three bath temperatures, 8?, 23?, and 37?C: (a) second digit of hand soaked in 
distilled water and (b) fourth digit of hand soaked in 20 percent (by weight) NaCl solution. In these photographs, the images at the left were 
obtained after washing with alcohol, those in the middle after soaking for 1 minute in the respective baths, and those at the right after a lapse of 1 
minute. The orientation, apparatus, and power supply conditions are identical to those in Fig. 6, except that only 20 high-voltage pulses were 
applied. 
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ence on the corona of film type, the 
number and type of applied voltage pulses, 
and the repetition rate is a result of a 
charge buildup. When moisture becomes 
available to interact with the film sur- 
face, the surface charge in certain re- 

gions becomes altered in such a way as 
to produce the observed moisture-re- 
lated results. It is our hypothesis that 
within these regions charges collect on 
the surface of the film, causing the poten- 
tial to approach that of the subject, and 
the potential difference may become suf- 
ficiently small to reduce the field below 
that required for streamer formation. 
Hence, areas occur within which no 
streamers are formed. 

In these areas where the electric poten- 
tial becomes close to that of the speci- 
men, the electric field beneath and at the 
edges of these areas will be increased. 
Under appropriate dielectric and geomet- 
ric conditions, the field strength at the 
back surface of the film beneath these 
charged areas may be sufficient to ini- 
tiate corona between this surface and 
that of the dielectric isolator in regions 
where small air gaps are present (a few 
micrometers is sufficient). Therefore, co- 
rona images that have a coloration other 
than blue in transparent base film can be 
easily formed by this process. We be- 
lieve that this is the dominant mecha- 
nism responsible for diffuse and nonblue 
images obtained with the Kirlian photo- 
graphic procedure when transparent 
base film is used. Therefore, by this pro- 
cess image coloration is intensity- rather 
than spectral-dependent. 

A further indication of moisture-con- 
trolled charging of the film surface is 
curvature of positive streamers. Stream- 
ers that have curved paths usually out- 
line regions in which streamers are ab- 
sent, and frequently will curve into these 
empty regions. This behavior is reason- 
able when the charge structure of posi- 
tive streamers is considered and an adja- 
cent positive surface charge is assumed. 

Positive streamers have a positively 
charged head into which electrons gener- 
ated by photoionization of gas molecules 
are accelerated to ionizing energies. The 
collisions of these electrons with gaseous 
species not only generate more free elec- 
trons, but also produce highly energetic 
photons which extend beyond the tip. 
These in turn liberate by photoionization 
the electrons that feed the process. The 
flow of these electrons into the tip and 
the flow out toward the anode propagate 
the positively charged tip away from the 
anode. If a streamer borders a positively 
charged region, the electrons liberated 
by photoionization ahead of the streamer 
tip will be attracted into the charged 
region as well as into the positive stream- 
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er head. Thus, the ionization within the 
streamer head will be greatest at the 

charge boundary, tending to direct the 
streamers into the charged region. How- 
ever, repulsion of the streamer head 
would prevent this from occurring. As a 
result, the streamer will follow a path 
along which the positive surface charge 
concentration diminishes rapidly. An in- 
crease in the conductivity of the emul- 
sion gel due to moisture may account for 
such a charging effect. 

Our results indicate that both per- 
spiration and water vapor from hydrated 
skin may be sources of moisture suf- 
ficient to influence corona density. Rapid 
changes of sweat activity occur in the 
response to many stimuli (8, 9). On the 
other hand, the water content within the 
skin, particularly in the stratum corne- 
um, and the strength of bonding of water 
molecules to membrane protein may also 
be strongly influenced by other physi- 
ological variables, and may have a short 
reaction time (15). Our results at this 
time cannot differentiate between these 
two possibilities. 

There is considerable variability in the 
reactions of people, at least to the degree 
that corona is influenced, to the stress 
situations created in our experiments. 
Variability in response to physiological 
and psychological stimuli among subjects 
also is manifest in measures of skin re- 
sistance (9) and skin hydration (16). 

The carry-over from one corona photo- 
graph to another, which may lead to 
increased corona activity even after a 
minute or more has elapsed between pho- 
tographs, suggests that the effect is ei- 
ther a dehydration of the stratum corne- 
um or sweat duct emptying accompanied 
by depolarization of the sweat duct neu- 
rons by the electric field. In either case, a 
return to moisture equilibrium may take 
an appreciable period of time. If only 
emptying of sweat ducts by the electric 
force field occurs, then the effect should 
have a lifetime of only a few seconds, 
since duct refilling normally is rapid. 

In our work we have not observed 
changes in the range of long streamers 
due to physiological influences. How- 
ever, what appear to be changes in long 
streamer range have been observed by 
others. These photographs were ob- 
tained with voltage pulses that had rise 
times significantly less than 300 /usec. 
Our results, skin impedance measure- 
ments (17), and models of skin imped- 
ance (18) suggest that with these voltage 
waveforms detectable modulation of 
streamer range by body impedance 
changes is unlikely. Low-current mea- 
surements of skin impedance indicate that 
the principal component of skin resist- 
ance, which is usually greater than 10 

kilohm/cm2, may be shunted by a capac- 
ity of about 0.03 microfarad/cm2. The 
reactance of the capacity, at a frequency 
of about 1000 hertz (10 to 90 percent rise 
time = 162 A/sec), would be less than the 
shunted resistance. Furthermore, skin re- 
sistance measured at the currents used in 
the experiment is probably lower than 
that measured by GSR or other low- 
current techniques. Hence, we would 
not expect changes in skin resistance to 
vary the voltage drop across the skin 

enough to influence streamer range. Al- 
so, unless skin capacitance under the 
conditions of corona photography is 
much less than that reported in the litera- 
ture (17, 18), changes in capacity would 
not be expected to be significant (the 
capacitance of the skin is in series with a 
finger-electrode capacitance of about 1 

picofarad/cm2 for a 0.63-cm glass isola- 
tor). 

We can only speculate at this time 
about the factors that may produce an 
apparent modulation of radial streamer 
range. If body impedance is a factor, the 

component in series with the subject- 
electrode reactance would have to be 
unexpectedly high. On the other hand, 
the content and pressure of the air sur- 
rounding the subject may have been al- 
tered enough to influence corona stream- 
er formation. Also, changes in skin and 
pore geometry could be factors. Another 
possibility is photographic in nature- 
that is, a result of a failure of the film 
used to record all the corona streamers 
produced during an exposure. 

Summary 

Photographic images obtained by the 
Kirlian technique are principally a rec- 
ord of corona activity during an expo- 
sure interval. Most of the variations in 
the images of the corona of a living sub- 
ject who is in contact with the photo- 
graphic film can be accounted for by the 
presence of moisture on or within the 
subject's surface. During exposure, 
moisture is transferred from the subject 
to the emulsion surface of the photo- 
graphic film and causes an alteration of 
the electric charge pattern on the film, 
hence the electric field at the surface of 
the subject. As a result, large variations 
in the density of corona images, corona 
streamer trajectories, and image color- 
ation can be brought about. 

The radial extent of corona images- 
that is, the range of corona streamers-is 
an inverse function of the resistance in 
the circuit formed by the high-voltage 
supply, the subject, and the film-elec- 
trode configuration. This is because the 
voltage at which corona is initiated is 
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dependent on the rate of rise of the volt- 
age impressed between the subject and 
the electrode, and the rate of rise is 
governed by the applied voltage wave- 
form and the voltage drop across the 
resistance. The range of streamers is pro- 
portional to the corona onset voltage. 
However, we have not seen any influ- 
ence of large changes in skin resistance 
on streamer range. Presumably, this is 
due to the shunting effect of skin capaci- 
tance. 

In general, the photographic response 
to moisture suggests that corona dis- 
charge photography may be useful in the 
detection and quantification of moisture 
in animate and inanimate specimens 
through the orderly modulation of the 
image due to various levels of moisture. 
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The monumental discovery of Yalow 
and Berson (1) of an isotope dis- 
placement method in which insulin-spe- 
cific antibodies and radioactively labeled 
insulin are used to measure minute quan- 
tities of this hormone has led to the 
widespread application of this technique 
(termed radioimmunoassay) for the anal- 
ysis of biochemically and clinically im- 
portant substances. Because antibodies 
with ultrahigh selectivity and affinity can 
be obtained, measurements of virtually 
any desired compound in amounts as low 
as 1 femtomole (10-15 mole) can be 
made in rather impure samples. This ad- 
vantage has made radioimmunoassay the 
technique of choice for all but the most 
easily detectable compounds. The re- 
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agents are easily obtained or prepared, 
and the antiserums are used at such a 
high dilution that 1 milliliter of a good anti- 
serum can be sufficient for hundreds of 
thousands of assays. 

A typical assay initially involves com- 
bination of unknown samples or stan- 
dards with a specific isotope tracer (ra- 
dioactively labeled ligand) and antibody. 
This solution is then incubated for min- 
utes, hours, or even days to obtain equi- 
librium between the antigen (ligand mole- 
cule being measured) and the antibody. 
The antibody-bound labeled ligand is 
then separated from free labeled ligand. 
Separation is usually accomplished by 
treatment with dextran- or albumin- 
coated charcoal (which absorbs the free, 

agents are easily obtained or prepared, 
and the antiserums are used at such a 
high dilution that 1 milliliter of a good anti- 
serum can be sufficient for hundreds of 
thousands of assays. 

A typical assay initially involves com- 
bination of unknown samples or stan- 
dards with a specific isotope tracer (ra- 
dioactively labeled ligand) and antibody. 
This solution is then incubated for min- 
utes, hours, or even days to obtain equi- 
librium between the antigen (ligand mole- 
cule being measured) and the antibody. 
The antibody-bound labeled ligand is 
then separated from free labeled ligand. 
Separation is usually accomplished by 
treatment with dextran- or albumin- 
coated charcoal (which absorbs the free, 

unlabeled or labeled ligand), by precipi-- 
tation of the complex of antibody and 
labeled ligand with ammonium sulfate or 
alcohol, or by some other technique, 
such as molecular sieve chromatogra- 
phy. The labeled ligand-antibody com-- 
plex is recovered after centrifugation or 
by collection of a specific column frac- 
tion, and the radioactivity is determined 
in an automatic beta or gamma radiation 
counter. The amount of unknown sub- 
stance present is determined by inter- 
polation from standard curves con- 
structed from standards measured at the 
same time. Increasing amounts of non-- 
radioactive ligand reduce the specific ac- 
tivity of the labeled ligand thus yielding 
less radioactivity bound to the antibody. 

The manual processing of samples for 
radioimmunoassay is time-consuming 
and requires meticulous attention to de-- 
tail in order to obtain reproducible re- 
sults. In our laboratory alone we use 
8,000 to 10,000 test tubes per month for 
the radioimmunoassay of cyclic nucle- 
otides. The repetitive and thus boring 
nature of the radioimmunoassay tech- 
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