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This article is devoted to the study of image formation in gas discharge, initiated by a strong
impulsive electromagnetic field around drops of four different nonorganic electrolytes. To describe
the image mathematically we propose several parameters: the form coefficastality), the
entropy, and the average streamer width. We study the dependence of these parameters on
concentration. The form coefficient turns out to have the best combination of stability and sensitivity
in the whole range of concentrations. Statistically significant difference between the solutions and
distilled water disappears at concentrations of about’2N. © 2001 American Institute of
Physics. [DOI: 10.1063/1.1360700

I. INTRODUCTION essentially different from the images obtained by use of stan-
dard photographic tools. Computerized gas discharge cam-
Image formation in gas discharge around objects of &ras have many obvious advantages, although it turns out to
different nature initiated by strong impulsive electromagneticyhe difficult to directly apply the mathematical description of
fie|dS (a|SO Ca.”ed the Kirlian effeﬂ:thas been knOWn for Ref 6 to Computer images Of gaS discharge_ |dea”y, ad_
more then two centurie’s” So far the main direction of in- equate mathematical tools should be stable with respect to
vestigation of the effect has been purely practical; It turnedhe method of measurement, and, in particular, to the type of
out that gas discharge images around biological objects caflevice used to obtain a gas discharge image of the given
provide substantial information about the internal state of thQ)bject. However, they should also be sensitive enough to
object. In particular, the gas discharge images of human finreyeal small fluctuations of the object.
gers and toes are actively used by physicians for diagnostic  As far as water solutions of different salts are concerned,
purposegsee Ref. 2 for a review This generated a number jn our opinion, this is an excellent laboratory for testing the
of research works devoted to the physical nature of imagenethodology of gas discharge visualization before trying to

i 1.3-7 iffi i i i
formation.~>~"It turns out that one of the most difficult prob- fyrther apply rigorous mathematical tools to gas discharge
lems is finding an adequate quantitative description of thgmages of more complicated objects.

process. The main obstacle to an effective mathematical de-  Therefore, the purpose of this article is twofold. First, we
scription is the high nonlinearity of gas discharge. Moreoverjntroduce several mathematical parameters characterizing the
this nonlinearity comes on top of extreme complexity of thegas discharge imagghe form coefficient, entropy, average
biological objects themselves. streamer width All these parameters are borrowed from the

The authors of Ref. 6 compared gas discharge imagegeory of signal and image processing, and appropriately ad-
around drops of water solutions of several nonorganic saltf;sted to describe the gas discharge images. Second, we test
using the traditional method of gas discharge photographythe applicability of these parameters to explicit description of
The authors introduced several numerical pal’ameters Charagas discharge images around drops of different e|ectr0|ytes:
terizing gas discharge around solution drops, which in parNaCl, NaNQ, KCI, KNOj. In particular, we evaluate the
ticular correspond to size and shape of separate streameggerage error resulting from the stochastic nature of the gas
Using these parameters they were able to demonstrate essgfischarge process itself. The main focus will be on the de-
tial quantitative differences between gas discharge picturesendence of these parameters on concentration.
around drops of solutions of different salts at different con-
centrations. II. BASIC PRINCIPLES OF GASEOUS DISCHARGE

However, there are several reasons which led us to alvISUALIZATION TECHNIQUE: EXPERIMENTAL
tempt to further understand gas discharge around drops GFCHEME
different inorganic electrolytes. First, traditional gas dis-  The scheme of the experiment is shown in Fig. 1. By a
charge photography is largely replaced by computer imageacuum photogalvanoplastic process a thin metal grid with
processing. The images produced in this way turn out to be 10 mkm wires is evaporated onto the bottom surface of the
glass plate. A train of duration 0.1 s of triangular 10 mks
aElectronic mail: korotkov@mail.admiral.ru electrical impulses of amplitude 3 kV, steep raté ¥s and
Electronic mail: korotkin@discrete.concordia.ca repetition frequency TOHz is applied to this grid. This gen-
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FIG. 2. Typical image of gas discharge around a drbd &N solution of
NaCl. We depict the isoline corresponding to the average luminosity of the
image. Form coefficient of this image is equal to 2.09, entropy is equal to
5.46, average streamer width is equal to 12.3.

different drops of the solution, and for each drop we studied
five subsequent images of gas discharge. The reason for
10 change of the drop after five measurements was the observed
a distortion of parameters of GDV image of the drop under the
influence of larger number of subsequent measurements.

FIG. 1. The experimental schen{&) container with liquid;(2) liquid drop;

(3) optical glass with coating underneat) gaseous dischargés) impulse 1. MATHEMATICAL DESCRIPTION OF GAS

generator(B) 0pt|Ca| SyStem[7) CCD Camera(B) video d|g|t|Zer,(9) IBM DISCHARGE IMAGES AROUND SOLUTION DROPS
PC; (10) gaseous discharge device as a whole.

In Fig. 2 we show a typical gas discharge image around

the drop of 1 N solution of NaCl. This image is a set of
erates electromagnetic field around the solution drop 2 loPiX€ls with a certain luminosity assigned to every pixel. Ge-
cated at a distance of 3 mm from the top surface of the platd'€rically, in the center of the image the luminosity is maxi-
Under the influence of the field the drop produces a burst of?@l; Moreover, as a rule, it monotonically decreases along
electron-ion emission and optical radiation light quanta in2"Y radial direction. o , ,
the visual and ultraviolet range. These particles and photons 1€ mathematical description of gas discharge images of
initiate electron-ion avalanches, giving rise to a sliding ga<iroPs of inorganic solutions is less complicated compared to
discharge along dielectric surfatelhe spatial distribution Piclogical objects, since we can assume that the drop is ro-
of discharge channels is recorded through the glass plate 69t|onally symmetric. Thergfore, all the. dewanps from rota-
the optical system 6 with charge coupled device TV camerdonal symmetry observed in the gas discharge image are due
7 and digitized in the computer 9 using video-blaster 8. Into ran(_JIom processes of gas discharge itself. _Thls allows one
short, this technique is called the BEO GDV technique and® radically decrease the number of numerical parameters
images after processing are called GDV gréms. sufficient for charact_enzauon of the image. .

The main aim of our experiment was investigation of __ 10 Process the image numerically, we first find the po-
concentration dependence of a gas discharge image aroufition of its centroid(with luminosity playing the role of
the solution drop. The experiment was carried out for four'™mad¢ density. Then we construct curves of constant lumi-
salts: NaCl, KCI, NaN@, and KNG, in an attempt to un- nosity .(|sol|ne9., V.\IhICh. are clqsgd curves §urroundlng the
derstand the influence of different ions on the parameters di€ntroid. In principle, it is sufficient to restrict ourselves to
gas discharge images. We used the salts refined to degr@8Y of the |sollqes to extract relevant_mathematlcal mforma-
analytical reagent gradéR); It turns out that the use of less tiON- However, it turns out that to achieve the best combina-
refined salts essentially distorts the final results. The distilledion Of stability and sensitivity of the parameters, it is con-
water used in the experiments was refined up to conductivity€"ient to take the isoline corresponding to the average
1076 cn? O~ (g.-equv.) L. We studied the dependence of Uminosity of the imageFig. 2). _
form coefficient, entropy, and average streamer width of the IS curve can be described numerically as a set of num-
gas discharge imagesee Sec. Il for precise definitions of P€rsfn, wheren=1,... N is a “discrete angle”(our im-
these parametersn concentration. ages have resolution sufficient to divide the whote &ngle

The experiments were carried out as follows: we starfMt© 1028 pieces, i.e., we take=1028). Numberf, mea-
from standad 1 N solution and make subsequent double di_sures(m p|xels)_ the_ distance from the centroid to _the isoline.
lutions until the significant difference between GDV images 1 ne following integral parameters characterizing the set
of solution and GDV images of distilled water disappears. fn tu_rn out to provide an optimal mathematical description of

The temperature was kept in the interval 22,0° - 22,5 °cthe image:
humidity was kept in the interval 42%-44%. For each con- (1) Form coefficient(fractality). There are several ways
centration of each salt 40 pictures of the gas discharge wert® describe the fractality of any plane figure numerically.
taken to make possible a sufficiently reliable statisticalHere we shall use the notion of form coefficient which mea-
analysis of experimental data at each point. These 40 picsures the deviation of our line of constant luminosity from a
tures were produced in the following way: we took eightcircle. It is given by
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In the sequel we shall denote the average streamer width

L
F= P (1) asWwith value (measured in degrees
an
360m
whereL is the length of the line, and W=—3"" (7)
N
— 1 S @) wherem is the minimal index for which
i .
N7=1 K.<0.3, K, ,=0.3 ®)

is the mean valudi.e., “average radius” of the isoline  (an empirically chosen value of 0.3 provides optimal stability
Obviously, if the isoline is a circléi.e., all f, are equalthen  ang sensitivity of parametat).

Fis (Very close tO) 1. The discrete version of formula 1 in (3) Entropy: The notion of entropy p|ays an important
terms of the numbers, is as follows: role in probability theory. It is central in statistical physics,
N o) 2 the theory of information, and coding theory. In particular, it

> (_) fofnoat (Frag—fn)2 was successfully applied to analysis of human

n=1 N encephalogram®. The entropy turns out to be relevant as

F= 2 well in the mathematical description of gas discharge im-

N

E f, ages. In principle, to each image one can naturally associate
n=1 several different notions of entropyHere we introduce the
¢ notion of entropy which seems to be most suitable in appli-

(we assumd,, y=f,). Generically, the greater the value o : ) _ )
cations to gas discharge images. If we consigeas a ran-

F compared to 1, the more fractal is the isoline, and, there ) oL TS
fore, the more chaotic is the gas discharge process. dom variable(which is a reasonable assumption if the auto-

(2) Average streamer widttmaximal angle of essential correlation functiorK ,, is confined to a small neighborhood
autocorrelation We define the autocorrelation functfon ©Of O for all values ofm except for the values close t9,@ve
which for any periodic functiorf(x) with period 2 and &0 find the corresponding probability distributipf). In

zero mean value has the following form practice, we approximatg, by the closest integer number of
pixels. Suppose that we haw integers confined between

2m the minimal () and maximal {,,,,) values off. For each
fo FO)TOxty)dx kth value from this set we denote By the number off ,'s
K(y)= py : (4)  equal to that value. Then the probability of random variable
J’ f2(x)dx f to take itskth value may be identified with
0
P
Obviously, K(0)=1; for all other values ofy we have kaWk, 9

K(y)<1. If at some value ofy function K(y) reaches its _ o
(local) maximum, it means that there exists correlation be-and the corresponding entropy is given by the formula

tween functiond (x) andf(x+y) at that value ofy. If func- M
tion f(x) is random, the autocorrelation function is equal to ~ g= >’ p;log p; . (10)
1 in a very small neighborhood of=0 andy=2# and =1

fluctuates around zero at all other valuesyofThe discrete \ye call € the entropy of gas discharge image.
version of formula(4) looks as follows:

N
> (Fa= ) (fpsm—1) IV. RESULTS

n=1
Km= N ' (5 (1) For each concentration of each solution the distribu-
E (fn—f_)2 tion of all parametergform coefficient, entropy, and average
n=1 streamer widthturns out to be close to Gaussian. The rela-
tive reliability interval of these parameters corresponding to
40 measurements of each point varies from 1% to 8% de-
N _ pending on parameter, salt and concentration. The relative
ngl (f,—f)=0. (6)  reliability interval is minimal for form coefficient of distilled
water (about 1% and maximal for form coefficients of elec-
Taking into account the rotational symmetry of water drop,trolytes at large concentratioiabout 7%—8%
we conclude that the rotational asymmetry of a gas discharge (2) For distilled water the form coefficient is equal to
process should be essentially random, at least at the surfa@e38+0.01; subsequent measurement of the same drop
of the drop. Therefore, the correlations of a gas dischargehows a slow increase of the form coefficient; for example,
image at different values of rotation angle should be low.after the fifth measurement we get value 1.42 with the rela-
However, the autocorrelation function always has value 1 ative reliability interval about 1%. After seven to eight mea-
m=0. Thus it has to fall towards the zero value at somesurements the tendency &f to increase persists, but the
relatively smallm. This value can be naturally interpreted asrelative standard deviation gets increased about three times.
the average width of streamers. For electrolyte solutions the change of the object under the

where we subtract the mean valfiéo guarantee that
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FIG. 5. Concentration dependence of average streamer Witthsured in
degrees Notations are the same as in Figs. 3 and 4. The reliability intervals
are shown for KNQ.

FIG. 3. Dependence of form coefficient on concentration for N&Gkes,
NaNQ; (triangles, KCI (diamond$, and KNQ, (circles. The reliability
intervals are shown only for NaCl to keep the image clear.

influence of the measurement process turns out to be evatlifferent electrolytes are almost undistinguishable. For an il-
higher. We conclude that measurements of the same drop fdustration we also show the reliability intervals for NahO
more then seven times highly distorts all the results; This isThe reliability interval corresponding to 40 measurements
the reason for restricting the number of measurements of thearies from 3% at higher concentrations to 8% at lower con-
same drop to 5. centrations. The entropy shows very good stability proper-
(3) Dependence of form coefficient on concentration forties, but it is less sensitive to the electrolyte type than the
all four salts together with reliability intervals for NaCl is form coefficient. Nevertheless, the entropy has better sensi-
shown in Fig. 3. The general form of the curve looks rathetivity at concentrations lower than2° N.
similar for different electrolytes. The most significant differ- (5) The average streamer widtRig. 5 depends mono-
ence is observed at a concentration 6f*2N between the tonically on concentration for all four electrolytes and is in-
pair KCL and KNG, and the pair NaCl and NaNO An  sensitive to the type of electrolyte. It is essentially indepen-
unexpected feature is the essentially nonmonotonic charactdent of concentration at concentrations higher therON.
of the curve at concentrations 2 N and 278-27°N. Itis  The reliability intervals are shown for KNQ At lower con-
worth noticing that the point 2! N is the point of complete centrations the average streamer width is a sensitive param-
dissociation of all these electrolytes. The form coefficienteter, although there are large relative reliability intervals cor-
shows good sensitivity and stability within the whole rangeresponding to 40 measurements of each p@ibbut 9%.
of concentrations. (6) The statistically significant difference between pa-
(4) Dependence of entropy on concentratifiig. 4 has rameters of electrolyte solutions and distilled water disap-
monotonically decreasing character; curves corresponding teears at a concentration of ¥ N.
(7) Figure 6 depicts the dependence of form coefficient
on conductivity of solutions for KN@. It turns out that for

KNO;3; (as well as for other saltghis dependence may be

55
Entropy Form coefficient
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Double Dilutions . . -
FIG. 6. Dependence of form coefficient on equivalent conductiuitga-

FIG. 4. Dependence of entropy of gas discharge image on concentratiosured in crd Q~(g.—equiv) 1] for KNO; is shown in bold line. Approxi-
Notations are the same as in Fig. 3. The reliability intervals are shown fomation of this dependence by the third order polynomighx 10~ 5x®
NaNO;. +0.01%2—x+27.2 is shown in regular line.
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nicely approximated by a third order polynomial. It seemssignificant distinction between different electrolytes. It
tempting to speculate about a possible correspondence berould certainly be desirable to clarify which properties of
tween coefficients of these polynomials and basic propertieslectrolytes are responsible for this distinction. For that pur-

of solutions. pose one has to repeat the same experiment for an essentially
larger variety of different solutions.
V. CONCLUSIONS AND OPEN PROBLEMS (2) A problem of intermediate difficulty is the analysis

We conclude that the concentration dependence of ga%f gas discharge around biclogical liquigtdood, urine, etg.

discharge images around electrolyte drops admits a rigorOLf%nd their dilutions, also often used by physicians for diag-

mathematical description using any of three introduced par—ws'[IC purposes. On one hand the rotational symmetry of the

rameters(form coefficient, entropy, and average streamerObjeCt(SOIUtion drop is preserved, which should make pos-

width). The form coefficient is the most universal parameterSlble the use of analytical methods proposed_ln this _work_. on
which shows a good combination of stability and sensitivityt.he -other hand, the extremely high complex!ty of biological
properties in the whole range of concentrations. However, al{qwds §hould probably lead to a very essential change of the
low concentrations the average streamer width and entrop‘%}rO
are more sensitive than the form coefficient. We deliberately
did not consider such parameters of the gas discharge ima
as total area or total brightness of the image which wer
actively used in this context previouslythe main reason for
omitting them is that these parameters are not dimensionle
and, therefore, are extremely sensitive to the change of resfarameters.
lution, type of device, experimental conditions, etc.
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