POSSIBILITIES OF MICROINTERFEROMETRY
IN THE INVESTIGATION OF NONSTATIONARY PROCESSES
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1. Introduction. The solution of a number of physical problems associated with the study of the inter-
action between powerful laser radiation flux and a substance (the formationof alaser spark [1], heating of a
plasma obtained upon irradiation of solid targets and separate particles (2, 3]), as well as the formation of an
electrical discharge in gaseous and condensed media {4, 5], requires the development of ultrarapid methods of
optizcal recording in application to the investigation of microobjects with a characteristic dimension of £ 1073
107“ cm,

The use of optical recording methods with a high time and space resolution [6] permitted the detection of
details in the initial stage of electrical discharge development in liquid dielectrics at homogeneous electric
field intensities of ~ (0.3-1)- 105V /cm. It has been established that the development of a discharge in a liquid
dielectric has two stages in a homogeneous electric field. Investigations using a three-frame schlieren record-
ing of the discharge dynamics showed [7] that the first ("hydrodynamic") stage is associated with processes re-
sulting in local energy liberation near the electrode surface. Consequently, intense shocks occur and numer-
ous initial streamers are developed. This stage is terminated by the formation of a primary ionization
channel with the characteristic dimension € 10”2 ¢m, which depends on the magnitude of the applied electric
field and the kind of dielectric, The second stage starts with the advancement of the primary ionization chan-
nel in the form of a rapidly developing brush discharge deep in the gap, and a powerful ionization wave origi-
natesafter one of the growing branches of the opposite electrode has been touched, which completes the initial
stage of electrical discharge development in the liquid dielectrics.

Methods of high-speed interferometry [8] permitted a much clearer recording of divergent shocks as
well as the microstructure of strong gasdynamic perturbations behind their front in the initial stage of elec-
trical discharge development in liquid dielectrics.

The propagation of intense shocks in fluids causes abrupt and significant changes in the refractive index
on the boundary of an object, which cannot permit tracking the behavior of the interference fringe during pas-
sage throughthe boundary of the perturbation. Hence, shocks due to perturbations which did not result in a
punch-through were investigated at a sufficiently large distance from the energy liberation site in [9] in order
to estimate the lower boundary of the value of the pressure and some other parameters in the energy libera-
tion domain on the electrode surface. The restoration of the pressure profile behind the propagation shock
front is also of considerable interest since it permits an independent estimation of the size of the energy lib-
eration and pressure domain at the channel boundary.

Because of the importance of these results, their additional foundation is undoubtedly required, espe-
cially methodologically.

This paper is devoted to the further development of a new methodological approach to the investigation
of the initial stage of electrical discharge formation in liquid dielectrics, proposed in [6-9], and it poses the
problem of clarifying the possibilities of interferometry in application to nonstationary microperturbations
with the dimension £ 1072 c¢m, for which the presence of compression shocks is characteristic,

2. Experimental Setup. The diagram of the apparatus for investigating an electrical discharge in
liquid dielectrics by using a Mach—Zender interferometer is represented in [8].

Since the spatial resolution of the interferometer is determined by the spacing between the fringes, it is
necessary that there be several interference fringes within the limits of the object being studied, Under our
conditions, when the characteristic dimension of the shocks being studied is (1-2) 10”2 ¢m, the spacing be-
tween the inteference fringes was 3 -10™° ¢m in the plane of the object, A pulsed ruby laser was used as the
source 3f illumination., The duration of the frame exposure was ~ (5-7) 10~? sec, and the time resolution was
£5+1077 sec. '
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A voltage pulse with amplitude (1-2) -+ 10° V was delivered to the discharge chamber electrode (electrode
diameter was 1 cm and the spacing between them 0.1-0.2 cm), where the chamber was filled with different
fluids, '

The optical diagram used in the tests permitted obtaining interference patterns of the discharge gap
combined with its focused shadowgraph. The rays emerged from the limits of the optical system aperture at
angles of the deviation > 6 - 1072 rad, and a focused shadowgraph was obtained of the strong optical perturba-
tions, An estimate of the diffraction limit of optical system resolution ~ (1/6)VAL [10] yields the quantity
~107* em for ray path length in the inhomogeneity under investigation, L ~10~% cm and A =0,7-10~! ecm. Spe-
cial calibration permitted establishment that the limit (static) resolution of the recording system (taking ac-
count of the photographic material) was £ 5-10~* em. Individual objects with even smaller sizes ~10¢ cm
were recorded on the film, but their measurement error was ~ 70%. In studying the dynamics of comparatively
weak shocks being propagated at the velocity V~1,5+10° em/sec close to the speed of sound and the frame
exposure time ~5 - 10™? sec, the dynamic resolution is ~ Vtg, close to the limit resolution of the optical system,
It should especially be noted that high spatial resolution of the recording system again permitted us to clarify
the complex microstructure of strong hydrodynamic perturbations behind the front of the shocks being propa-
gated, where the rate of process development is somewhat less.

3. Measurement Method. The change in refractive index An(r) in an interferometer study of axisym-
metric inhomogeneities is found from the measured displacement of the interference fringes k(x) by solving
an Abel differential equation (if geometric optics is applicable and ray refraction is small)

R

_ 2\ An{ryrdr :
k (z) j -—Vr‘ : 3.1

where x is the spacing between the chord and the axis of symmetry, and R is the radius of the optical in-
homogeneity in the section under investigation.

This equation is usually solved by approximate methods based on the partition of the cross section of
the inhomogeneity being investigated into a number of annular zones, giving the behavior of the function An(r)
to be determined in each zone, and the subsequent solution of the system of algebraic equations obtained {11].

It should be noted that the procedure for solving the Abel integral equation (3.1) is among the incorrect
problems of mathematical physics [12]. This means a great influence of the random error in an experimental
measurement of k(x) on the error in calculating An(r), Hence, the experimental curves are ordinarily smoothed
by least squares [13, 14] or by representing the experimental function by a segment of a Fourier series [15].
Modern mathematical methods (regularization methods) have recently been developed [12, 16] for the solution
of incorrectly posed problems, which permit the introduction of a priori constraints on the solution expected
in order to diminish the influence of errors in the experimental data on the accuracy of determining the radial
distribution. The method of statistical regularization, when a probabilistic method of giving the a priori in-
formation is realized [16], is compared with a number of other methods of solving (3.1) in [17], by means of a
number of model functions. It is shown that inversion of the Abel equation by statistical regularization is suit-
able for the restoration of sufficiently complex distributions, and assures the least coefficient of amplifica-
tion of the experimental measurement error. Analysis of the experience of using different methods for the
Abel transformation shows [18] that the selection of any method to solve specific problems requires a special
investigation on the models. ‘

The radial distribution of the refractive index, which drops smoothly to 0 for r=R [19], must usually be
reproduced inthe interferometry of plasma objects. Thereis comparatively little data in the literature on an
analysis of the applicability of known methods of solving the Abel equation to jumplike functions, although the
possible significant error in reproduction near the jump was even noted in [20]. Hence, in order to confirm
the possibilities of obtaining confident results in processing shock inteference patterns, the reliability of the
individual stages in the approximate solution of the Abel equation was verified in a number of model functions
and experimental modeling of the method was also carried out on microobjects,

A shock in a fluid, which occurs with local energy liberation, can be represented in a first approxima-
tion in the form of a discontinuous pressure jump behind which is exponential damping (21},

p () = p(Rp)exp(T—70),
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where Ry is the radius of the shock front., For weak shocks, where the change in temperature in the medium
can be neglected, the change in the refractive index for the pressure profile under consideration has the form

r— Rf
An (r) >~ AAn{fy) exp( - ),;

where A is some constant. On this basis a model function with a jump on the boundary {r =R) was selected:

’ exp(-l——%), 0<{r<R,

An(ry = 3.2)

0, - r> R.

The method of statistical regularization, which received good notices earlier for its restoration of
a broad class of functions different from (3.2) [17], was used to reproduce this function. The Abel equa-
tion (3.1) was hence written in matrix form:

Ko = f, where ¢ = n(r) — n; = An(i f = E(x). (3.3}
The matrix K was obtained by a parabolic approximation [19] of the function An(r) in the partition zones [rj,
ry + .],where j=1, ..., N. The algorithm was constructed for an arbitrary nonuniform mesh {r; }, where R1(0 =

R; < R), rN+1 =R, wh1ch permitted reproduction of the distribution of the refractive index, when necessary, to
just the external zones of the inhomogeneity.
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The solution of (3.3) by the method of statistical regularization is expressed in the form [18]
Qo = (KWK 4 aQ)-1K+WF,

where ¢ is found from the nonlinear equation
' a=N/[Sp QKWK + aQ) ') + (9a, Qo] Wy; = 87785

Here K7 is the transposed matrix, Wij is the error matrix, o isthe regularization parameter, Q is the Tikh-
onov second-order regulator [12], N is the dimensionality of the vector ¢, Sg,is the variance of a random
normal vector f, and 63 1s the Kronecker delta. The variance of the reproduced vector ¢ is determined by
the relationship

o7 = (KWK + aQ)7'.

The solution of (3.3) was sought in the class of smooth functions with a bounded second derivative, The main
assumption about the behavior of the function on the boundary (r=R) was the assumption of parabolic continua-
tion of the function An(r) from the penultimate into the last zone. The actual experiment was modeled by in-
troducing a random 38-10% normal error into the appropriate k(x).

Results of reproducing the function (3.2) by the method of statistical regularization (R =1) are presented
in Fig. 1 (I is k(x) and IT is An(r)), It is seen that the introduction of a random 10% error (Fig. 1la, points 3)
from the maximuni value of k results in considerable smoothing of the function in the domain r~0. The error
for reproduction of the jump is ~ 8% for the case of a 10 zone partition (points 1) and less than 1% for a 15 zone
partition (points 2).

A diminution of the random error in measuring the shift of the interference fringes to 5% (Fig. 1b, points
3) results in a diminution in the smoothing in the central areas. The error in reproducing the jump is hence
also not more than 1% for a 15 zone partition, i.e., is one-fifth the initial random error in k(x).

Since the error in the approximation is large for a small number of zones, especially in the domain
where abrupt changes in the function to be reproduced are possible, and the error due to inaccurate measure-
ment of the interference fringe shift grows with the increase in the number of zones, it is more convenient to
introduce a variable-spacing partition into zones. A special program was developed to use such nonequidistant
data. Results of verifying it in the model function (3.2), when the zone width diminished parabolically with the
increase in the parameter x, showed that reproduction of the jump is conserved well, but smoothing in the area
of r~ 0 diminished somewhat [22]. Smoothing in the central zones is governed by the fact that the condition

dldr|,—p = 0
required for the Abel equation (3.1) was introduced into the algorithm,
The wave amplitude drops in going from the shock to the acoustic wave. Hence, still another model func-

tion, which drops to zeroas r — R,

1 (), o<r<m,

An (r) =
") 0, r> R,
4 233/
k(x):m(i——%) z

was selected to compare the results of the reproduction.

The results of reproducing this function by statistical regularization are represented in Fig. 2 (I is k(x)
and II is An(r)). It is seen that the maximum error in the reproduction is around 7 % (points 2 and 3 corre-
spond to partitions into 10 and 15 zones) for an accuracy of 10% of the value of k(x) on the axis (points 1) in
measuring the inteference fringe shift, The error diminishes to 3-49 for a 20 zone partition,

On the whole, sufficient confidence in the method of statistical regularization follows from the results
presented, with the exception of the reproduction of the central zones of the distribution (3.2), where An(r)

tends to zero.

Let us examine the possible errors because of the refraction phenomenon. The light ray deviation during
passage through a spherical shock is determined by the relationship
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e(7) = &1 () + &y (2) > = —— 7\
V 1"(—5)2

The first term is due to refraction on the surface of the shock, and the second is the deviation from the shock
front because of the gradient in the refractive index,

R
2An x/R 2 5’ on _ zdr
SRR + n_OL or
X

If we select x=0.9R, R~10"2 c¢m, n,=1.333, An(R) ~107°, then it follows from estimates that £,~ 3107
rad, but €, 6 -107* rad for the radial distribution of the refractive index (3.2) under consideration. It is seen
that the deviation of the light beams for sufficiently high values of x, even for abrupt gradients in the refrac-
tive index, is determined mainly by refraction by the shock surface. By using the relationship [23]

Ak ~ e2LA2A,

where L is the characteristic dimension of the object, it can be shown that for angles of light deviation ¢ ~ 1073
rad and L~ 10~% cm the refraction error is insignificant even for an accuracy of Ak~ 1072 in measuring the
interference fringe shift. For instance, if L~ 102 cm, then the angles of deviation at which refraction error
must start to be taken into account for a fringe shift measurement accuracy of Ak~ 1072 will be = 2°, and Ak~
0.1 for £~ 6°, For £~ 6-10"% rad (half angle of the optical system aperture), the light refraction must be
taken into account for measurements of the fringe shift with =4-1072 accuracy.

It should be noted that, as a rule, the maximum shift in the inteference fringes is less than one fringe
when processing interference patterns of weak shocks with the dimension ~10~% cm, which would require addi~
tional analysis of the accuracy in measuring the fringe shift under these conditions. Checking out the method
of measuring small interference fringe shifts in the model setup in application to microobjects showed that
the error in measuring the shift was ~ 0.01-0.02 fringes when using a photometric method,

However, additional errors in measuring the fringe shifts can appear in a study of dynamic objects, which
is due to blurring of the interference fringes during exposure of the frame, Let us examine the influence of
the finite frame exposure time on the accuracy of the interference measurements in an investigation of non-
stationary processes,

The intensity distribution because of the addition of two waves when obtaining the interference pattern
has the form [24]

I =1, + I, 4+ 2T, cos. (3.9

where 1;, I, are the interfering wave intensitiesand 6 is the phase difference. The contrast between the inter-
ference bands ky, is defined by the relationship

ly = (Tmax — Lnin). (Fmax + Tain) = 2} p/(p + 1), (3.5)
where p =I1/ I,. Taking account of (3.5), the expression for the intensity distribution (3.4) is written in the form
I = I(1 + kyeosd), (3.8)
where I,=1, +I,, If an (x, y)} coordinate system is introduced in the plane of the screen, then the expression
(3.8) for the intensity distribution can be written in the case of nonstationary objects in the form

I(x,y, ) =1, [1 + ky cos 2 (g + (e, t»}, (3.7

where ¢ is the angle between the interfering rays; u(x, t) is the optical path difference, which is determined
for axisymmetric objects by the relationship

R
- n(r, £y —n, d
uizx, ) 2;5 R e rdr.

Since the spatial period of the fringes in the interference pattern is determined by the angle ¢, i.e., d= A/ o,
then taking this into account (3.7) is written as follows:

Iz, y, t) = I{1 + kycos 2n(y/d -+ p(x, B)/A)].
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The intensity distribution

todt

I, (z, y, to)= é‘ S(t) [1 + & cos 2n.(% + L(:’—t))]dt_,;

where 5(t) is the intensity distribution of the laser pulse which satisfies the normalization condition

1 .
{ swat=1,,
te

will be fixed on the photographic material when a pulse laser with pulse duration 7 is used asthelight source.
In the case of a rectangular pulse shape, we obtain

L%

I(z, y, th =22 j{l——lbcosm(%—{— L “)]d-t,.
te

For 7«t,, by using the trapezoid rule we find

Io(x, y, t) = 1 [1 + kycos Zn( + Ma;: fo) -+ "g t")):cos 25 A“f_,z m].

It hence follows that a change in the optical path difference Ay during exposure results in the appearance of an
additional relative shift in the interference fringe by the guantity Au(x, t)/2\ and to a diminution in the con~
trast to the quantity p' =pcos (7Au(x, t;)/x). . Expanding the function u(x, to+7) in a Taylor series, we obtain
the following expressions for the change in intensity, contrast, and phase shift:

AI»]; = I‘t (xi 4 to) _ I(x; Y, to) = 5T10kb sin 231(% + ”(x/z tO))1
P =pcosth, Ap =1,

where B=ux at(—%{'—tl) L ! and we have for the relative shift in the interference fringes

Aufr, to) _ Ap __ T 3 [u(z, ]
P T w2 az( 7 )L to (3.8)

To execute the estimates by means of (3.8), we introduce two optical inhomogeneity models corresponding to
two different classes of physical problems, One is characteristic for plasma objects,

An () = g (B — 1%), s () = 5 (B® — %)%, 3.9
and the other for shocks,
R
o
An(r =%e r,.u(x)—’fé—'-’g (3.10)

./z
s

Let us assume that a linear time dependence of the displacement of the inhomogeneity boundary exists; i.e.,
R =vt, where v is the velocity of boundary expansion, We then obtain for (3.9)

A { T
(3.11)%_‘;;3’-& (fR) ‘1“—( ) (1—~~f )=—-;Jg1(x)g (3.11)
and for (3,10)
R 1B
Au(:t.to)N____l_i Ce .2 2 N
% To ;'#33 R '_—42__‘22' dr., (3 12)

The expression (3.11) is obtained for the domain x«R. An approximate upper bound can also be obtained for
the model (3.10) if An(r)R=C, Then

Ap(z ty) ~
P

T
7 &2 (z),
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where

6= iV T L]

Taking account of the actual profile S(t), which is closer to a Gaussian profile, permits reduction of the value
of the corrections (3.11) and (3.12) by approximately half,

Estimates of the additional interference frmge shifts under the conditlons of our experi:ments v€2-10°
em/sec, ty~5-107% sec, R~10"% cm, 7~5 -10~° sec) showed that they are not more than ~ 10 fringes for
the plasma model. For the shock model, the additional shifts are maximal near the boundary and are ~5-10"°
fringes. ‘ .

Therefore, the analysis of the influence of different factors on the acefuraefef interference measure-
ments, which has been performed, shows that the main error in the measurements will be determined by in-
accuracy in measuring the interference fringe shift, which is ~ 0.01<0,02 fringes'" :

The possible values of the change in the refractive 1ndex An for measurement of the interval was esti-
mated by using the relationshxp T

An ~ kEML.

The quantity k~ 0.01 fringes was determined in the range of small changes in the refractive index to the
accuracy of measuring the fringe shift, while the maximal value k~1 was constrained by the discontinuity in
the interference fringe near the object boundary, Thus, e.g., for characteristic perturbations with the di-
mension L~10"2 cm, the range of An being measured was approximately 7-1075-7.107%,

4, Experimental Results, Typicalultrarapid frame interference patterns, obtained at different velocities,
are represented in Figs. 3 and 4, The spacing between the electrodes is 0.2 cm, and the frame exposure time
is ~6+1077 sec. Spherical shocks with the radius ~ 102 cm being propagated in distilled water (p ~10° Q - cm)
from the site of local energy liberation near the positive electrode surface, are seen in Fig. 3a, A shift in the
interference fringes towards the cathode occurs on the shock front, which corresponds to an increase in the
value of the refractive index as compared to its magnitude in the surrounding medium; i.e., An> 0, Behind the
shock front the interference frmges return to approximately the previous level, or are sh1fted toward the anode
(i.e, An< 0) near the local energy liberation domain,

Results of computation of the radial distribution of the refractive index behind the shock front A for the
section B by the statistical regularlzatmn method are represented in Fig, 3b (points 1). Presenied here for
comparison are results obtamed by the method of stepwise approximation [25] without the application of any
smoothing procedure (2). The good agreement between the résults obtained by the different methods should be
noted, which confirms the h1gh accuracy in the measurement of the interfererce fringe shifts, and indicates
the fair possibilities of the stepwise apﬁroximatron method"for the reproductwn of jumplike functions of the
type (3.2) under these conditions,

Interference patterns exhibiting the sequence of process development in the formation of an electrical
discharge in the ether (p~ 10! O - cm) are presented in Fig. 4. Propagated from the site of local energy libera~
tion is a shock behind whose front a "chain" of microbubbles with the characteristl,c dimension ~10"% em (a, b)
is seen. Ionization processes occurring behind the shock front refsult he fo: ‘mation of a plasma channel
foundation (b, ¢) with a complex structure, and the subsequent gap P! ugh {d), In this case a cylindrical
shock is seen, but the structure of the whole formation is characteri for liquid dielectrics with a low value
of the dielectric constant, Common is the primary formation of 1 pe‘rturbatlon of cylindrical shape, from
which, as a rule, a single channel distorting the electric field on’ il 4node surface is formed successively,

The magnified field domain acquires the dimension ~ 10~ 2 cm, and condrtmns are produced for the transition
"hydrodynamic" stage into a rapidly developing brush discharge (d) ResuIts of computations of the refractive
index distribution for the sections A [1) R=57 um] and B [2) R=70 um], performed by the statistical regular-
ization method, are represented in Fig, 5 (the channel boundary is shown by the dashed lines).

By knowing the change in the refractive index An(r), the magnitude of the density p and the pressure p
can be estimated by using the dependence of the refractive index on the density and the data on the dynamic
compressibility of the medium. For example, the expression used in tests to determine the pressure behind
the shock front (for p £ 10° atm) for water has the form [26]

p(r) 2~ (Ani(r)/1.48)10° atm,
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Results of processing the interference patterns presented in Fig, 3b show that the pressure at the shock front
reaches p= 270 atm at a range of R = 10~ ¢m from the anode surface for this local perturbation.

The possible influence of defocusing on the measurement accuracy should be noted in studying micro-
objects; hence, as a rule, those objects which are within the sharp focusing limits on the interference patterns
are subjected to processing, as is verified by the shadowgraph of the strong optical perturbations present.

Application of the method described above to investigate the dynamics of shocks in distilled water per-
mitted obtaining quantitative results concerning the initial "hydrodynamic" stage of electrical discharge de-
velopment [9] by using the approximate hydrodynamic relationships.

Results of interference measurements were compared with data obtained by using athree-frame schlieren
recording system [7]. Measurements of the fundamental dynamic characteristics of the process under investi-
gation executed by two independent methods result in consistent results for the characteristic radius of the

_channel, the maximal pressure, and energydensity in its local liberation domain near the anode surface, The
qguantitative results obtained, referring to the energetics of the primary processes, can turn out to be useful
in the development of a more rigorous physical model, which isextremely necessary in connection with the in~
tensive studies in the area of producing ultrapowerful sources of energy storage.

The authors are grateful to. A. G, Ponomarenko and N, G, Preobrazhenskii for aid and support in per-
forming the research.
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DESTRUCTION OF COARSE AND FINE WATER
DROPS BY MONOPULSES OF A RUBY LASER

V. I. Novikov and V, N, Pozhidaev UDC 535.21

In addition to the known method of evaporating water drops in the intensive radiation field of a
CO, laser, papers have recently appeared wherein the destruction of water drops without the
conversion of the light energy they absorbed into heat is investigated (surveys [1, 2], for ex-
ample). Papers devoted to nonthermal methods of destroying a water aerosol, although still
few in number, indicate the proposal of three methods of destroying the drops: optical break-
down in water, excitation of mechanical vibrations of the drops, and photochemical destruc-
tion of the water molecules [1, 2]. The optical breakdown phenomenon, when intense destruc-
tive shocks occur in a water drop subjected to a laser monopulse, has been investigated more
fully than the other methods but also clearly insufficiently. Experiments on destroying milli-
meter- and micron-sized drops by ruby laser monopulses are described in this paper,
values of the parameters characterizing this process are determined, and an approximate
estimate of the energy and power of the laser pulses requiredto destroy a water aerosol in

a track of definite length is also given. '

1. Experimental Investigation of the Destruction of Coarse Water Drops. The effect of monopulse laser
radiation on a suspended water drop of ~2 mm radius was observed in the experiments. The diagram of the
apparatus is presented in Fig, 1. The gigantic pulse from a OGM~-20 ruby laser 2 was focused at the center
of the drop 4 suspended from the capillary 1 by using a lens with a 5-cm focal length 3. By using a plane-
parallel divider plate 5 and the collector lens 6, a part.of the radiation is sent off to the IKT-1M calorimeter
7 to measure the pulse energy. The pulse duration of the ruby laser was ~ 20 nsec at the half-power level,
the maximum energy per pulse was ~ 0.5 J, and the area of the focal spot in air, determined by the hole pierced
in foil, was about 2.8+ 10~° cm®
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