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The principle of holographic interferometry is described and its importance for plasma
diagnostics is indicated, particularly for the determination of electron concentration (Section
2). A review is given of different methods for increasing the sensitivity associated with
penetration into the infrared region of the spectrum, and also with the use of multiple-pass,
resonance, dispersive nonlinear and two-wavelength holographic interferometry. Section 3
discusses the experimental techniques—recording media and radiation sources—as well as the
results of fringe shift measurements, stroboscopic holography and cineholography. Section 4
gives a review of work on investigation of various plasmas—laser-induced sparks, laser jets,
neutral current layers, z- and §-pinches, flash lamps, CO, laser-induced plasmas, exploding
conductors, plasmotrons, electric arcs and various other kinds of electric discharges in gases.
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1. INTRODUCTION

The discovery of holographic interferometry twenty
years ago has opened up a number of new possibilities for
interferometric studies of a large class of various processes.

By now the method is developed sufficiently well and
described in a number of textbooks and monographs.'=* In
this article we will discuss briefly the characteristics and de-
tails of holographic interferometry that are used in the re-
search on nearly transparent refracting objects such as, for
example, plasmas. We consider only the wavelengths from
200 nm to 10 000 nm; other regions of the spectrum have not
been used for holographic interferometry of plasma. How-
ever, the microwave region can become useful when accepta-
bly good methods for formation and registration of holo-
graphic interferograms will be developed for these
wavelengths.

The principle of holographic interferometry is based on
the recording of two (or more) holograms, corresponding to
different states of an object under study, on a photographic
emulsion or any other recording material. As a result of in-
terference of waves which correspond to the first and second
states of an object, one observes during the reconstruction of
such a combined hologram interference fringes that contain
information about the light path variations of the hologram-
forming beams. In other words, it is possible to calculate a
quantity
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from the shape and position of the fringes of a reconstructed
holographic interferogram. Here n, and n, are the refractive
indices of the object for different elemental volumes along
the probing beam, and / is the light path within the material
under investigation (the indices 1 and 2 refer to the state of
an object during the first and second exposures).

The conditions of the experiment can usually be chosen
in such a way that n, = 1; then, by reconstructing the holo-
graphic interferogram at different angles, it is possible in
principle to work with local values of & in various areas of the
object under study instead of the integrated quantity L. Un-
fortunately, this approach leads to a significant decrease in
the accuracy of measurements so that local values of » can be
determined with much less accuracy than the integrated
quantity L.

The principle described above corresponds to so called
double-exposure holographic interferometry. In general, the
term “holographic interferometry” is used to describe any
method involving the observation of an interferogram in
which at least one (or both) of the interfering waves is recon-
structed with the help of a hologram. The second wave can
be, for example, a wave directly scattered by the object under
study (the real-time method). It is double-exposure interfer-
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ometry that is used most often in the study of plasma objects.
Holographic interferometry, like conventional interferome-
try, makes it possible to find the refractive index volume
distribution for the object under study. The holographic
method, however, has some advantages which have stimu-
lated its development over the last several years. Among
these advantages we note in particular the following:

1. By reconstructing a double-exposure holographic in-
terferogram, we can observe interference of two waves pass-
ing through the object at different times.

2. The reconstruction of a holographic interferogram at
different angles allows one to use the local values of n instead
of the integrated values L. Application of conventional inter-
ferometry to objects without axial symmetry would require
the use of several interferometers and of many interfero-
grams obtained by illuminating the object at different angles.

3. Since there is no need in this case to use high quality
optics, this not only makes the experimental arrangement
cheaper but also allows us to study large volumes of plasma
in chambers with transparent windows and walls made from
not very high quality optical materials. This is explained by
the fact that in holographic interferometry any distortions of
the wavefront caused by optics are compensated. An inter-
ference pattern registers only those phase inhomogeneities
that appear during the time intervals between two expo-
sures.

One should keep in mind that the optical inhomogene-
ities of a chamber wall on the hologram side can influence to
some extent the shape of the fringes observed during recon-
struction, but in the usual and not in the “interference”
sense, since these fringes are reconstructed in the same form
as they are seen through this wall. If the wall is so nonuni-
form that it significantly distorts the shape of the fringes or,
even more, if the fringes are not visible through the wall
because it diffusely scatters the light, then it is necessary to
use special methods to reconstruct the holograms. In one
such method, for example, the image of a wall is aligned with
the wall itself (see details in Ref. 6 for example, pp. 414~
422). The distortions caused by the wall or window defor-
mations as a result of thermal heating by a pulsed plasma can
certainly have an influence on the position of the interfero-
metric fringes, and one should always consider this possibil-
ity.

4. Holographic interferometry makes it possible to ob-
serve surprising two-wavefront interference patterns, whose
shape corresponds to distortions introduced by the object,
when the holograms are created by illuminating radiation at
different wavelengths. In other words, it seems as if one can
observe a stationary interference pattern arising as a result of
the interaction of two waves with significantly different
wavelengths (for example, by a factor of two or three).

Finally, holographic interferometry opens up entirely
new opportunities for increasing the sensitivity of interfero-
metric measurements.

Consideration of these advantages has led to a number
of plasma diagnostics experiments using the holographic in-
terference method for various kinds of plasmas under study
at the A. F. Ioffe Physico-Technical Institute in 1965-
19667+ followed by similar research in the United States.>'°
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Later these methods were further developed in a number of
laboratories, and several review papers have been writ-
ten.'"'? Holographic interferometry has turned out to be a
method which makes it possible to obtain a number of inter-
esting results that could not be achieved practically by other
techniques.

Analysis of holographic interferograms gives the distri-
bution (spatial, as well as temporal) of the plasma refractive
index, which is related to the concentration of electrons,
atoms and ions that make up the plasma. The final goal of
interferometric measurements is the determination of the
concentrations of these particles.

2. SENSITIVITY AND ACCURACY

The sensitivity of the holographic interferometry meth-
od is determined by the lowest concentration of particles
(electrons and atoms) that can be detected with this meth-
od. In order to estimate this quantity we start with the fact
that, without using the special methods (described below)
to increase the sensitivity of the hologram, changes in the
light path difference that are less than 0.1 A cannot be detect-
ed. On the other hand, it is difficult to register optical path
changes larger than 100 A (for one object).

2.1. Dependence on A. Infrared holography

In general, the refractive index of a plasma far from any
atomic absorption lines can be calculated from the Cauchy
formula:

k
n_t="3 (A,+%-) No,—4.5.107142N,, (2)

i=i{

where N, is the electron concentration and N, is the atomic

concentration. In most cases the contribution of ions to the
total refractive index of the plasma can be neglected.

Using for the 4 and B constants in the Cauchy formula
their values for air, we find that the absolute value of the
refractive index of air is comparable to the refractive index of
the electron gas when the ratio of the particle concentrations
is

Ne

Ng

=~ 0.1. (3)

On the other hand, a variation of the optical path of 0.1
A (for A = 500 nm) corresponds to a surface electron con-
centration of 5% 10' cm™2. This determines the minimal
electron concentration that can be measured by holographic
methods (for /= 1ecm N, = 5-10'® cm™?). It follows from
equation (3) that the minimal atomic concentration is ap-
proximately a factor of 10 larger. An increase in interfero-
metric measurement sensitivity leads to a corresponding de-
crease in the lower limit of detectable concentrations.

A quantity that is determined during interferometric
measurements of the refractive index is the fringe shift X
caused by introducing an optical path difference. For plasma
this shift is related to the concentration of plasma particles
by the expression

K="Tl=[§ (Ai+54) —4.5- 104N, +1] . (4)

i=1
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Let us assume that the smallest detectable fringe shift AK is
0.1 of the distance between fringes. (This is usually a realis-
tic assumption for holographic interferometry.)

Assuming that 4> B, we obtain from Eqgs. (2) and (4)
for the minimal detectable shift of AKX of fringes in a pure
electron gas the relationship AKX ~4, and, correspondingly,
AK ~1/4 for a gas consisting only of atoms.

Obviously, in moving into the infrared region of the
spectrum, the sensitivity of the interferometric method for
determining N, increases, while the corresponding lower
limit on the atomic concentration N, decreases.

When a CO,-laser, instead of a ruby laser, is used for
plasma probing, the expression (3) changes to

N .

T: =2.103. (39
Thus, the influence of an atomic (molecular) gas on the
plasma refraction coefficient can often be neglected.

Development of this method has been delayed until re-
cently by difficulties in recording holograms and designing
optical systems in the infrared region of the spectrum, and
only in the last several years has it become possible to obtain
encouraging results. The use of a CO,-laser made it possible
to achieve approximately a 15-fold increase in the sensitivity
measurement of /N, compared with the ruby laser results,
and to determine /N, downto2-10'3cm 2 (Refs. 15, 16);in
addition, by using nonlinear recording of holograms (in-
cluding fifth to eighth orders), the detectable value of
IN, min drops down to =~2-10"* cm™?, which as the authors
note, makes it realistic to use holographic interferometry for
plasma diagnostics in installations of the tokamak type. Ex-
perimental instrumentation for this type of research has al-
ready been built, and preliminary experiments have demon-
strated that it has a rather high sensitivity.'"

Recently the development of an interferometric appara-
tus was reported which uses a CO, laser to determine IV, ;.
down to 10'* cm™2. The smallest shift that can be detected
with this apparatus is 1/50 of a fringe width.'”™

Some details of applications of infrared holographic
diagnostics are described in Refs. 18, 19.

When the visible region of the spectrum (4 = 500 nm)
is used, the concentration range over which holographic in-
terferometry methods are applicable is limited from below
by difficulties in determining small fringe shifts, and from
above by the reflection, absorption and scattering of the
probing light. These phenomena are beginning to become
noticeable for N, > 10?° cm—*. Thus, for a plasma with lin-
ear dimensions of the order of 1 cm, the concentration range
N, that can be measured with the help of visible light is
approximately 10'%-10%° cm—>.

Originally holographic methods were developed for
studying plasmas in thermonuclear fusion installations. For
this reason, it was important to extend the range of measure-
ments toward smaller concentrations down to N, ~10"
cm ™ (tokamaks) and toward higher concentrations up to
10?2-10%* cm 2 (laser-induced thermonuclear reactions).?°
There is an equally great interest, however, in research on
relatively cold and dense plasmas for which the refractive
index is determined mainly by the refractive indices of the
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atomic and molecular gases. A large amount of research,
therefore, is devoted to the study of plasmas in electric arcs,
plasmotrons, gas discharges, etc. Much effort has been di-
rected towards finding methods to study plasmas with low
values of NV, .

To minimize the electron concentration that can be de-
tected by holographic methods one should search for meth-
ods which increase the optical path difference caused by
changes in the refractive index. Holographic methods pro-
vide researchers with several different ways, in addition to
using the infrared areas of the spectrum, to approach this
goal.

2.2. Multiple-pass holography

First of all, we will mention the use of the multiple pas-
sage of a probing beam through the plasma, a method which
is used also in regular holography. Figure 1a shows the cor-
responding optical arrangement.

To obtain holograms with a K-fold beam passage
through a plasma it is necessary to separate spatially the
beams corresponding to different numbers of passes through
the plasmas. This can be achieved by slightly tilting the semi-
transparent mirrors 3 and 4 relative to each other. The dia-
phragm 1 placed in the focal plane of the lens 2 selects a beam
with a given number of passages. Other beams continue to
probe the plasma at various points, thus decreasing the spa-
tial resolution of the method. In holographic interferometry
the selection of the required beam can be done without tilting
the mirrors 3 and 4 (Fig. 1b).2"?2 This is due to the fact that
among several beams passing through a plasma only those
beams will form a holographic interferogram for which an
optical path 2nKd + a, + a, differs from b, + b, by not
more than a coherence length L of the probing laser radi-
ation. The width Av of the generating line can be chosen in
such a way that the coherence length is less than 2nd; then

2nd>LzA—°v; (5)

here c is the speed of light and, Av is the width of the genera-
tion line.

————
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FIG. 1. Sensitivity increase by multiple-pass method. a) Tilted mirrors;
b) parallel mirrors.
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Ifd = 15cmand n = |, then Av must not be larger than
1000 MHz, i.e., for the visible part of the spectrum A4 is
about 0.01 A. The beams that do not satisfy the condition
(5) will not interfere; however, they give rise to additional
exposures of the hologram, which worsens the quality of the
interferograms; this deterioration in quality increases with
an increase in the number of passages that is selected.

In order to choose the specified number of passages, one
must, by varying the relative positions of the mirrors 1 and 2,
change b, and b, in such a way as to satisfy the condition

by + by — (a; + ay + 2Kd) < 2d
(here, of course, one can put n = 1).

One must take into account that during multiple reflec-
tion of a beam from the mirrors 3 and 4 the wavefront distor-
tions introduced by the mirror defects are accumulating. For
this reason, the mirrors 3 and 4 in the multiple-pass scheme
must have a surface finish not worse than (0.1-0.05), while
in order to form regular holographic interferograms it is suf-
ficient to have optics made with a precision not better than
0.5 A. The required number of passes is selected by using a
compromise between a desirable sensitivity increase and the
degree of deterioration in interferogram quality taking place
with an increase of K. If the duration of a probing pulse is 7,
and the time taken for a single pulse to gothrough a plasma s
7', then after many passes of a beam it may occur that K7/ >r.
The temporal resolution of the multiple-pass method will
then be by a factor 1 + (K7'/7) smaller than the resolution
of a single-pass method. On the other hand, 1 4+ (K'7'/7) can
significantly exceed 1 only when picosecond probing pulses
are used.

2.3. Higher orders

Another method of increasing sensitivity is based on
nonlinear effects observed in holograms for most photosen-
sitive materials. It is known that during reconstruction of
such holograms one can observe, in addition to the zeroth
and first order images also images corresponding to the
higher orders of diffraction. If we observe an image of X th
order, then all distortions of the beams forming the image
will be K times larger than for the first order waves (Fig. 2).
In order to reconstruct a hologram, we illuminate it with two
mutually perpendicular beams tilted relative to each other
bysuchananglef thatthe X th order wavefront reconstruct-
ed by the first beam coincides with the R th order wavefront
reconstructed by the second beam (Fig. 3a). The best ap-
proach is to choose a symmetrical position of the recon-
structed beams relative to the normal to the hologram. This
leads to a 2K-fold increase in fringe shifts compared to the
usual reconstruction method. Obviously, one can select the
directions of the reconstructing beams in such a way so that
the wavefronts of the + N th order and — M th order coin-
cide, and this will increase the fringe shift by a factor of
N + M. The quality of the interferograms produced in this
manner, however, is best for the symmetric scheme (Fig.
3b).' In this case a single-exposure holographic interfero-
gram obtained as a result of reconstructed wavefront inter-
actions has fringe displacements that are 2K times larger
than the displacements observed during formation and re-
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FIG. 2. Formation (a) and reconstruction (b) of holograms in different
orders. Marks of the type indicated by the number 1 show wavefront
distortions (on an arbitrary scale).

construction of the usual double-exposure interferograms in
the first order. If in this case the measurement accuracy of
the fringe shifts is the same for both methods of hologram
reconstruction, the sensitivity of electron concentration de-
termination is increased by a factor 2K for nonlinearly regis-
tered holograms. The use of nonlinear effects to increase the
sensitivity of holographic interferometry was suggested in
Refs. 24, 25. A disadvantage of this method is that the im-
ages reconstructed in high orders have distortions the mag-
nitude of which depends on the specific conditions of the
experiments. In particular, as is the case for the multiple-
pass method, the influence of the hologram-forming optics
defects increases in proportion to the method’s sensitivity.
Therefore, it is recommended to use in this method mirrors
and lenses of interferometric quality ( =0.1-0.01 4).

The optical distortions are minimal if one is using holo-
grams of the focused images for which the planes of an object
image and fringe localization coincide (see, for example,
Ref. 1). In Ref. 26 the reconstructed 7th order images were
used, and in Ref. 27—even images of the 8th order. By com-
bining a multiple passage of a probing beam through the
object and reconstruction in higher order, it became possible

.]' ,o [2
~0, ¥l

FIG. 3. Reconstruction of a single-exposure holographic interferogram

. with an asymmetric (a) and a symmetric (b) beam.'*
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FIG. 4. Reconstruction of a single-exposure holographic interferogram in
the + 2 orders. M,-M —semitransparent mirrors; H—hologram; L—
lens; D—diaphragm; /—photoemulsion. The planes H and I are conjugat-
ed. Lines indicate optical beam axes.

to increase the sensitivity of holographic measurements by a
factor of 36.2

Figure 4 shows a possible optical scheme for the recon-
struction of a nonlinear interferogram.

2.4. Resonance holography

A substantial sensitivity increase for determination of
heavy particles (atoms or ions) concentration in plasma can
be achieved by using large changes of refractive index in the
vicinity of the absorption lines of the studied atoms, where
the refractive index is described by the Sellmeir formula.

NEAS

rn—1=R = (6)
where R is a constant depending on the atomic constants, 4,
is the absorption line wavelength, N *-the population of the
initial level of the absorption line. Near the absorption line
the refractive index can exceed the refractive index in the
area of normal dispersion by several orders of magnitude.
Correspondingly, the sensitivity of atomic or ionic concen-
tration measurements also increases.

In the first work using the resonance holography meth-
od, the choice of laser lines close to atomic absorption lines
was very limited,?**° and one had to use special methods to
shift laser lines. It was done, for example, by changing the
temperature of the ruby crystal®' or using Raman spectra.®
The situation has changed significantly since the develop-
ment of dye lasers which allow a continuous change of the
laser wavelengths. Dye lasers made it possible to study a
large class of atoms and to use successfully resonance meth-
ods both for conventional and holographic interferome-
try.3233

The calculations of a sensitivity increase that can be
achieved with resonance holography were carried out in Ref.
31 (see also the more detailed calculations in Ref. 33). From
these calculations it follows that the minimum of detectable
concentration is achieved when the distance between centers
of the probing and absorption lines is equal to the half-width
of the absorption line. Figure 5 shows the sensitivity vari-
ation curves for an infinitely narrow probing line as a func-
tion of the distance from a probing line of finite width.>* As
can be seen from the graph, the lowest atomic concentration
that can be detected for an absorption line with the oscillator
strength /= 1 in the case of a transilluminated layer with the
thickness of 1 cm is ~2-10'2 cm 3,

2.5. Two-wavelength interferometry

From equation (2) it follows that in order to determine
the electron density N, from the measured values of # it is

451 Sov. Phys. Usp. 29 (5), May 1986

Pl il

wNft,cm™2

0%
———Jaa=q14
jg’!_ m AR= ]ﬁ !0-IA
sA=104
2 1

) 1 1 o
1 10 102)A-2,H0A

FIG. 5. Applicability regions of resonance holographic interferometry.

necessary to eliminate the heavy particle influence on the
plasma refractive index. This can be achieved by measuring
values of the refractive index for several different wave-
lengths and then finding the atomic N, and electron ¥, con-

centrations by solving equation (2).

By substituting the values of 4 and B into equation (2),
it is easy to see that when A changes by a factor of two the
part of the plasma total refractive index due to heavy parti-
cles changes by 5-10%, and the part due to the electron gas
changes by a factor of 4. From this fact it follows that the
plasma dispersion (dn/dA) depends practically only on ¥, .
In other words, the differences of the interferogram fringe
shifts for two different wavelengths (far from the absorption
line) enables one to obtain directly the values of IV, .

The development of the two-wavelength conventiona
and holographic® interferometry is based on these ideas. In
order to obtain holograms for two different wavelengths, it
was customary to use, as was done in these and the following
works, the frequency doubling of a probing radiation using a
nonlinear crystal. The object was illuminated by a mixed
beam consisting of the main frequency radiation and its har-
monic, and this led to the formation of two spatially separat-
ed holograms. During reconstruction of these two holo-
grams one obtains two spatially separated holograms
simultaneous analysis of which allows one to determine both
the electron and atomic concentration.

If heavy particles contribute significantly to the refrac-
tive index, then the fringe shifts caused by an electron gas are
calculated as small differences of large shifts introduced by
plasma for the wavelengths 4, and 4,. One must also take
into account that during the reconstruction of the two holo-
grams, it is possible, as a result of some difference in the
image size and variation of aberrations, to have different
errors in determining the position of points used for the shift
measurements for the main and doubled frequencies. All
these reasons lead to a situation that (in this case) the accu-
racy of concentration determination from two interfero-
grams is significantly smaller than for the case when the

134
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FIG. 6. a—Formation of a dispersive hologram; b—reconstruction of a
dispersive hologram.

contribution of heavy particles to a refractive index can be
completely neglected.

A method automatically eliminating the shifts caused
by heavy particles was considered in Ref. 36, where it was
suggested to use for this purpose the nonlinear properties of
holograms,

2.6. Dispersive holography

Let us consider a plasma illuminated with a beam con-
taining coherent radiation with the wavelengths A, and
A, =0.54,, and assume that a reference beam is formed by
the radiation with the same composition (Fig. 6a). Two
overlapping holograms are formed first in the plane P and
then are reconstructed by the radiation with a wavelength
which, generally speaking, can be different from A, and 4,.
The frequency of the interference fringes on the ‘“blue’ holo-
gram is twice as large as the frequency on the “red” holo-
gram. For this reason a wavefront for a wavelength A, recon-
structed in the first order coincides with the wavefront for A,
in the second order. In exactly the same way, the wavefronts
of the second and fourth diffraction orders, etc., coincide
(Fig. 6b). The wavefronts reconstructed in the first and sec-
ond orders interfere and form a single-exposure holographic
interferogram on which all fringe shifts are determined by a

Bl

FIG. 7. Two-wavelength holographic interferograms [4( 4) =0.35 (a)
and 0.69 (b)) and dispersive interferogram of a laser spark (c).*

452 Sov. Phys. Usp. 29 (5), May 1986

difference between refraction indices #, and n, for the wave-
lengths A, and 4, (Fig. 7).

A significant advantage of the described method is that
the two compared waves are obtained not in two but in a
single exposure. This helps to avoid experimental errors
caused by a change of the experimental apparatus position
during the time interval between two exposures. An experi-
mental apparatus in this case becomes therefore much less
sensitive to vibrations and deformations than an experimen-
tal apparatus for double-exposure holographic interferome-
try. This is also true in equal measure for the method of
reconstructing waves in higher orders of a single-exposure
nonlinear hologram. Naturally, all the disadvantages noted
in the discussion of the latter method of increasing the sensi-
tivity are also inherent in dispersive interferometry.

In order to obtain good dispersive interferograms one
must also take special care in selecting photomaterials with
an appropriate spectral sensitivity curve. It is important to
try to achieve that the darkened areas in the first order for 4,
would be close to the darkened areas in the second order for
A, (and the same for the 2nd and 4th orders, respectively,
etc.). Of course, color filters can be used to make the distri-
bution of the darkened areas more uniform. Another source
of errors can also be a size difference of the reconstructed
images corresponding to the wavelengths A, and A,. For this
reason, it is better, probably, to use for the reconstruction
radiation with a wavelength A, satisfying the condition
A, <Ay <A,. The details of the analysis of the applicability
conditions and properties of dispersive holography are con-
sidered in Ref. 37.

A device called the dispersive interferometer has been
specially designed to produce dispersive interferograms.>*-°
Various schemes of dispersive interferometers are consid-
ered in Ref. 40. The working principle of interferometers of
this type is shown in Fig. 8.

An object O being investigated is placed between two
nonlinear crystals K, and K, in which a frequency shift takes
place. The filter P that selects the sum frequency
@, = @, + w, is placed after the element K. If the element
K, is illuminated with a beam containing the frequencies @,
and o,, the object O will be irradiated by the waves U, U,
and U, with the frequencies @,, @, and @,, respectively. All
these waves experience the wavefront distortions which are
proportional to the optical path difference introduced by the
object into each wave. Further, the waves U,, U, and U, pass
through an identical crystal K, where the waves U, and U,
are mixed and thus generate the wave U ;. All the beams pass
through a light filter ® which transmits only the radiation
with the frequency ;. The two wavefronts: U,, which passes
through the crystal X, without a frequency change, and U 3,
which is obtained as the result of mixing of the waves U, and
U, in the crystal K, interfere. Finally, an interferogram is

Uil
Uy (wy)

v

A, @ L

w, Yy lw,)
uwlz w; { su'(w;)

FIG. 8. Scheme of a dispersive interferometer.

A.N. Zaidel’ 452



observed in the focal plane of the objective L placed after the
filter. The shifts of the interferogram fringes are determined
only by the difference of the object refractive indices at the
frequencies @, and w,. A particular case of the application of
this approach is an interferometer (described in Ref. 38)
based on the principle of frequency doubling (@, = 2w,).
Such a device has already been constructed and used to pro-
duce interferograms (see Fig. 7). If one of the mixed fre-
quencies w,, for example, is chosen to be small, then the
sensitivity of interferometric measurements of N, can be sig-
nificantly increased by using the infrared region for probing
radiation, and registering the interferograms in any conven-
ient region of the spectrum. So far, probably, only purely
technical difficulties have been preventing the realization of
this idea."

2.7. Accuracy

The accuracy of measuring the concentration using the
holographic interferometry method is determined ultimate-
ly by the accuracy of measuring the magnitude of the inter-
ference fringe shift. Usually, it is assumed that this accuracy
is one tenth of the distance between fringes.

A statistical analysis of various kinds of experimental
errors in holographic interferometry was made in Ref. 41. In
addition to the sources of error common to all applications
of holographic interferometry, in the investigation of plas-
mas there is a number of specific causes reducing the quality
of interferograms and, correspondingly, the measurement
accuracy:

1. The exposure of holograms to incoherent plasma ra-
diation reduces their diffraction efficiency;

2. All methods in which several holograms are overlap-
ping also lead to a reduced diffraction efficiency;

3, Ifan illuminating pulse is not sufficiently short, inter-
ference fringes become “smeared” because of the change of
N,/ during irradiation; this can lead to a complete “blur-
ring” of the hologram, as was observed, for example, during
the study of super-high pressure lamps.>'?

In Ref. 42 the measurement accuracy of fringe shifts in
nonlinear holograms has been studied. The dispersion of ex-
perimental errors o was 0.2 of the distance between fringes,
which is slightly larger than the assumed value of 0.1. This
deviation can be easily explained by an interferogram quality
decrease observed in the case of reconstruction of higher
order waves. On the other hand, when the quality of fringes
is good and when photovoltaic registration is used, it is possi-
ble to measure a shift of 0.01 of the distance between fringes
and even less. If one assumes that the largest shift over the
extent of the studied object is about 10 fringes, then the mini-
mal relative experimental error is approximately 0.1-1%. In
practice, it is usually larger for a combination of the reasons
given above and is around 10-20%, and in some cases only
an order of magnitude V,/ can be estimated.

3. EXPERIMENTAL TECHNIQUES

3.1. Recording materlais

It is well known that, in addition to amplitude holo-
grams which register spatial variations of incident radiation,
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there are also phase holograms that work by changing the
phases of light waves passing through the various areas of a
hologram. Sometimes phase-amplitude holograms, which
simultaneously modulate the amplitude and phase of a re-
constructed beam are used.

The most widely used technique, i.e., recording inter-
ferograms on a photographic plate, yields only amplitude
modulation, although there is some phase-modulation con-
tribution due to changes in the gelatine layer surface texture.
In selecting a recording material, it is necessary first of all to
take into account the material’s sensitivity to the radiation of
a given spectral composition, and the material's resolution
capabilities (the number of lines that can be recorded sepa-
rately on one millimeter of the material).

Usually these two properties compete with each other,
and materials with a high sensitivity have a lower resolution,
and vice versa. For some recording media, the images
formed in them disappear very fast, which obviously creates
additional difficulties. The most widely used recording
medium for the visible and near ultraviolet regions is
photoemulsion.

The frequency of hologram interference fringes is deter-
mined by the formula

_ 2sin(a/2)
V=, (7)

where a is the angle between interfering beams.

Obviously, in order to have images without distortions
due to the limited resolving capabilities of recording materi-
als, the resolution of a hologram must generally be larger
than v. Since the angle between the object and reference
beams used in the holographic interferometry of plasmas
usually does not exceed several degrees, the frequency of
hologram fringes will not exceed 100 lines/mm, and some-
times is significantly less for the infrared region. Special hol-
ographic photographic emulsions have a very high resolu-
tion (up to 5000 lines/mm) and a low sensitivity not
exceeding several hundred uJ/cm~? [0.1-10 GOST (State
All-Union Standard) units].

For holographic interferometry of plasmas, materials
with a resolution of 100 lines/mm and high sensitivity (for
example, the film PANCHROM-18) have been used suc-
cessfully.

For recording of holograms in the infrared region, ma-
terials the optical properties of which change under the in-
fluence of irradiation are usually used. Most often this
change is caused by the melting or evaporation of the sur-
face. Sometimes the phase transitions caused by heating are
also used. The sensitivity and resolution of such layers is
usually less than those for photographic emulsions, which,
unfortunately, are not suitable for A > 1200 nm. Table I lists
some of the materials that have been used for the recording
of holograms obtained with the help of the CO,-laser
(A = 10.6). The table also contains the main parameters of
the layers made from these materials.

3.2. Optical materials

Holographic instrumentation designed for research in
the visible region can use regular optical materials. For the
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TABLE I. Recording materials for infrared holograms.

Material Recording mechanism | Sensitivity (llii:izl/‘::;l; References
Bismuth film Evaporation 0.3 100 43
Gelatine Melting 0.2 20 44
Burning 2 300 48
Paraffin Melting 0.? 40 ::
Liquid crystals Phase transition 591'0_3 5%8 a8
Ftiros* Same 0.1—0.01 50 40
Silver halide Thermal
emulsion**
*Ftiros—a relatively new recording material developed in the Physico-Technical Institute of the
Academy of Sciences of the USSR, the working principle of which is based on the phase transition
caused by heating.
**Recording mechanism is based on the sensitivity increase of a photoemulsion to the visible radi-
ation when it is heated by infrared radiation.

infrared region, special mirrors and lenses should be used for
particular areas of the infrared spectrum. For the 10.6 region
the best mirror coating material is copper that has a reflec-
tion coefficient of 98.4%; Pt, Rh, Ag, Au also have high
reflection coefficients (94-96% reflectance). Occasionally,
aluminum mirrors are used even though the aluminum re-
flection coefficient is 90%.°° For r = 0.9, the overall reflec-
tion losses are increasing rapidly for a large number of sur-
faces. In addition, the large amount of energy absorbed in a
reflecting layer can lead to its damage.

Lenses and optical windows can be made from crystals
of BaF,, PbF,, KPS-6 (40% TIBr, 60% TICl), KRS-13
(60% AgBr, 35% AgCl) and others. Germanium, having
the refractive index 4 for the wavelength of 10y, is especially
convenient for making beam splitters that divide a beam into
two beams of approximately equal intensity. In order to
avoid secondary reflections, such beam splitters are made in
the shape of wedges.

It must be remembered that the optics used for the CO,
lasers can be manufactured with 10-15 times less accuracy
of polishing than the optics for the visible region of the spec-
trum (this is due to a significant difference of the wave-
lengths involved).

3.3. Light sources

The formation and reconstruction of holographic inter-
ferograms is usually done with lasers, although the use of
lasers, in general, is unnecessary for reconstruction. De-
pending on the object being investigated, the requirements
on the characteristics of the lasers employed vary signifi-
cantly. Only in a few rare cases is a plasma sufficiently sta-
tionary so that one can use CW lasers for its study; as a rule,
pulsed lasers are used, with the duration of the probing pulse
having to be adjusted to the rate of change of the plasma
parameters. In most cases the best lasers for the visible re-
gion of the spectrum are the ruby or neodymium lasers
working in the free generation mode in the case of slowly
changing plasma parameters and in the Q-switching mode
for a highly unstable plasma, with the pulse duration of ap-
proximately 100 usec or 10-30 nsec, respectively. Over the
last several years picosecond lasers operating both on the
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main frequency or its harmonics are increasingly often used
for this purpose.

It should be remembered that, as a rule, the spatial and
temporal coherence properties of the ruby lasers operating
in the free generation mode are not adequate for producing
holographic interferograms. In order to improve the laser
characteristics mode selection is used. The same approach
must be used also for dye lasers that at the normal conditions
generate a wide spectral band (see details in Ref. 51).

Of the domestically manufactured lasers, the OGM-20
laser is probably the most convenient; its parameters are:
A = 694.3 nm, power—20 mW, pulse duration—20 nsec, the
angle of divergence—2'.%? In cases when the laser power is
insufficient, optical amplifiers have to be used with an
OGM-20 laser serving as the master oscillator.

The most convenient lasers for resonance holography
are liquid dye lasers. They make it possible to obtain radi-
ation of any wavelength in the visible and near ultraviolet
regions of the spectrum. The power and coherence of these
lasers are sufficient for solution of many problems. We have
successfully used a “home-made” laser® that is a modifica-
tion of the commercial laser “Raduga.”” For the reconstruc-
tion of holograms He-Ne lasers are usually used. Practically,
any model of the He-Ne laser can be used (i.e., models LG-
36, LG-38), since all have sufficient power and coherence.
These lasers are usually included in all holographic systems
among the equipment intended for alignment of the parts
and adjustment of the entire apparatus.

Application of He-Ne lasers (4 = 632.8 nm) for the
reconstruction of holograms obtained with another wave-
length introduces, of course, some distortions on a scale that
is sometimes undesirable.

It must be noted that gas lasers have an excessive coher-
ence for reconstruction of holograms, and in practice it is
possible to use broad band light sources, i.e., high pressure
mercury lamps with proper optical filters. Still, if a laser is
available in a laboratory involved in holographic interfero-
metry, it is an especially convenient source for reconstruc-
tion of holograms.

Most often infrared holograms are formed by
CO,-lasers with a transverse electric discharge pumping
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FIG. 9. Optical delay line for the formation of cineholograms. M,, M,—
mirrors; O—object; P~—hologram.

(see, i.e., Ref. 53). The main wavelength of the generated
radiation is 10.6 u. Sometimes also a pulsed HF-laser with
the wavelength of 3 u was used.>*

3.4. Cineholography

In order to study plasma dynamics it is necessary to
obtain a number of holograms or interferograms shifted rela-
tive to each other in time. For this purpose, a number of
techniques based on the time delay of the probing pulses'">
or on the continuous optical sweeping of a hologram®® have
been developed. Depending on the typical plasma rise time,
various delay methods are used. Several synchronized la-
sers”’ or lasers generating a series of giant pulses are used for
delays of the order of several microseconds.’® Delays of
1075-1077 sec can be obtained easily by using the optical
delay lines suggested in Refs. 59, 60 that make use of the
reflection of light from two mirrors, one of them semitrans-
parent, placed at a specified distance from each other (Fig.
9). The quality of these mirrors must be sufficiently high,
since multiple reflections increase the influence of mirror
defects on wavefront distortions.

This approach was used for the first time to form cine-
holograms in Refs. 7, 55. Optical delay lines with another,
more convenient arrangement of optical elements, were in-
dependently suggested and described in Refs. 61, 62 (see
details in Ref. 63). For delays of 10-100 nsec the distance
between the mirrors must be several meters. A compact de-
lay line with spherical mirrors has been suggested in Ref. 64.
The very large number of reflections in such lines, however,
leads not only to strong attenuation of the beam, but also to
significant distortion of the wavefront. Other techniques
which produce pulses shifted in time have also been devel-
oped, including the use of various areas of a laser rod which
turn on sequentially; this allows one to study processes last-
ing several microseconds.®® By using delay lines with mir-
rors, it was possible to form cineholograms containing 3-7
frames.

A disadvantage to this type of scheme is an almost un-
avoidable decrease of beam intensities with an increase in the
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number of reflections, so that the last frame receives signifi-
cantly less light than the first frame. This situation can be
avoided by using mirrors with transmission and reflection
coefficients that vary along the surface. Optical pulses of
uniform intensity can be obtained by using a laser that pro-
duces a series of nanosecond pulses at regular intervals.5®

3.5. Stroboscopic holography

Stroboscopic holographic interferometry has been sug-
gested for the study of periodic processes and was applied,
for example, to the study of gas discharge plasmas.®” This
method produces a double-exposure interferogram, with
each exposure corresponding to a specific stage of the pro-
cess (for example, to the maximum in the discharge current
and to its zero value). As an example, we describe an experi-
mental apparatus for studying a gas discharge plasma, which
uses a CW He-Ne laser. In order to protect the apparatus
from vibrations, it was placed in a basement on a concrete
slab separated from a table by two automobile inner tubes
pumped up to a low pressure. All parts of the apparatus were
fixed to the rail of an optical bench rigidly attached to the
slab. Under these conditions, we did not experience interfer-
ence due to vibrations even for long exposures.

Several different types of gas discharge lamps were cho-
sen as stationary objects. The first experiments were carried
out using a PRK-4 lamp. A diagram of the experimental
arrangement is shown in Fig. 10. The light from a He-Ne
laser was modulated by a disk with holes. The rotating disk
was spun in phase with the current pulses providing power to
the lamp. The film was exposed during current interruptions
and also when the current was reaching its maximum. A
study of holograms has shown that changes in the index of
refraction caused by the current led to a variation of the
optical path difference at the center of the lamp which was
less than A. This corresponds to a variation in the atomic
concentration of mercury along the axis of the discharge
which was less than 10%.

The lamp was placed within a case filled with helium in
order to exclude the influence of air flows on the index of
refraction.

3.6. Fringe shift measurements

An interference fringe on a double-exposure holograph-
ic interferogram is a line of constant optical path difference,
introduced by the phase object during the interval between
two exposures. An example of such an interferogram is

PRK-4

| {
aser =5 5 ~
Hologram

5
3
3 -
L g

FIG. 10. Stroboscopic holography study of a PRK-4 lamp. 1—object
beam; 2—reference beam; 3—interrupting disk; 4—beam splitter; 5—cur-
rent interrupter.
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FIG. 11. Interferograms: with a wedge (a) and without a wedge (b).*®

shown in Fig. 11b. To find the index of refraction (or, more
accurately, its change during the interval between two expo-
sures) is very difficult, since there are no convenient refer-
ence points for a measurement of the magnitude of the shift.
The situation changes if, together with a change in the phase
object, one changes slightly the direction of one of the beams
(reference or object beam) during the interval between ex-
posures. Rotation of the reference beam through a small an-
gle a leads to the appearance on an interferogram (in the
absence of changes in the phase object) of a system of recti-
linear interference fringes with a distance between them of
h = (A /2)sin(a/2). If in addition to the tilting of the beam
the object introduces a change in the optical path difference,
then this will lead to a corresponding distortion of the inter-
ference fringes (Fig. 11a). Measurements of the optical path
differences introduced by the object are carried out at a num-
ber of points on an undistorted interference fringe.

The tilting of the beams in the intervals between expo-
sures can be achieved by changing the positions of the mir-
rors or other optical elements of the experimental arrange-
ment, but most conveniently, with the help of a thin
refracting wedge introduced into the reference beam. In the
intervals between exposures, the wedge is rotated” or its in-
dex of refraction is changed.® The direction and frequency of
the reference fringes can be changed by changing the rota-
tion angle, the wedge position and changing the position of
the edge of the wedge relative to the reference beam. The
frequency and direction of the reference fringes also can be
changed by exposing the first and second holograms on dif-
ferent plates. By superposing the holograms, it is possible to
achieve any frequency and direction of the reference fringes
by shifting the holograms slightly.®® This technique requires
rather accurate matching of the holograms, and this gives
rise to a number of technical difficulties.

4.STUDY OF PLASMAS

4.1. Laser sparks

A laser spark is formed when a powerful laser pulse is
focused in air or some other gas. Results of studies of laser
sparks carried out by various methods have been described
in Ref. 69.

The holographic interferometry method provides the
most complete information about this interesting phenome-
non. An experimental apparatus designed for the study of
laser sparks by the double-exposure holography method for
time intervals of 40-200 ns’ (Fig.12) consists of a ruby laser
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FIG. 12. Diagram of the experimental arrangement for the formation of
cineholographic interferograms of laser sparks. a—Overhead view; b—
side view.

1 whose Q-factor was modulated by a rotating prism. The
laser beam passes through a telescopic system made up of
lenses 2 and 3, at whose focal point a laser spark is formed. A
rotating prism directs a collimated beam to the delay line
that is formed by the regular and semitransparent mirrors 4
and 5, placed at a distance of 6.3 meters from each other,
corresponding to a delay time of 42 nsec. A wedge 8, with a
regular mirror on one side and a semitransparent mirror on
the other side, is used to produce a reference beam. The angle
and thickness of this wedge are chosen in such a way that the
object and reference beams converge at the hologram plane’
at an angle of 1.5°. The diaphragms placed in front of the
mirrors limit the beam diameters. The fllm is protected from
exposure to radiation from the laser spark and scattered
light by a red glass optical fllter. In order to obtain double-
exposure holograms, fllters reducing the laser radiation be-
low the breakdown threshold are introduced into the beam
during the first exposure. In the interval between the first
and second exposures a thin wedge 9 is rotated by a small
angle around an axis perpendicular to the wedge plane. This
leads to the appearance of the interferogram of reference
fringes in the form of straight lines.

The duration of the laser pulse was about 30 ns. The
trailing edge of the pulse is “‘cut off”” by the plasma generated
by the spark pulse. But this pulse duration is still too great
for studying the initial stages of development of the spark.
Interferograms of good quality were obtained only 80 nsec
after the beginning of breakdown (see Fig. 14).7° Although
it is possible to draw some conclusions about the evolution
dynamics of laser sparks from these interferograms, in order
to obtain quantitative estimates of the sparks parameters it is
necessary to separate the contributions of electronic and
atomic components to the refraction index. With this aim in
view further studies have been carried out by the methods of
two-wavelength,”'-"4, dispersive’® and resonance’®”’ inter-
ferometry. In these articles, an apparatus was used with an
optical delay line similar to the delay line described above.
Light from a ruby laser model OGM-20 and also its second
harmonic were used as the radiation source. A *“home-
made” pulsed dye laser has also been used for resonance
interferometry. Most of the studies have been carried out for
laser sparks in air; however, sparks in helium and hydrogen
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FIG. 13. Shape and dimension of a laser spark.

at different pressures (1-10 atm.) have also been studied.”
Figure 13 shows the variation in the dimensions of a laser
spark in air (a) and He (b); Fig. 14 shows an interferogram,
and Fig. 15-the electron concentration distribution at differ-
ent time instants.

An apparatus for forming two-wavelength holograms
of focused images was developed.”* For the reconstruction of
the hologram an experimental arrangement was used that
included a Mach-Zender interferometer which allowed one
to vary the frequency and direction of interferogram fringes
by adjusting the interferometer.”® With the help of such an
arrangement, it was possible to produce during the recon-
struction of one two-wavelength hologram interferograms
corresponding to each of the wavelengths present in the radi-
ation, along with a dispersive interferogram. An analysis of
the interferograms gives spatial distribution of electron con-
centrations and the air density in the spark. According to the

FIG. 14. Interferograms of a laser spark. Time (in ns) is measured from
the beginning of a breakdown: 40 (a), 80 (b), 120 (¢), 160 (d) and 200
(e). Photos a, b and c—e are obtained with different flashes.
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FIG. 15. Electron concentration distribution for different times ( P =1
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authors, the error in determining N, is approximately 4%.
In Ref. 79 the later stages of laser spark evolution were stud-
ied with a CO, laser. The use of infrared radiation in this case
is motivated by the desire to study this plasma at a moment
when its electron concentration has decreased to the extent
that studies with visible radiation are not sufficiently sensi-
tive.

Laser sparks, including later stages of their evolution,
have been studied also in Refs. 80-82. In order to form and
transilluminate a spark, two lasers synchronized by a rotat-
ing prism that was modulating the Q-factor of both lasers
were used in these papers. The laser used as a source of illu-
mination generated two pulses with an interval of 200 nsec
between them. The first pulse was generated before break-
down, the second—after the breakdown; as a result, a dou-
ble-exposure hologram was produced during one laser burst.
A double-pulse laser was used also for the study of laser
sparks in helium in Ref. 83. In this work the electron concen-
tration distributions were obtained from interferograms pro-
duced at different moments.

In Ref. 76 the method of resonance interferometry us-
ing a tunable dye laser has been used for the determination of
the concentration of excited hydrogen atoms in a laser spark.
Interferograms of a laser spark were obtained in the case
when the illuminating radiation wavelength is close to the
H, line. Estimates of the sensitivity of resonance interfero-
metry method were made taking into account the finite
width of the absorption line. The method in which the inter-
ferograms produced with two different wavelengths are
moiré superimposed has been used in order to increase the
measurement accuracy of plasma dispersion. It was found
that the electron concentration is approximately (2—6)-10"’
cm* and the concentration of hydrogen atoms on the sec-
ond energy level is (4-6)-10'* cm~* in a laser spark plasma
for an initial hydrogen pressure of 3 and 7 atm, and for the
time instants 1-2 microseconds after the beginning of a
breakdown.
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The resonance absorption by a dye laser producing ra-
diation with the wavelength equal to the wavelength of the
H,, line, made it possible to obtain shadow projections of a
laser spark in hydrogen and to investigate in detail the evolu-
tion of the shock wave caused by a laser spark over a large
interval of pressures.”” The results of the experiment were
found to be in good agreement with the theory of a point
explosion.

4.2, Laser jets

A plasma similar to the laser spark plasma but, usually,
of higher density, is formed when laser radiation is focused
on a solid state target. The study of such plasmas has been
carried out by various methods, including the method of hol-
ographic interferometry,29:30-84-88

In Refs. 29 and 87 are described the experimental appa-
ratus and results of laser jet studies carried out by the reso-
nance holography method for a potassium target. In order to
produce three-wavelength holograms, the fundamental ra-
diation of a ruby laser, its second harmonic and the stimulat-
ed Raman scattering of the fundamental frequency by nitro-
benzene were used. The wavelength of the fundamental
radiation (4 = 865.8 nm) differs only by 0.7 nm from the
wavelength of the resonance line of KI. This fact allows one
to increase the sensitivity with which the concentration of
potassium atoms was determined by two orders of magni-
tude compared to the sensitivity that can be obtained by us-
ing radiation far from the absorption line. The use of three-
wavelength holograms made it possible to find
independently the concentration of electrons, potassium
atoms and air molecules. In Fig. 16 these results are shown
for a time instant 115 nsec after the beginning of breakdown.
The lowest value of IV that can be detected under these con-
ditions is estimated to be around =~ 10'* cm ™2

In Ref. 88 the measurement of lithium atom concentra-
tions was carried out by the resonance interferometry meth-
od using a dye laser. The experimental apparatus consisted
of two lasers; one was a neodymium glass laser, whose radi-
ation was focused on the Pb-Li alloy to produce jets, and a
ruby laser which was used to form the hologram. Both neo-
dymium and ruby lasers were modulated by a rotating prism
in such a way that it was possible to vary the time interval
between pulses in the range 0.3-2.5 usec by changing the
position of a modulating prism relative to the lasers.

The second harmonic of the ruby laser pumped a cell
with a dye solution, that was placed in the resonator to
achieve wavelength selection. The dye generated a single line
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FIG. 16. Radial concentration distribution along the jet cross-section
(74er = 115 nsec after beginning of a breakdown ).>* a—Potassium atoms,
b—electrons, c—air molecules.
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FIG. 17. Lithium atom concentration for different distances from a tar-
get. Time from the moment of a jet formation in usec: 0.3 (1), 0.8 (2), 1.3
(3), 1.8 (4),2.3(5).

with a width of 0.05 nm, whose position relative to the lith-
ium absorption lines (Lil = 670.77 and 670.79 nm) could be
changed in such a way that the sensitivity of the measure-
ments would be maximal.

Both the radiation of the dye laser and the main radi-
ation of the ruby laser have been used to form interfero-
grams. The data on the lithium atom concentration along
the laser beam axis for different time instants from the begin-
ning of the jet formation are given in Fig. 17.28

For each region of concentration variation a corre-
sponding A — A, value was chosen; 4 is the wavelength of the
probing laser line, A, is the wavelength of the sodium reso-
nance. This made it possible to include the concentrations of
Ny, from 10" to 10'7 cm™~2. It should be noted that the
concentration of lithium atoms at a distance of 2-3 mm from
the target remains almost constant during the entire obser-
vation time.

Resonance holography was also used for measuring the
Ball ion concentration in a plasma generated by a CO, laser
which was focused on a barium target placed in a vacuum
chamber.%® Interferograms were produced using a pulsed
dye laser with a narrow emission line that was selected to be
close to the Ball resonance line with A = 454.4 nm. The
barium ion concentration could be measured for values less
than 5-10'* cm~32. In this work, information which was
known already at least 5-7 years earlier was rediscovered by
resonance holography (see, e.g., Refs. 29-30).

In the last several years special attention has been given
to investigating plasmas related to studies of laser-induced
thermonuclear fission. The typical plasma parameters for

A. N. Zaidel’ 458



this case are: linear dimensions of 10—100 , electron density
of =~10*' —10* cm~3, speeds of separation—10°-107
cm-sec !, and times ~ 10 psec.

Optical studies of plasmas with such parameters require
extremely precise experimental techniques, and have be-
come possible only with the development of picosecond la-
sers. Many papers are devoted to this subject (see, e.g., Ref.
90). Here we consider only the papers which mainly use
holographic interferometry.

A plasma formed near an aluminum surface during the
irradiation of the surface by picosecond pulses of a neody-
mium laser was studied in Ref. 86. The second harmonic of
the same laser was used as a source of probing radiation. An
extremely high temporal resolution of 7- 10~ '? sec has been
achieved.

Subsequently, research techniques were continuously
improved in a series of articles®'~°¢; some of the results of
these articles are given below. As a rule, a plasma with the
required parameters can be created by a neodymium laser
pulse with a power of several terawatts and pulse length of
100 ps striking a spherical target whose size was ~ 100 2.
The electron density of the plasma formed in this way is not
more than 10?2 cm ™ in the first instants after its formation;
at the same time, the critical density above which radiation
with a wavelength of A = 1.06 1 does not penetrate into the
plasma is 1.0- 10*' cm ~>. For another wavelength we have

Neono = 1.0-102'[—193& :
Alp)
Thus, when working with high density plasmas it is neces-
sary to decrease the wavelength of the probing radiation.

In the beginning this was done by frequency-doubling
(A =503 nm) in a nonlinear crystal, then by frequency-
tripling (A = 353 nm).*? In later work the fourth harmonic
of a neodymium laser was used, which was obtained by re-
peated doubling of neodymium laser fundamental frequency
in KDP and ADP crystals.®*

As an example we give experimental data obtained in
this latter paper. Glass spheres of ~40 u in diameter were
illuminated by a laser pulse (4 = 1.06 1, 7 = 30 ps). A small
portion of the pulse energy was separated from the main
beam by the beam-splitter 1 (Fig. 18), which after traversing
the KDP and ADP crystals and the optical filter 2 (which
passed only ultraviolet probing radiation) passed through
the plasma. (The duration of the probing pulse was less than
15 ps.) The plasma was formed in the vacuum chamber 3
with quartz windows and lenses.

1069 3

FIG. 18. Ultraviolet interferometry of plasma.
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FIG. 19. Ultraviolet holographic microinterferometer.

Holograms were formed by a holographic micro-inter-
ferometer, a sketch of which is given in Fig. 19. Before reach-
ing the chamber, the probing beam was split by the quartz
prism 1 into two beams of nearly equal intensity following
symmetrical paths. The object beam was widened by the mi-
croobjective 2, and the reference beam by the lens 3. The
hologram was photographed in the plane P. Interferograms
were formed by the double-exposure method. Very precise
focusing of the microobjective is essential for obtaining holo-
grams of good quality: a focusing error of 40 u leads to a
substantial variation of the number of fringes on an interfer-
ogram.

The problem of focusing was studied in more detail in
Refs. 97, 98. In Ref. 97 the influence of focusing on the mea-
surement of N, (in the range 10'-10'® cm~?) in a plasma
formed by the action of a focused neodymium laser on the
end face of a carbon filament ~ 10 1 in diameter (the power
of the laser is 100 GW, r = 20 ps, target illumination is
3-10'® W/cm?). A probing beam is obtained by using the
fourth harmonic of the same radiation (whose beam energy
is about 10 uJ, 7= 10-15 ps). The microobjective formed a
plasma image in the hologram plane. This is how the holo-
grams of the focused images were formed in these and other
papers described above. It has been shown that for correct
measurements of V, the microinterferometer focusing error
should not exceed 5 . An error of over 40 z amounts to
more than 100% deviation from the actual value of N,. This
fact allowed the authors of Ref. 98 to suggest a new holo-
graphic method for measuring the electron concentration
near its critical value. In this method beams falling on the
plasma at some angle to its surface undergo a significant
deflection which leads to a shift of the interference fringes in
the reconstructed interferogram.

This makes it possible, by varying the focusing condi-
tions for a plasma image at the stage of reconstructing the
hologram and measuring the distances between rings for dif-
ferent focusing conditions to obtain a radial distribution of
N, . It is interesting to note that this method, unlike the con-
ventional holographic interference methods, does not re-
quire the use of the Abel method for interferogram analysis.

Reference 98 also gives the results of N, measurements
inthe (1-3)-10%' cm® region out to a distance of 5-20 u from
the center. The measurements were carried out both by the
conventional and new methods, and are in very good agree-
ment with each other.

4.3. Neutral current layers

Interest in the study of neutral current layers formed in
plasmas near the zero line of a magnetic field is related main-
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ly to studies of cosmic plasmas. Such layers are formed in
high-current discharges placed in a magnetic field with a
specially chosen configuration. A number of holographic
studies of this phenomenon, which were carried out on the
experimental system TS-3, have made it possible not only to
visualize the neutral layer clearly but also to carry out mea-
surements of the electron concentration distribution along
the two axes perpendicular to the current direction.

The diameter of the installation discharge chamber is
10 cm, the distance between electrodes is about 80 cm. Dis-
charge currents up to 50 kA were achieved. It is obvious that
for an installation with these parameters, the use of interfer-
ometric methods other than holographic interferometry is
practically unrealistic. In the first work in which this phe-
nomenon was investigated, measurements were made by the
double-exposure holographic interferometry method.

For each current pulse through the chamber one inter-
ferogram was produced; insufficient reproducibility of the
discharge pulses made it impossible to observe the dynamics
of the current layer. For this reason, in subsequent pa-
pers'®-102 3 five-frame cineholographic installation was
constructed, whose schematic diagram is given in Fig. 20. It
differs from the one-pass system described in Ref. 99 in that
the beam 1, which comes from the OGM-20 laser and is
expanded by the telescopic system 2, after passing the delay
line 3, the system of semitransparent mirrors 4 and the tele-
scopic system 5 which expanded the beam diameter up to 7
cm (the diameter of the discharge chamber window), was
used to form five aligned beams delayed relative to each oth-
er by 60 ns. These beams passed along the axis of the
chamber 6, were narrowed down to a diameter of about 20
mm by the telescopic system 7 and reached the transparent
grating 8 (150 lines/mm) which split the aligned beams into
five beams at the grating angles relative to each other (Oth,

+ land + 2-orders). These beams formed five separate im-
ages in the hologram plane 9. Before they passed through the
plasma, the laser beams delayed by the line 3 were directed
by the semitransparent mirror 10 to the mirror 11 and after
they passed the telescopic system 12, each beam was aligned
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FIG. 20. Simplified diagram of a cineholographic installation (cf. Ref.
102).

with one of the images in the hologram plane by its mirror
from the mirror group 13. Only beams which traveled equal
distances through the delay line could be interfering.

Thus, each of the five holograms received an additional
noncoherent exposure from the four object beams, whose
delays were different from the delay of the reference beam.
Five-frame interferograms were produced by this installa-
tion (Fig. 21). The time interval between two frames was 60
ns, and the laser pulse duration was 30 ns. The two-dimen-
sional distribution of electron concentration across the dis-
charge axis as determined from the interferograms 1, 3, and
5, is shown in Fig. 22. In all the measurements it was as-
sumed that the electron concentration along the discharge
axis was constant.

4.4. z- and 6-pinches

Holographic studies of plasmas in large installations for
thermonuclear fission have been carried out in a number of
papers by Soviet!°*!% and foreign researchers.®!%6-11° [p

FIG. 21. A five-frame interferogram series obtained 1.5 usec after
the beginning of a discharge (arrows indicate probe shadows).
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FIG. 22. Electron concentration distribution obtained from the in-
terferograms of Fig. 21 (interferograms 1, 3 and 5).

Refs. 103, 104 the #-pinch was studied in a discharge
chamber with a length of 1 meter and a probing beam diame-
ter of 10 cm. The laser used was a single-mode ruby laser
(with a coherence length of approximately 1 meter) with an
electro-acoustic @-switch, the switching on moment of
which could be made to coincide with the required stage of
the discharge. A #-pinch with a length of three meters was
studied in Refs. 108, 109. In these papers also the modula-
tion of the ruby laser was accomplished with an electro-optic
shutter, synchronized with a particular phase of the dis-
charge. In order to obtain cineholograms of the later plasma
development stages, the plasma was illuminated by three la-
sers, which emitted at intervals shifted by 2 usec relative to
each other. The object beams from all three lasers were made
to traverse the same path along the chamber axis with the
help of a system of semitransparent mirrors. A grating
placed at the exit from the chamber divided the exiting beam
into three beams (0- and 4 1 orders) that formed three spa-
tially separated interferograms corresponding to different
development stages of the discharge.

The use of two synchronized lasers was described al-
ready in the first works on the study of the 8-pinch in the
installation “Scilla.” '°¢'°7 In these papers very good holo-
grams of focused images with the use of frosted glass as the
scatterer have been obtained. Unlike the approach in most
papers, in which, in order to form linear reference fringes on
the interferogram, a wedge or one of the mirrors was rotated
during intervals between exposures, thus changing the angle
between the reference and object beams, in Refs, 106, 107 a
prism-shaped cell filled with SF, was placed in the object
beams for this purpose. Variation of the gas pressure or sub-
stitution of the SF, by air led to the required change of beam
tilt.

Later holographic interferometry was used for electron
concentration determination at different stages of the 6-

461 Sov. Phys. Usp. 28 (5), May 1886

pinch.'!° Plasma was illuminated perpendicular to the dis-
chargeaxis by a Nd:YAG laser (the duration of the pulse is §
ns). A radial distribution of N, was obtained by using the
Abel inversion method for the analysis of holographic inter-
ferograms. The diameter of the plasma channel was 2 mm
during the maximal compression, and the maximal density
along the discharge axis was ¥, = 1.5-10"% cm >,

4.5. Flash lamp plasmas

Flash lamps for the optical pumping of solid-state and
liquid lasers and for other applications were studied by
methods of holographic interferometry in Ref. 8. Quartz
tubes of such lamps contain many strias and other inhomo-
geneities, and this requires the use of lasers with good spatial
and temporal coherence for their investigation. A single-
pulse ruby laser was used for this purpose in Ref. 8. Selection
of transverse modes was achieved with the help of a dia-
phragm placed into the resonator. However, this reduced
the energy of the beam to such an extent that the exposure of
a hologram to the radiation from the plasma significantly
decreased the quality of the interferograms, and as a result,
quantitative measurements were difficult to perform. Inter-
ferograms of significantly better quality have been obtained
in Refs. 111, 112, in which plasma was illuminated by a sin-
gle-mode ruby laser with an optical amplifier. To suppress
the exposure of the hologram to the lamp radiation, the pho-
tographic plate was covered by an interference filter with a
narrow band-pass near A = 694.3 nm. Despite this measure,
the parasitic radiation of the lamp significantly reduced the
quality of the interferograms. Deformations of the lamp
walls, that occur during a pulse and that are caused both by
shock waves and by a thermal mechanism, can have some
influence on the position of interference fringes.

4.6. CO; lager-induced plasmas

One of the obstacles delaying the development of in-
frared holography is an insufficiently high coherence of the
radiation from CO,-pulsed lasers. This insufficiency is
caused by the inhomogeneities of the active media in
CO,-lasers that arise as a result of nonuniform heating of the
gas by a discharge pulse. Such inhomogeneities have differ-
ent magnitude and structure depending on the design of the
discharge tube, electrodes, gas pressure, pumping rate, etc.

The most complete information about the character of
these inhomogeneities and methods for reducing them can
be obtained by methods of holographic interferometry that
have been used for this purpose in a series of papers of Refs.
113, 119. It was established that the refractive index ofa CO,
laser plasma is determined only by the refractive index of the
working gas, and that the electron component of the plasma
gives a negligibly small contribution to it. The same is true
for most types of plasmas that will be considered later.

An experimental apparatus for interference-holograph-
icinvestigations of CO, lasers that is described in Refs. 113-
115 had several modifications. The schematic diagram of
one of them is shown in Fig. 23. A beam from a ruby laser
(energy of radiation is 0.01 J, the pulse duration is ~40 ns,
the coherence length is L >3 m) was expanded by the tele-
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scope T and directed to the beam-splitting mirror LD,. The
beam reflected from this mirror was rotated by the mirror
M, and was divided into two beams by the mirrors M, and
M. The mirror M, rotated the part of the beam that served
as the reference beam for the hologram H,. Another part of
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FIG. 24, a—Interferograms of the discharge in a CO, laser; the magnified
region near electrodes is shown in the upper right corner. b—Gas density
distribution in a CO, laser.
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FIG. 23. Installation for the study of CO,-lasers.

the same beam illuminated the CO, laser in the direction
perpendicular to the discharge axis, and served as the object
beam for the hologram M,. The almost symmetrical system
of the mirrors M,, M,, and M, gave rise to the reference
beam for the hologram H, and the object beam for the holo-
gram H,.

Figure 24a shows one of a series of interferograms, and
Fig. 24b shows the spatial distribution of a gas mixture den-
sity calculated for the time 20 usec.!’® The dynamics of
shock wave propagation, gas heating, local density fluctu-
ations near electrodes, etc., have also been studied. This
work made it possible to select optimal conditions for ob-
taining the most coherent radiation for pulsed CO, lasers.

4.7. Plasmotrons

The first work on the study of plasmotrons dealt with a
plasma jet generated in a constant current plasmotron with
vortex-type stabilization and a power of 3 Kw (/=25 A,
U =120 V). Two-wavelength holography with the funda-
mental and second harmonic of the ruby laser radiation was
used. From the analysis of the interferograms it was found
that N, <10'7 ¢cm~? and that the fringe shifts are caused
only by a gas density decrease in the plasma region.'?° In
Ref. 121 a pulsed plasmotron was studied in real time. For
this purpose, one of two holograms that were used to form an
interferogram (without the plasmotron) was photographed
on a photographic plate, which was then developed and pro-
cessed without being moved from its original position, so as
not to shift the formed image. Holograms of the plasma were
produced by using a ruby laser that worked in the multimode
regime with the pulse duration =~ 1 usec.

In this way, a series of plasma holograms was formed in
the plane of the developed hologram. An interferogram of
the plasma jet obtained by superposing these holograms was
photographed by a high-speed streak camera working in the
gated image mode. The time between frames was measured
from the distance between them and was approximately sev-
eral tens of microseconds. A similar approach using an elec-
tron-optical converter was taken in Ref. 122 for the study of
spark breakdown.

A detailed study of the behavior of a plasmotron jet was
carried out in Ref. 123, A holographic interferometer used in
this work allowed one to perform the study by the double-.
exposure method and in real time. The conditions for the
transition of laminar flow of a plasma jet into turbulent flow
have been studied. The temperature distribution along the
plasma jet radius and jet pulsations in different plasmotron
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modes were found from the shift of interference fringes by
using the known temperature dependence of the refractive
index of nitrogen (the working gas of the plasmotron).

Two wavelength holographic interferometry has been
also used for studying the plasma of the laser plasmotron,
i.e., the stationary plasma formed by the continuous radi-
ation of a powerful CO,-laser.'?* The electron concentration
distribution was measured in the plasma formed by a 6.2 kW
laser in N, at atmospheric pressure.'?

A laser plasmotron was studied also in Ref. 126, where
the radial temperature distribution in an argon plasma was
investigated. In the central region of the plasma, where the
temperature reaches its peak, the temperature was deter-
mined by a spectroscopic method, and in the colder areas—
by a holographic method. The holographic method was also
used to measure the distribution of refractive index, from
which it was possible to calculate the temperatures of the
various regions of the plasma. A study of a plasma jet was
done also with a pulsed HF-laser having the emission lines
near A = 3 u. The CO, laser could not be used in this case
since its radiation (10.6 u ) is absorbed by the quartz walls of
the cell.>

4.8. Exploding conductors

When a powerful current pulse is passed through a thin
conducting wire, the wire can explode, forming a plasma.
Such plasmas have been studied by various methods, includ-
ing the holographic interferometry method. In Ref. 127 the
original method of forming two-wavelength holograms was
used for this purpose. The idea of the method is clear from
Fig. 25, which shows the optical scheme of the experiment.
The light beam containing the fundamental and second har-
monic (4, and 4,) wavelengths of the pulsed ruby laser radi-
ation is split by the semitransparent mirror 1 into two beams,
one of which is used to form the object beam, which then
passed through the plasma formed by the wire O. Another
beam was divided by the beam splitter 2 into two reference
beams, from which the optical filters F, and F), selected radi-
ation with the wavelengths A, and A,, respectively. These
two beams illuminated two different areas of the hologram
H. The object beam, after it passed the diffuser R, illuminat-
ed the entire hologram H.

In this way, the two holograms formed by the radiation
with the wavelength A, and A, were recorded simultaneously
in the plane H.

FIG. 25. An installation for the study of plasma of exploding conductors.
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By changing the pressure in the gas-filled prism 3,
placed in the object beam, it was possible to obtain rectilin-
ear reference fringes. From the analysis of both interfero-
grams it was possible to find separately the refractive indices
of the atomic and electron gases. A similar study has been
carried out in Ref. 128.

4.9. Electric arcs and other types of discharges

High-current arcs were studied in Refs. 129-130. Holo-
grams in this case were formed by the usual two-exposure
method. A chamber with a gas flow, in which a powerful arc
was burning between two electrodes (the currentis 1850 A),
was placed in the object beam. A narrow-band interference
filter, when the hologram is at a sufficiently great distance
from the filter, completely suppressed the disturbances
created by the arc radiation. From the interferograms ob-
tained in this way it was possible to measure the radial tem-
perature distribution in the arc.

Asymmetric plasma in an argon cascade arc, placed in a
magnetic field, was studied in Ref. 131. For this purpose,
seven laser beams, lying in the plane perpendicular to the
discharge axis and tilted relative to each other at the angle
15° illuminated the discharge column. All these beams were
formed by splitting one laser beam that diverged within lim-
its of 90°. By analyzing seven interferograms, it was possible
to obtain refractive index distribution, and from it to find the
radial temperature distribution.

Electrical breakdown of air was studied by the cineho-
lographic method in Ref. 32.

Discharge of a capacitor (V=30 kV; C = 0.04 uF)
was studied in Ref. 133. Two-exposure holograms were
formed when a probing ruby laser beam passed along the
axis of the discharge channel initiated by a CO, laser. A
discharge took place 5 usec after the end of a laser pulse, and
it was possible to vary the beginning of the probing pulse to
be 30-70 usec after the beginning of the discharge. Dis-
charge experiments were done in He, Ar and other gases.
The formation and propagation of shock waves and other
gasodynamic phenomena have been studied.

The plasmas in the self-sustained and non-self-sus-
tained discharges in weakly ionized molecular gases (argon
and CO,-N,-He mixtures) were studied by holographic in-
terference methods in Refs. 134-136 for the case of pulsed
periodic discharges. The propagation of shock waves, devel-
opment of “‘streamers,” the distribution of temperature and
velocities in a gas flow, and the character and magnitude of
gasodynamic perturbations have been studied. All this
work, as well as the work in Refs. 113, 119, was done in
connection with the study of processes taking place in the
CO, laser plasmas.

A low voltage pulsed arc discharge in cesium vapor
(p=1tor,I=150A) was studied in Ref. 137. By using the
resonance holography method with a dye laser, which was
generating the line separated by 0.06-0.1 nm from the short-
wave component of the main series doublet (CsI A = 455.5
nm), it was possible to obtain the radial distribution of ce-
sium atom and ion concentrations for different densities of
the arc current.

In Refs. 138-139 a new resonance holography method

A. N. Zaidel' 463



was suggested and realized, which was applied for determin-
ation of the concentration of calcium atoms in a hollow cath-
ode plasma. For this purpose an isotopic shift between 4°Cal
and “*Cal was used, which is 0.05 cm~! (0.01 A) for the
resonance line Cal A = 422.7 nm. The atom concentration
in a hollow cathode, containing calcium with the natural
isotope content of 97% of “°Ca was measured. A second gas-
discharge tube with a hollow cathode contained calcium en-
riched in the heavy isotope (68% “®Ca, 30% “°Ca). The
radiation from this tube (cooled by liquid nitrogen) illumi-
nated the plasma of a “°Ca vapor discharge, and formed a
holographic interferogram in the plane of the wide slit of the
spectrograph. In the focal plane of this device a series of
interferograms were formed, corresponding to different
lines emitted by the hollow cathode, but only one line, corre-
sponding to the resonance line, was used. Due to the very
narrow plasma absorption and emission lines, the sensitivity
for atomic concentration determination was much higher
than in other papers (Nfi~2:10'! cm~? instead of approxi-
mately 3 10'2 cm~?, as follows from the graph in Fig. 5, for
which N was calculated for the maximum approach to the
line center of 0.1 A). The experimental conditions for a hol-
low-cathode plasma make it possible to approach 4, at least
ten times closer than in plasmas investigated in other papers
on resonance holography. Thus, the achieved low concen-
trations are in agreement with the calculations made in Refs.
31, 32 and the experiments described above (see, for exam-
ple, Refs. 32, 33).

Spectral analysis makes it possible, in principle, to mea-
sure simultaneously, by the proposed method the concentra-
tions of atoms of several elements by using the many-element
hollow cathodes with various isotope composition. How-
ever, so far this approach has not been realized.

The glow discharge in xenon was studied in Ref. 140 for
a pressure of several tor. The radial temperature distribution
in the discharge column has been obtained from holographic
interferograms.

The author is very grateful to G. V. Ostrovskaya and
Yu. I. Ostrovskif for useful discussions and for providing a
number of figures, photographs and other materials.

xkok

After this article was submitted for publication A. M.
Prokhorov, N. V. Karlov and their co-workers have pub-
lished a number of papers describing the holographic inter-
ferometry studies of optical discharges in pure gases and
near solid targets.'¢!-'4%

The discharges were excited by powerful CO, lasers for
the argon and helium pressures in the range from 5 to 100
mm Hg."*? The speed of propagation of shock waves, ioniza-
tion waves and other gasodynamic processes have been de-
termined from holographic interferograms.

The experiments on the focusing of radiation on a solid
Al target were done with a laser with an unstable resona-
tor.'4* A spherical mirror focused radiation into a ring-
shaped spot, with the power density in the range 1-16 Gwt/
cm ™2 The maximal amount of energy incident on the target
was 400 J.

Interferograms in all the papers mentioned above were
formed by a OGM-20 ruby laser, the pulses of which were
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synchronized within 20 ns with the CO, laser pulses, having
a pulse half-width of 100 ns.

Excellent holographic interferograms have allowed the
measurement of the radial distribution of electron density at
several cross sections of a tube-shaped plasmoid (the length
~2 cm, the diameter ~0.5 cm) and to study the process of
its collapse.

A jet formed by CO, laser irradiation of a copper target
has been studied in a similar method in Ref, 146.

URecently the construction of an interferometer was reported in which the
infrared probing wave (5.23 u) after passing through the plasma was
converted to the visible region (0.613 ) by mixing with the radiation
from a ruby laser (0.694 4) in a Lil crystal,'”
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