20 ZHURNAL PRIKLADNOI MEKHANIKI I TEKHNICHESKOI FIZIKI

INVESTIGATION OF THE INFLUENCE EXERTED ON A SOLID BY LUMINOUS

RADIATION FROM A SOURCE OF THE EXPLOSIVE TYPE

I. F. Zharikov, I. V. Nemchinov, and M. A. Tsikulin

Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, Vol. 8, No. 1, pp. 31—44, 1967

This article presents a qualitative description and analysis of various
hydrodynamic and physical phenomena taking place when a solid
surface is exposed 10 a long-term action of a sufficiently intense light
flux.

The necessity of experimental studies of these phenomena is demon-
strated by showing the complexity of the processes of heating and
motion of a vaporized substance and the difficulty of producing an
accurate description of the phenomena #n question in the absence of
certain essential data.

It is postulated that more powerful explosive sources, producing fluxes
of 10° joules/cm® sec should be used as luminous radiation sources.
Data is reported which were obtained by experiments using a source of
this kind; the source generated a radiation pulse of 30 psec whose
spectrum corresponded to a temperature of 3 - 10*° K, These experi-
ments proved the feasibility of using explosive sources in studies of the
volatilization and heating of vapors under "quiet” conditions. High-
speed motion pictures were taken of the luminescent zone produced at
an irradiated surface, and the speed at which the boundary of this zone
moves (200-500 m/sec) was measured. The luminescent zone was
shown to be formed by vapors of the irradiated material. When Iumi-
nescence was observed, an increase in pressure (up to several kg/cmz)
at the irradiated surface was recorded; this effect was attributed to the
recoil action of vapors moving away from a boiling or subliming ma-
terial surface. A time lag in the onset of volatilization was observed
and attributed to the influence of the heat conduction in the ma-
terial and to the reflection of a part of the incident radiation.

§1, Qualitative description and analysis of processes
taking place during irradiation of solids, Many investi-
gations are at present concerned with the effect of lu-
minous radiation on solid surfaces and with the result-
ing hydrodynamic and physical phenomena.

Incident rays penetrate an irradiated solid to a
depth which is commensurate with the mean free radi-
ation path I; in the material characterized by its nor-
mal density p, and an initial temperature T,. If the
radiation flux is sufficiently intense, the energy gen-
erated in the material surface layers raises their tem-
perature to very high levels, right up to their boiling
points at atmospheric pressure.

This rapid temperature rise is due to the fact that
1, of many materials is very small, And so, in the case
of luminous radiation acting on metals at, or not very
much above, room temperature, [, is of the order of
the wave length of light, i.e., 107%~10"° cm [1]. Even
in the hard ultraviolet or soft X-ray range, [, does
not exceed 1073-1074 cm.

Consequently, the mass of the heated surface layers
is small and so is the energy required to generate a
quantity of heat equivalent to the heat of volatilization
Q of the given material, For instance, the energy flux
required to increase the heat content of a mass of
1074 g/em?by e ~ Q = 10" erg/g is E > 1 joule/cm?,

In the case of long heating, however, the depth of heat-
ed surface layers may be substantially increased due
to heat conduction.

The thickness of a heated layer is of the order of
vat, where q is the coefficient of thermal diffusivity
of the material in question, It is evident that heat con-
duction plays a significant part if Vat > I, where 7is
the irradiation time. In the case of good heat conduc-
tors a is of the order of 1 cm?/sec, and the effects of
heat conduction are manifested at 7 ~ 1078 sec if I <
£107¢ cm. However, even at 7= 1074 sec the thickness
of a layer heated by heat conduction cannot exceed
1072 cm,

The speed of sound in a solid (normal density py)
heated to e ~ Q is of the same order of magnitude as
that at room temperature, i.e., about 3 - 10° em/sec.
It is evident that a layer 10™%—10"% cm thick will start
expanding at times as short as 107 sec, but a layer
1072 ¢m thick will also expand if t > 10~ ¥ sec.

This article is concerned with long heating times
T when the heated layers expand to a considerable ex-
tent and when the material passes into the gaseous
state, Rapid expansion of the heated layers leads to an
increase in the volume in which energy is generated,
and, consequently, to a substantial reduction in pres-
sure p as compared with cases in which no expansion
takes place ("instantaneous® heating).

When 7 is very large, the pressures produced are
relatively low and lower than the critical pressure
Py = Y pofo®. If the material did not expand, heating it
to e = Q would produce pressures of the order of the
bulk compression modulus pocoz, i.e., pressures of
tens or even hundreds of thousands of atmospheres
(whereas the critical pressures are of the order of
hundreds or several thousands atmospheres).

If one considers the problem of expansion of a con-
tinuously heated material at p ~ p; (thermoelastic
strains) in which energy exponentially decreasing with
the distance from the surface is generated, the maxi-
mum pressure pyax in the resulting compression wave
spreading from the heated zone will be T'q/c), where T
is the Griineisen constant and g the energy flux. It is
interesting that pyax does not depend on the thickness
of the heated surface layer, At q = 10° joules/cm? sec,
I' ~1andc, ~ 3 - 10° cm/sec, we obtain pmax = 30
kg/cmz. And so, the pressure is in fact quite low if
the energy flux is not too large.

If the heating and expansion of a substance are suf-
ficiently "slow" and if the superheat of the liquid is
small, which takes place when the heated layer thick~
ness is "arge" (the heated layer thickness [ is larger
than the free path of radiation due to heat conduction),
continuous supply of energy after the substance has
reached its boiling point Ty (at the given pressure)
will produce further expansion and gradual (quasi-
equilibrium) conversion of a part of the substance to
vapor, this being accompanied by a rapid decrease in



JOURNAL OF APPLIED MECHANICS AND TECHNICAL PHYSICS 21

its density; when the internally generated energy e is
larger than the heat of volatilization Q, the entire
heated layer will volatilize. The vapor temperature
under these conditions is near the boiling point at at-
mospheric pressure, since the variation in the boiling
point at pressures considerably below the critical lev-
el is small,

Since the mass of the heated layer (at p, ~ 1 g/cm®)
does not exceed 1072 g/cm? the energy that must be
supplied to the material surface to generate a quantity
of heat larger than Q (Q being of the order of 101
ergs/g or 10* joules/g) is less than 100 joules/ecm?;
it is necessary, of course, to allow for the reflection
of a part of incident radiation.

It is therefore certain that if the irradiation time
T is of the order of 1074 sec, the surface layer will be
volatilized if the energy flux q of the incident radiation
exceeds 108 joules/em? sec (E > 10% joules/cm?, The
volatilization under these conditions will be "quiescent?
as distinguished from %explosive," volatilization taking
place when 7 is very short.

It should be borne in mind that the expansion of the
heated material and its partial volatilization may be
accompanied by changes in the absorption coefficient.
However, if the radiation spectrum is sufficiently
broad (as is the case under experimental conditions
described below) and if a large portion of the spectrum
belongs to the ultraviolet radiation (with a quantum
energy of up to 10 eV), in most cases there are atomic
or molecular levels of the volatilized substance whose
energy is lower than the maximum energy of quanta
present in the spectrum. As a result, the vapors con-
tinue to absorb radiation and increase their heat con-
tent,

It should be noted that a different situation may
arise in the case of a substance exposed to long-wave
radiation, when metal vapors may become quite trans-
parent to the incident radiation, However, in the pre-
sence of a hard spectrum component which is absorbed
by the vapors and when expansion of the vapor takes
place, only a part of the radiation will be absorbed by
the vapors and raise their heat content; the remaining
part will penetrate to the more deeply seated substance
layers and produce their volatilization. The mass ab-
sorption coefficient during the heating and expansion
of vapors may remain constant if the absorption is
effected by sufficiently deep atomic or molecular lev-
els, i.e., if the radiation spectrum is not too soft and
the heating not too intense.

In the case of a constant mass absorption coeffi-
cient, when neither the variation in the state of aggre-
gation of the material nor changes in the vapor tem-
perature and density produce any changes in the mass
in which heating takes place, the depth of penetration
of the "hard" portion of the spectrum in the vapors
(before their ionization) is small, For quanta with an
energy hv € I, where Iis the first ionization potential,
the mass absorptlon coefficient « is usually of the or-
der 10°-3 - 10° cmz/g At pressures p~ 10 kg/cm and
T = 2+ 10%° K, when p ® 1078 g/cm we find that the
free path I~ 10 -3+ 10" % cm. At the same pressure,
but at T ~ 2 - 10* ° K, when p ~ 3 - 107° g/om®, the free

path I ~ 107'~3 + 107! cm (without taking account of
ionization),

One of the authors of this article showed [2, 3] that
hydrodynamic motion does not strongly hinder the
heating of a continuously expanding gas, since its ki~
netic energy accounts only for about 50% of its total
energy.

It is evident, however, that ® cannot remain con-
stant at arbitrarily high levels of heating, When the
internal energy of a substance reaches a certain value
e, levels ensuring the absorption of the hardest por-
tion of the spectrum cease to exist.

If one considers energies of the levels 5-10 eV,
i.e., the absorption by the optical electrons of the
outer shells, e, is of the order of 10° joules/g [4, 5]
(T, ~ 1-2 eV). Let us assume that there is no absorp-
tion at e = e, and that the absorption coefficient is
constant at e < e,; then the substance cannot be heated
above e,, and a steady-state heating wave is produced,

The temperature T, corresponding to e, may be
called the transmittance temperature,

When the absorption coefficient decreases rapidly
near a certain temperature, this temperature may be
taken as the conditional transmittance temperature,
and the heating effects above this temperature may be
neglected. Naturally, T, depends substantially on the
radiation spectrum, on the composition of the vapors,
and on the vapor pressure (and, consequently, on the
radiation flux intensity), being weakly dependent on
the thickness of the vapor layer (strictly speaking, the
motion will not be steady-state in character).

It should be noted that if T, is lower than the effec~
tive temperature Tg of the incident radiation, the quan-
tity of energy re-emitted by the vapor is small. And
so, for T, = 0.5 Ty the re-emitted radiation flux (even
if the vapor behaves as a black body) is by one order
of magnitude weaker than the incident radiation flux;
at Te ® 3 10* ° K the re-emission is weak if Ty s 1-
2 +10* ° K. The structure of a quasi-stationary heating
wave in a vapor layer whose temperature at the "hot"
edge is constant was analyzed in [6].

To estimate the rate of "combustion® we can con-
sidertwo cases:the case in whichthere is no movement
of the substance behind the wave (*/, u* << ¢,) and the
case when the heating wave moves so as to satisfy the
Jouguet rule (in this case Y,u? = Yu 2=Y,v (v — 1 e,).
Consequently, in both cases the relationship between
the mass burn-up and the incident radiation flux is

dmjdt = m = q/ (e, + Y2 U3 = gfe,.

Ke,= 105 ]oules/g, at g = 108 joules/cm? sec, we
obtain m 10 g/em? sec. The value m is weakly de-
pendent on the assumptions regarding the motion of
the substance. The magnitude of the pulse and pres-
sure is related to the efflux rate: p = um. The rate of
expansion of the substance u does not exceed the value
u, = Ve, (r — 1), i.e., 5 km/sec; as a result, the
average vapor dens1ty p is higher than 107° g/cm?, If
the dilation wave moves through the substance in har-
mony with the propagation of the heating wave, the
Jouguet rule is satisfied at its boundary, and this den-
sity will be close to the actual. When the vapor es-
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capes not into a vacuum but into any other medium,
the maximum velocity of motion may be much lower.
Starting from known values of e, and p, we may
estimate the vapor pressure p; taking y = 1.2, we
obtain p ~ 2 kg/cm?, Starting from known values of u
and m, we obtain p ~ 5 kg/ecm?, And so, when the ir-
radiation time is long, the vapor pressure is low. In-
creasing the heat flux produces an increase in p:

P=ep (v—) =eam(y—1)/u=~q|Ve,.

The mass burn-up in a given heat flux may be in-
creased, the efflux velocity reduced, and the vapor
density and pressure increased, when e, 1s reduced.
If the bulk of the radiation energy belongs to quanta
which are absorbed only by the condensed substance,
T, may be close to the boiling point (with the disap-
pearance of liquid droplets the vapor no longer screens
the solid surface).

It should be borne in mind, however, that in this
case a substantial role in the energy balance will be
played by the energy expended to volatilize the liquid
(usually Q = 10°-10* joules/g):

moa g/ (Q+ e+ Yy wd) =~q/Q.

Here e = ¢y Ty; oy is the specific heat of the vapor;
T is the boiling point (usually ex < Q); qg is the heat
flux toward the surface volatilized under the influence
of radiation.

When the Jouguet rule is satisfied,

m=Vrh@—Ne, p=~¢V10—1e/ Q.

In this case the efflux velocity does not vary sub-
stantially with the variation in the radiation flux; the
pressure is proportional to the radiation flux and the
pressure pulse I = EE / ¥ Q, where & = Vy(y — 1)er/Q.
In the case of iron and lead vapors, respectively, u. =
=1.0 and 0.5.km/sec, e = 10° and 2 x 10% joules/g,
and Q = 7 x 10° and 10 joules/g, i.e., £~ 0.2. Con-~
sequently, when the heat flux at the subliming iron and
lead surfaces is qg = 105 W/ em?, the resulting vapor
pressures should be of the order of 5 and 25 kg/cmz.

The heat flux qg will be close to the total incident
radiation flux and the vapor will not be substantially
heated if the ionization potential I of the substance is
high and the radiation spectrum sufficiently soft, i.e.,
if only a very small proportion of the total energy be-
longs to quanta whose energy hv > 1, When the vapor
is highly superheated (e, > Q), the coefficient £ « 1,

I was postulated above that in the case of a suffi-
ciently "hard" spectrum and relatively low ionization
potential the value e, corresponds to the completion
of single ionization. However, besides the photoelec-
tric absorption by optical electrons, absorption from
excited ion levels and free absorption by electrons
during their collisions with ions may take place. The
estimation of the absorption coefficient can be carried
out on the basis of the classical theory of retarding ab-
sorption {4, 7]. And so for instance, in the case of air
plasma at T=2 - 10% ° K, the mean free path of radia-
tion with A = 6000 A for p=4x107%g/em®, i.e., ata

pressure of 10 kg/cm? is 6 cm, while a vapor layer
moving at a speed of about 5 km/sec will also be sev-
eral cm thick. Since [ — f(T)p *A"2~ ¢ (T)p"?A72, the
transmittance temperature will depend on the vapor
pressure, vapor layer thickness, characteristic wave
length of the incident radiation, and the vapor compo-
sition. For comparison, the mean free radiation path
in C, Fe, and Pb vapors [5] under the same conditions
(T=2"10"° K, p =10 kg/em?, hv =2 eV) is, respec-
tively, 15,20, and 8 cm.

It should be pointed out that when the electron con-
centration becomes sufficiently high, the long-wave
radiation will be absorbed at shallower levels than the
short-wave radiation, which will increase the heating
intensity of the hot edge and reduce the absorption co-
efficient for all the wavelengths.

And so, heating a substance and its hydrodynamic
motion leading to a reduction in its density may pro-
duce substantial changes in the optical properties of
the surface layer. In these circumstances the outer
layers of the substance will no longer be heated [3].
The radiation will begin to be absorbed at deeper lay-
ers of the substance which, when heated, also begin to
move and become transparent leading to the onset of a
self-consistent regime of the propagation of the heating
and dilation wave [8]. This is accompanied by a slow
variation in the maximum temperature of the substance
and in the efflux velocity which increase with increas-
ing vapor layer thickness. Rough estimates of various
parameters can be made on the basis of solutions for a
quasi-stationary wave described aboye. The value e,
is found from the condition that the optical thickness
of the vapor layer is of the order of one, i.e., I(e,)/x =
=1,

The increase in the transmissivity with increasing
heating intensity can be observed also at lower temper-
atures in the case of molecular absorption. In the case
of iodine, for instance, the value e, correSpondlng to
its dissociation is of the order of 10 10 ergs/g and, cor-
respondingly, u, ~ 0.5 * 10* cm/sec. It should be noted
that at temperatures close to buf lower than T, the
increase in temperature accompanied by an increase in
the concentration of excited levels capable of absorbing
radiation may lead to an increase in the opacity of the
vapor layer.

It follows from the above considerations that it is necessary to know
the optical properties of vapors in a wide range of pressures (approach-
ing the density of the solld) and temperatures (ranging from the boiling
point, i.e., 1-2-10%° K, 1o temperatures at which the dissociation and
1on1zat1on of the substance take place, i.e., temperatures of up to
2 *10* °K), and that the hydrodynamic motion has a substantial effect
on the process of heating dispersing vapors. Conversely,. studies of the
process of dispersion of matter should produce valuable data on those
properties of various substances which do not lend themselves easily to
theoretical investigations. Naturally, the analysis of the process in
question is substantially simplified in the case of a simple motion ge-
ometry.

The problem of accurate computation of the heating
and motion of vapors is complicated by the fact that the
motion may become two-dimensional, In fact, with the
speed of sound being about 3 - 10° em/sec, the acoustic
excitations from the edges of an irradiated "spot® will
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cover a distance of at least 3 cm. during a time of the
order of 107° sec. The two-dimensional character of
the dispersion leads to a more rapid reduction in the
density and optical thickness of the vapor layer expand-
ing in two dimensions along the radiation path.

Increasing the transmissivity leads to a deeper
penetration of radiation and to an increase in the rate
of "burn-up" of the substance. The value e, (and T,)
will be related in this case to the lateral dimension R
of the "spot." In fact, even at n = const, when the
mean free radiation path I = n/p ~ 1/p, the optical
thickness of the two-dimensional part of the vapor jet
or, as it is often called, "flame,® decreases:v = z/l ~
~ z.p ~ 1/z. A steady-state mode of heating and motion
is developed.

And so, the over-all picture of the heating and motion of a substance
in the case considered is complex. Since certain essential data (the
magnitude of the absorption coefficient, equations of state in the range
of phase transformations ¢especially at high radiation flux intensities
when pressures approaching the critical levels are produced), volatili-
zation and condensation rates, dissociation and ionization rates, etc.)
are not available, accurate theoretical description of the phenomena
in question is difficult which necessitates the use of experimental meth-
ods.

Laboratory investigations of the heating and motion of vapors re-
quire sufficiently powerful sources of luminous radiation. One of the
present authors (I V. Nemchinov) proposed to use as such sources the
radiation emitted by the front of a shock wave moving in an inert gas,
the shock wave being generated by detonating a charge of an ordinary
explosive. Sources of this kind (flash bulbs), although widely used for
illuminating various objects in high-speed photography, have not yet
been employed for the purpose under consideration. The problem of
construction of radiation sources of this kind is beyond the scope of
this article. The results described below were obtained with one of
many possible types of such sources; it should be stated here that sources
with better characteristics are probably available.

One of the advantages of explosive radiation sources is their large
over-all energy and high radiation energy. At T = 30 000° K with 1 cm?
of ashock wave, surface emits (under blackbody conditions) 4 joules per
usec which is equivalent to a flux of 4 108 watts, This makes it possi=
ble to irradiate quite large areas (several cm? or more) which facili-
tates producing conditions that are conducive to unidimensional motion
of the vapors.

§2, Explosive high-temperature source of light,
The experiments whose results are described below
were carried out with an explosive light source in the
form of an explosive tube (with an additional cumula-
tive charge) filled with an inert gas (Fig. 1).* The
front of the shock wave inside the source of this type
is almost flat except at the starting part. The thick-
ness of the luminescent gas layer (heated by the shock
wave) at various times corresponds approximately to

used as the working gas. The sourcelength was 300 mm
and the flash duration 32 usec, To increase the light flux,
the inner tube surface was lined with aluminum

1

T i
' t
Fig, 1. Schematic representation
of an explosive source of lumin-
ous radiation: 1) explosive lens;
2) supplementary curmulative
charge; 3) explosive tube; 4) ar-
gon purging.,

The magnitude of the light flux emitted by the source
was calculated from the results of measurements of
the temperature of the luminescent front of the shock
wave in the blue-red spectrum range and of the source
geometry and from the measured value of the reflec—
tion coefficient of the foil in the visible light under the
assumption that the spectrum has a Planckian form
and that the reflection coefficient remains constant
right up to the ultraviolet region.

The effective temperature of the shock wave front
surface was determined by the method of photographic
photometry in narrow spectrum regions: red (A =
= 6500 A) and blue (A = 4400 A with a half-width AX =
= 380 A). The luminescent shock wave front behind a
red light filter was photographed with an SFR cam-
era (in the time loop variant) through a reducing neu-
tral light filter with a density 3.15. As a standard
source in the red region we used an SI-6-100 ribbon-
filament incandescent lamp whose filament tempera-
ture (2600-2700° K) was measured with a pyrometer.

Photographing with a blue light filter was done with
a type SFR camera in the photoregister variant. As a
standard in the blue region of the spectrum we used a
type EV-39 instrument producing an electrical dis-
charge which emits light (as a black body) in the wave
length range 4000-6000 A, effective temperature of
this radiation being 39 000° K+ 2000° K [9~11]. The
accuracy of the temperature measurements in the red
and blue regions is not lower than 10%.

The results of the temperature measurements in the
blue and red regions of the spectrum at various times
counted from the onset of radiation are given below.

The measurements in the blue region of the spec-
trum are more accurate because the temperature in
the red region is slightly overestimated.

t,usec= 0 4 8 12 16 20 26 32
10-3 T°K-—33.7 30.5 28.5 28.6 29.0 29.5 30.0 31.8 at A=44004
1037 °K=37.8 33.5 31.9 32.0 — — — — at A=6500A

a tenfold compression of the gas column involved in
the motion. Pure argon (containing not more than 0,01%
nitrogen, 0.003% oxygen, and 0.03 g/m® moisture) was

*Thanks are due to E, G, Popov who took an active
part in the preparation of explosive light sources.

The measured temperatures are in agreement with
those calculated (from the measured velocity of the
shock wave front) with the aid of the explosive adiaba-
tic curve of argon [12] in whose computation the ioni-
zation was taken into account.

It was shown in [12] that at a velocity of 17 km/sec
the brightness temperature of argon is very much low-
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er than ifs real temperature, this difference being at-
tributed to intense screening of the luminescence of
the wave front by the heated zone [4, 13—15]. Evidently,
there is no screening at velocities of 8—12 km/sec ob~
taining in our experiments,

K . @’
08 o ‘thwz
o8] s 3
g Z

o
g 57 30 4 Z
Iy
t,1sec 2
0 3 i3 74 3z

Fig. 2. Top: Dependence of the reflec-
tion coefficient k on the reflection angle
plotted for the visible light: 1) aluminum
mirror on glass; 2) polished aluminum
foil, Bottom: Time dependence of the
light flux at the tube outlet taking into ac-
count the energy absorption in cold argon
(n <1070 &),

Our results are in good agreement with those ob-
tained in [16] where the temperature in the blue-red
region of the spectrum (with the wave front moving at
a velocity of 8.5 km/sec) was 29000° K.

To estimate the emissivity of the radiation, one
can calculate the mean free path of quanta from

of the energy is radiated in the ultraviolet range (A =
=1300 A), When a luminescent surface consists of
zones characterized by different luminance and tem-
perature (which occurs in the initial stages of the pro-
cess as a result of collisions between shock waves in
the radiation source), the spectrum in the long wave
range may be close to Planckian with a certain average
(over the wave front surface) temperature, differing
from the Planckian spectrum in the short wave range.

Moreover, the spectrum of the radiation reflected
from the foil may change if the absorption coefficients
of different parts of the spectrum are not the same,
However, the largest quantity of energy is transferred
to the specimen at moments close to the moment at
which the shock wave is emitted from the tube. And
yet it is precisely at this moment that the luminescence
appears to be uniform across the tube cross section,
and the bulk of the energy transmitted to the specimen
comes directly from the shock wave front (without be-
ing reflected from the foil). Consequently, the above
cited factors which could distort the Planckian charac-
ter of the spectrum, do not play a significant part dur-
ing this period. In view of these considerations, and
because of the known difficulties of measurements in
the ultraviolet range of the spectrum, henceforth we
shall assume the Planckian character of the specfrum,

The calculated structure of the radiation emitted by
the source employed is given below (for T = 32000° K)
in terms of the percentages of various wavelengths
relative to the over-all flux,

24 from 1000
to <1000 1500

1500 2000 2500 3000 3500 4000 4500
2000 2500 3000 3500 4000 4500
34 27 16 9 5 3 2 1 3

the more accurate Unséld-Kramer formula [4, 17, 18].
For quanta with an energy hv = 1.7 eV the mean free
path in argon at 30000° K is 0.5 °10™" cm. The mean
free path can be also estimated [16] from the rise

time of the record of the photomultiplier measuring

the light flux when a shock wave is emitted by the ex-
plosive into argon. This estimation gives the mean free
path (at 29 000° K and quantum energy hv = 3 eV) equal
to 1.2 107! cm.

Since the heated layer in the source used in this in-
vestigation is several cm, the radiating surface of the
shock wave may be regarded as an absolutely black
body with a Planckian radiation spectrum. However,
it is necessary to take into account the continuous ab-
sorption of the hard part of radiation in cold argon due
to the photoeffect (the ionization potential = 15.7 eV),
and also the possibility of energy losses for excitation
at quantum energies starting from about 11 eV. The
validity of the assumption of the Planckian character
of the spectrum is proved also by the fact that, within
the limits of experimental error, the measured tem-
peratures of the shock wave front in the red and blue
regions of the spectrum are practically the same,

It should be borne in mind that the temperature
measurements were carried out in the visible region
of the spectrum (A = 4400 and 6500 &), while the bulk

For comparison the following data is cited on the
wave lengths Ay corresponding to the first ionization
potential I of atoms of certain substances used in our
experiments:

Al S Fe Cu Zn Sn J Pb
2070 1200 4570 4610 1320 1630 1190 1670

Let us calculate the light flux per unit surface area
placed at the outlet of the radiation source tube and
normal to its axis. The light flux d® emitted from a
luminescent surface dS on to a surface ds at a distance
Ris

dd) = J cos 0, dS (dQ / ds) =
= (J cos #, cos §,/ R?) dS..

where J is the radiation intensity in the direction nor-
mal to the luminescent surface, ¢4 is the angle between
the beam and the normal to the luminescent surface,
and ¢, the angle between the beam and the normal to
the irradiated surface,

Since the shock wave front and the irradiated sur-
face are parallel, we have ¢ = ¢, = 6, where 6 is the
angle between the beam and the tube axis, Substituting
in the above expression values dS and R expressed
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Fig. 3. High-speed photographs of the effect of irradiation on iodine.
The frames are spaced at 4 usec intervals.

through the distance of the shock wave front from the
exit aperture of the tube and the angle ¢, we obtain

d® = 2n J sin 0 cos 6d0.

In the presence of reflecting channel walls, an ob-
server placed at the tube outlet will see circular zones
of mirror reflection of the shock wave front relative
to the channel axis, the zones being bounded by beams
at angles 6, (without reflection), 6;~6, (single reflec-
tion), 0,—0; (double reflection), etc. Under these con-
ditions the ratio of the light flux at the tube edge to
the flux emitted from the luminescent surface will be
(for each of these circular zones)

O,/cT* = sin%0,
@, /oT* = k (sin? 0, — sin? 0y)
@, [ oT* = k? (sin? 8, — sin 6,)
@, /o Tt = k" (sin? 8,, — sin%0,, ;).

Here k is the reflection coefficient of the channel walls.
The total light flux will be

O = 20, .

In calculating the light flux we took into account
changes in the temperature of the moving shock wave
front and the variation taking place in the reflection
angle as the wave approaches the tube outlet.

Fig. 4. Phototrace of the effect of radiation on
sulfur,

In Fig. 2 (top) the measured values of the reflection
coefficient of polished aluminum foil is plotted (for the
visible light) against the reflection angle. In the cal-
culations it was takenthatk = 0.5. The reflection coeffi-

cient may vary with the wavelength. According to data
in [19], however, the variation in the case of aluminum
mirrors is small (from 0.85 to 0.75) right down to A =
=2000 A, It was, therefore, assumed in the calcula-
tions that the reflection coefficient is independent of
the wavelength.

Fig. 5. Phototrace of the effect of radiation on lead.

A curve representing the time dependence of the
light flux (in whose computation the absorption of radi-
ations with wavelengths A < 1070 A in cold argon was
taken into account), is also shown in Fig. 2 (bottom).
Here the total energy transmitted to unit surface area
of the irradiated specimen during the entire period of
the operation of the radiation source E = 40 joules/cmz,
and the average energy flux during this period is equal
to 1.3 * 10% joules/em? sec.

§ 3. Effect of radiation on irradiated substances.
The specimens studied (up to 40 mm diam., 1-2 mm
thick) were mounted in a glass tube at a distance of
10—20 mm from the tube outlet, and argon was flown
through the assembly for the entire duration of each
experiment. The interaction between the emitted radi-
ation and the irradiated surface was recorded on a
type SFR instrument (time magnifier and photorecord-
er),

When iodine, sulfur, lead, tin, and iron were ir-
radiated, the broadening of the luminescent zone was
observed (Fig. 3). The boundary of this zone moved
toward the radiation flux at a velocity of the order of
several hundred m/sec which varied from one material
to another. It can be shown that the luminescent zone
boundary will be flat only in the initial stages, becom-
ing convex in the later stages of the process. When
the specimen diameter is close to the tube diameter,
the radius of the boundary curvature is quite large

L
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(see Fig. 3 relating to a specimen 40 mm diam.). The
broadening of the luminescent zone in our experiments
did not begin immediately after the onset of irradia-
tion, the time lag varying from one substance to anoth-
er (Figs. 4-6). Figures 4 and 5 show clearly the rise
of the luminescent zone boundary, then its movement
toward the shock wave front, and, finally, the reflec-
tion of this wave; the luminescence time was 32 psec,
the displacement of the luminescent zone boundary

(at the moment of the arrival of the shock wave) bei: g
6 mm in Fig, 4 and 4 mm in Fig, 5. No formation of
a luminescent zone was observed during experiments
with zinc, nickel, magnesium, copper, and aluminum,
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Fig. 6, Time dependence of the

velocity of the luminescent zone

boundary plotted for various sub-
stances,

The variation in pressure on irradiated specimens
was studied in the following way. A specimen 12 mm
in diameter was attached to a piezoprobe (a barium
titanate disk in an epoxy resin) and placed in the outlet
of the radiation source. The electrical pulse (Fig. 7) was
amplified and fed to the input of a type OK-24MA oscil-
lograph.

The probe was calibrated using a shock air wave of
a known amplitude.

The results of measurements of the maximum pres-
sure pmax (kg/cm?, pressure pulse J (kg psec/cm?),
time lag t° (usec) of the onset of the effect and the
maximum velocity umax (m/sec) of the luminescent
zone boundary are reproduced in a table. No mechani~
cal pulse was recorded in experiments with zine, i.e.,
the substance which produced no optical effects.

It was postulated above that volatilization of irradi~-
ated substances can be expected under certain experi-
mental conditions, Taking into account this postulate
and the experimentally established fact that the me-
chanical effect is associated with the velocity of the
luminescent zone boundary, it may be postulated that
the light flux produces sublimation of the solid sur-
face, after which the vaporized substance expands, be-
ing continually heated by the radiation, which explains
the luminescence of the vapors,

Of course the above reasoning and the arguments outlined below are
only indirect proofs of the volatilization of solids under the influence
of radiation. Direct (spectrographic) studies of luminescence are also
carried out, however.

The delay in the onset of volatilization can be at-
tributed to the intense heat removal into the subsurface
layers of the substance, Volatilization becomes pos-

sible at the moment at which the radiation flux ab-
sorbed by the substance exceeds the inward heat flux,
since otherwise the solid surface cannot reach its boil-
ing point.

The time elapsed from the onset of irradiation to
the moment at which these two fluxes become equal
corresponds to the delay in the onset of volatilization.
Assuming that the temperature of a flat specimen sur-
face remains constant at the boiling point, we obtain
the following expression for the maximum inward heat
fluxs

q1="TxVkspcs | Vit .

Here ko is the thermal conductivity coeificient, p
is the density, cy, the specific heat, and t time,

Estimates of the delay of the onset of volatilization
made with the aid of the above formula fu . substances,
for which the reflection coefficients in the ultraviolet

‘range of the spectrum are known and are in good agree-

ment with experimental data (iron). In the case of cop-
per and aluminum the delay times approached the total
radiation time so that the volatilization did not occur,
The behavior of zinc is evidently attributable to its
high reflection coefficient in the ultraviolet range of
the spectrum,

Consequently, with radiation fluxes of the order of
10¥-10" ergs/cm? sec the onset of volatilization is
determined by the thermal conductivity and reflection
coefficient of a given substance,

A layer of expanding vaporized substance produces
a mechanical puise on the specimen, Under usual ex-
perimental conditions the vaporized substance comes
in contact with a gas at atmospheric pressure and
loses a part of its energy to accelerate the initially
stationary gas and to produce in it a shock wave, which
differs from the case when the vaporized substance es-
capes into a vacuum,

The estimation of the pressure behind a shock wave
produced in a gas by a flat piston moving at constant
velocity equal to the velocity of the vaporized layer
boundary gives a value approaching (within 30%) the
measured maximum pressure for all the substances
studied except iodine., In reality the motion is not uni-
form. A solution of the problem of a spherical piston
moving at a constant velocity [20] showed that the pres-
sure pp, exerted on the piston is only 50% higher than
the pressure pg at the front of a shock wave (at Pp =
~ 2—6 kg/cm?), And so, the pressure at the surface
of an irradiated specimen corresponds to the pressure
behind a shock wave produced in a gas with an expand-
ing vaporized substance, and the pressure in the en-
tire vapor layer is approximately the same.

Lad Umpax Pmaxl J } E-10-

J 4—5 | 480 | 3.2 | 64.5 | 0.8
S 3—4 ] 520 | 5.7 | 112 4
Pb 10 | 360 | 3.0 |49.2 ) 4
Sn 43 | 280 | 2.3 | 35.5| 1.5
Fe 17 | 220 | 2.4 | 27.3| 1.5

The last column in the table gives values of a di-
mensionless coefficient ¢ = JYQ/E, where J is the
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pressure pulse, Q the heat of volatilization, and E the
total energy supplied. This coefficient, which can be
conditionally called the coefficient of utilization of en-
ergy, is lower for iodine than for other substances.
This can be explained either as a result of possible
experimental errors (iodine forms a low quality bond
when glued to a piezoprobe; calculated pressures de-
termined from the velocity of the vapor layer boundary
are 100% higher than the measured values), or by the
fact that the characteristic property of iodine is its
dissociation energy Qq rather than its heat of volatili-
zation @, i.e., a value that is larger by approximately
one order of magnitude, In fact, the dissociation "po-
tential® of iodine is 1.6 eV, i.e., a large part of the
energy supplied should be used up to heat the vapor
before the dissociation of iodine (in contrast to lead,
tin, and iron, in the case of which I=7.5-8 eV, i.e.,
Ay = 1500 A anda large proportion of the energy can
pass through the vapors even if they are heated con-
siderably above the melting points of these substances).
The magnitude of the pulse produced in the case of
metals listed in the above-cited table should be sub-
stantially affected by the removal of energy due to in-
ward heat conduction as indicated by long delays in

the onset of luminescence and in the build-up of pres-
sure.

The estimation of the energy which, on the one hand,
is supplied to the vapor layer boundary and, on the
other, expended on volatilizing the substance, used up
for accelerating the vapor produced and abstracted
into the solid substance is difficult because the pres-
sure measurements were carried out under conditions
of substantially two-dimensional motion. In fact, the
diameter of piezoprobes to which specimens of the
substances studied were attached was 12 mm, while
the displacement of the luminescent zone boundary at
the end of the process was 5—10 mm, Control experi-
ments showed that the pressure exerted on a 40-mm-~
diameter sulfur specimen is 1.5 times higher than that
recorded for a 12-mm-diameter specimen.

The estimation of the velocity of the shock wave front from the
velocity of the piston formed by the "vapor” layer shows that the shock
wave front is shifted to approximately the same distance from the vapor
layer boundary. A rough estimation of the volume of argon heated by
the shock wave can be made if it is assumed that this volume and the
vapor are in the form of a segment of a sphere (see Fig. 3).

If it is assumed that the pressure and velocity are the same in the
entire zone between the shock wave front (moved by the vapors) and
the boundary, one can estimate the energy expended on accelerating
the vapors. It is found then that this energy is of the same order of
magnitude as the total energy supplied. A more accurate calculation
of the energy expended on heating and accelerating the vapors would
necessitate more detailed measurements and a more careful analysis.

It should be pointed out, however, that our estimates of the volatilized
magss are in agreement with the measured values of pressure, pressure
pulse, and vapor velocity, as well as with qualitative concepts outlined
in §1 and with the estimates of the "quiescent” mode of volatilization
and heating of vapors presented in this paragraph and in § 1. More accu-
rate quantitative calculations would require not only more extensive
experiments but also a more precise formulation of the theoretical
concepts.

The results of the present investigation showed that
radiation emitted by light sources of the explosive type

can be used in studies of the effects of intense lumi~
nescent radiation fluxes,

Fig. 7. Oscillogram of pres-
sure exerted on irradiated
lead specimen. Time scale
runs from left to right and is
marked at 25-usec intervals.
The termination of the trace
corresponds to the arrival of
the shock wave to the speci-
men.

This paper presents the results of studies of this
kind in which one of the possible sources of this type
was used, The source produced radiation pulses of
30 usec (the radiation fluxes at the tube outlet increas-
ing from 10° to 5 * 10° W) whose spectral composition
corresponded to T = 3 - 10* ° K. High-speed motion
pictures showed that the luminescent zone at the ir-
radiated surface is formed by the vapors of the irradi-
ated substance. The fact that no formation of the lu-
minescent zone took place in the case of some of the
substances studied was attributed to the effect of good
thermal conductivity of those substances and reflection
of radiation from their surfaces. When luminescence
effects were observed, an increase in pressure (by
several kg/cm? exerted on the irradiated surface was
recorded; this was attributed to the recoil action of
effluent vapors.,
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