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A theory of evaporation of metals induced by an intense optical radiation beam is developed on the
basis of the liquid-vapor phase transition. A method for approximate solution of the Clapeyron-
Clausius equation is suggested which permits one to determine the temperature of the target surface
as a function of incident radiation intensity I with sufficient, for experimental purposes, accuracy. It is
shown that when a certain critical value of the intensity I 4 ~ (10'—10° W/cm?) is exceeded a new
effect, a ‘‘transparency wave,’’ arises as a result of loss of metallic properties by the target: in the
front of the wave the liquid metal changes into liquid dielectric. For I >1I, 4 vaporization begins to
take place at the surface of the ‘‘transparent’’ (dielectric) layer, the temperature T, 4 of which ceases
to increase and remains below the critical value. This layer is separated from the metal by the front
of the transparency wave propagating into the target. This transparency effect is accompanied by the
appearance of a number of other effects which may serve for its observation, viz., a sharp drop of the

target reflection coefficient, a considerable change of the evaporation front velocity dependence on I,
and finally the appearance of maximum followed by a monotonic decrease in the dependence of the
specific recoil momentum on I. The latter effect was experimentally observed in the present inves-

tigation. The results are presented in the paper.
INTRODUCTION

IT has been established by now with the aid of laser
sources that the phase transition of a condensed sub-
stance into vapor is one of the possible mechanisms of
disintegration of metals by powerful optical radia-
tiont**J. The absorption of light energy by the metal
leads in this case to heating of the target surface layer
to temperature of several thousand degrees. This re-
sults in intensive evaporation. The evaporation front
(the phase separation boundary) moves into the interior
of the target, and this is the cause of the disintegration
of the target material in the irradiated zone.

The circle of physical processes that arise when
powerful optical radiation interacts with metals is quite
large. In addition to the phase transition on the evapora-
tion front, it includes also phenomena in the plasma
flare that is produced near the target surface as the re-
sult of heating of the metal vapor ejected from the tar-
get. It is of interest to investigate the gasdynamic pic-
ture of vapor motion in the flare and the characteristics
of the flare plasma, which determine the coefficient of
absorption of the light passing through it and the degree
to which the target is screened against the incident
radiation. We confine ourselves in the present article
only to the evaporation kinetics, the phase transition,
and the processes occurring in the interior of the target.

The paper consists of a theoretical part and an ex-
perimental part. The first part contains an exposition
of the theory of the development of metal evaporation by
a laser beam, on the basis of the liquid—vapor phase
transition, in place of the solid-vapor model which is
now widely used in the literature (see, e.g.,[ﬂ). We
show that if the intensity of the incident radiation ex-
ceeds a certain threshold (for the fully-developed
evaporation regime), then the temperature of the target
surface and of a layer adjacent to it, with a typical
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dimension xy/u ~ 10 cm (x is the temperature conduc-
tivity and u is the speed of motion of the evaporation
front into the interior of the metal) is always higher than
the normal boiling temperature of the metal, i.e., it is
certainly higher than its melting temperature. Thus,
the evaporation is from the liquid metal, and the solid—
vapor model is not applicable”. At the same time, the
difference between the two models is fundamental. Only
within the framework of the liquid— vapor transition is it
possible to consider the intensity region corresponding
to a metal-surface temperature close to the critical
temperature T,.

It is shown in the present paper that when the radia-
tion intensity is increased above a certain threshold
value L 4, the temperature of the evaporating target
reaches a value T < T, and ceases to increase fur-
ther. At this temperature, the metallic conductivity
ceases and the liquid metal becomes a liquid dielec-
tric. As the result of the transition, the material of the
target is ‘‘bleached’’ and becomes almost transparent to
the incident radiation. The evaporation now proceeds
already from the surface of a liquid dielectric at a fixed
speed u(Ty,q) of the evaporation front, while the excess
intensity over the loss to evaporation is consumed in
detachment of the ‘‘induced transparency’’ front from
the evaporation front and its motion into the interior of
the target (‘‘induced transparency’’ wave), with a speed
D > u(Tpq). The possibility of observing the evapora-
tion regime with a transparency wave is discussed
later on (see the end of Sec. 2).

We note that the foregoing results render incorrect
the widely held concept (see 3"]) that an increase of I
makes possible a.monotonic heating of the target surface

DThis is confirmed also by experiment, since sputtering of liquid
metal is observed in all cases in addition to the evaporation of the tar-
get.



312

by absorption of radiation, up to temperatures T ~ A,
and above, where A, is the evaporation energy per par-
ticle and its order of magnitude is 10T, (**, Sec. 85).
Temperatures T > T, can be reached only in vapor as
a result of strong absorption of the incident radiation
by the vapor.

The article contains experimental facts that demon-
strate that the target surface reaches temperature close
to critical, at which the mechanism of metallic absorp-
tion ceases and the metal turns into a dielectric. One
of these results was obtained in the present study (see
Sec. 4) and pertains to the anomalous dependence of the
specific momentum of the vapor’s recoil from the target
on the light intensity for certain metals. Another fact
was described but incorrectly explained from our point

. s [8] N . :
of view in="7, where an increase of the beam intensity
was accompanied by a severalfold decrease of the
coefficient of light reflection from the target in com-
parison with the value typical of metals.

‘‘Saturation’ of the growth of the evaporation front
velocity in aluminum with increasing target radiation
intensity above 2 x 10" W/cm® has been observed in ex-
periments‘’.

1. LIQUID—VAPOR PHASE TRANSITION

In this section we consider the evaporation of metals
at light fluxes corresponding to target surface tempera-
tures T lower than the critical temperature T,.?’ Our
analysis is based to a considerable degree on certain
already known results concerning the kinetics of evapor-
ation and establishment of hydrodynamic motion of
vapor from an evaporating target'*****}, Qur main pur-
pose is to examine in succession the development of
evaporation, using the liquid—vapor model. This exam-
ination is needed in order to analyze the phenomena in-
vestigated in the succeeding sections. The material of
the present section, from our point of view, is also of
independent interest, since it deals with one of the most
difficult aspects of our problem, the kinetics of evapora-
tion, on a more realistic basis than in the past.

The regime of developed evaporation sets in at high
values of the intensity I of the incident radiation, when
the thermal-conductivity mechanism is excluded. The
latter means that the energy is released in the surface
layer of the material so rapidly that the material evap-
orates before the thermal-conductivity process is capa-
ble of carrying away the released heat from the layer.
In such a regime, the speed u of the evaporation front
is determined by an obvious formula that follows from
energy considerations:

oo U=RI )
Aeft!

where R is the coefficient of reflection of the radiation
from the target surface, V = 1/p is the specific volume
of the liquid phase of the substance, p is its density,
and A4 is a certain effective specific heat of evapora-
tion and its value far from T, is close to the true heat
of evaporation A at a steady-state target temperature T
(the exact meaning of Ag¢f Will be determined below).
Although in the regime under consideration the thermal-

D The limits of applicability of the theory developed in the present
section are indicated more rigorously in Sec. 2.
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conductivity mechanism is in fact excluded and does not
affect, e.g., the speed u of the evaporation front, it does
determine the thickness Al of the layer heated to the
surface temperature T, namely Al of the layer heated to
the surface temperature T, namely Al ~ y/u. Under
typical conditions Al ~ 10~ cm. As will be shown below,
the temperature of this layer always exceeds the normal
boiling temperature, and consequently the evaporation
always proceeds from the liquid phase.

The regime of developed evaporation has a threshold
with respect to the intensity of the incident radiation.
Its value Iy, is estimated from the following considera-
tions. Let A& be the increment of the internal specific
energy of the substance on the target boundary, resulting
from its irradiation during a time T in the thermal con-
ductivity regime (i.e., at sufficiently low irradiation
intensities I). For the case of greatest practical inter-
est, when Vxt € L, h and a < L, where a is the radius
of the irradiated spot, and L and h are respectively the
transverse dimension of the target and its thickness
(the target is an ‘‘infinite half-space’’), the increment
A& for different irradiation-time intervals at constant
intensity I is given by (see'®, p. 259)

(1 — R) Ip™167%, t<< 8%y; (22)
A& =] (=R Vi, a>t> 8y; (2b)
(1 — R)Ip™x"a, t> a¥}y, (20)

Here 67" is the coefficient of radiation absorption in the
target material (56 ~ 10™*—10"° cm for metals). The
threshold intensity I;},,. is determined from this formula
by putting in it formally I = Ly, and A& = A ¢r. We then
obtain

hegep (1 — R 82, t<<8%x; (32)
I = Metio (1 — RYPVUE, 2 >t>8%  (3b)
" hegro (1 — R) /e, £ a¥/x. (3¢)

The value of L}, determined in this manner depends on
the time t. The meaning of this dependence is as follows.
If a radiation pulse of duration 7 has an intensity

I < Lpyr(7), then no developed-evaporation regime sets
in when it is incident on the target. On the other hand,

if I > Lpp(7), then developed evaporation sets in during
a time t* S 7, determined from the condition L .(t*) = I,
and lasts until the end of the pulse. Figure 1 shows a
characteristic plot of L} . against the irradiation time t.

In experiments on evaporation of metals by pulsed
laser radiation, the intermediate case is usually real-
ized, with a®°/x >t > 8%/x, and the corresponding
formula (3b) for Ly . is well known (seet*)). It yields

Lthy

FIG. 1. Typical plot of the threshold
intensity Ithy for developed evaporation
vs the irradiation time t (one-dimen-
sional evaporation).
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EVAPORATION OF METALLIC TARGETS

for the threshold intensity an estimate that agrees with
the experimental data, namely Ly ;. ~ 10° W/cm® for
most metals at laser pulse durations 7 ~ 107 sec®.

In the quasicontinuous regime, when the third case is
realized (t > a’/x), the threshold intensity can be ap-
preciably decreased; for metals at a ~ 1 em it amounts
to Lpy ~ 10° W/em® (with t > 1 sec). We note also that
the first case, in which t < 6%/x, occurs usually in
pulsed evaporation of nonmetals. Then, as seen from
(3), the evaporation has a threshold not with respect to
the intensity of the incident pulse but with respect to its
energy density E = It.

The temperature T of the evaporating surface is de-
termined by the balance between the absorbed power
(1 - R)I and the rate of energy loss due to evaporation.
To find the T(I) dependence, it is necessary to supple-
ment (1) with an equation connecting the conserved flux
of matter j, = u/V with the temperature T (in this case
Aggf is regarded as a krnown function of T). Were there
no backward flow of evaporated particles to the target,
then this connection would be determined by the known
expression for the evaporation flux in a vacuum (see,
e.g.,t%3, sec. 81):

jvac=P.(T)YM | 2xT, (4)

where M is the mass of the atom and Pg(T) is the
saturated-vapor pressure at the temperature T. In fact,
as shown int®’ (see also[’j, Sec. 4.1), there is always a
backward flow, but it is small and for metals (particle
adhesion coefficient 8 = 1) it amounts to approximately
18%. This means that j, = 0.82jy,., and we obtain on the
basis of (1) and (4) the following equation for T(I):

I(1 — R) = 0,82hest(T) P, (T) VM ] 2aT. (5)

The functions XAg¢¢(T) and Tg(T) are then assumed to be
known; Tg(T) can be determined by solving the
Clapeyron-Clausius equation (see below), and A o¢(T) on
the basis of a rigorous derivation of formula (1), based
on the conservation laws for the flow of energy, momen-
tum, and matter through the discontinuity between the
liquid phase of the substance and the region of steady
hydrodynamic motion of the vapor. These laws yield
respectively

IA=R)/ji=w (T)— w(T)+ " j2 (Vi — V) + J'CdT, (6a)

’ (6b)
(6c)

P=P +j*(V,—V),
]’1EU/V=u|/V,‘

Quantities without subscripts pertain here to the con-
densed phase (ahead of the discontinuity) and those
marked with the subscript 1 pertain to the region of
steady flow of the vapor (behind the discontinuity); w is
the specific enthalpy, V is the specific volume, P is the
pressure, u is the speed of the evaporation front, and u,
is the speed of the steady-state (one-dimensional) vapor
motion and equals the local speed of sound, i.e., m

= ('yTl/ M)l/2 (v = 5/3 is the adiabatic exponent). The
integral in the right-hand side of (6a) takes into account
the energy needed to heat the metal from the initial

At 1> Iy (1), the time of development of the developed evapora-
tion is t* ~ 7[Itpr ()/112. t* < 7 if the threshold is exceeded by several
times.
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(room) temperature T: to the temperature of developed
evaporation T (we neglect the loss due to the latent heat
of melting), and C is the specific heat of the condensed
phase.

Comparison of (6a) and (1), with (6¢) taken into ac-
count, shows that

Aegr(T) = w,(T) — w(T) + '/, j 2 (Vi — V) + jcar )

T’

5 5 H
=A(T)——— (T — T+ — ,
(I)= 55 (T =T+ 6MT,+;[c:zT

When writing down the second equation, we used, first,
the definition of the specific heat of evaporation A(T)
= wy(T) = w(T), and second wy(T) = CpT = (5/2M)T and
vV, > V.

The connection between the temperature T, and the
specific volume V, of the vapor, on the one hand, and the
target temperature T on the other, is obtained by solving
the corresponding kinetic problem. This was done int®’
(t*7, Sec. 4.1), where it was shown tiat

T,=065T, 1/V.=031/V,=031MP(T)/T;: _ (8)

here Vg is the specific volume of the saturated vapor.
Substitution of T, from (8) in (7) leads to a final expres-
sion for Ag¢¢(T):

Aegr (T)=A(T) + j‘ €dT — 0,35T/M. (9)
Far from the critical point the increment to A(T) in the
right-hand side of (9) is negligibly small, since the sec-
ond term is ~3T/M and A(T) in this region is constant
and is approximately equal to 10T, /M (the third term
can always be neglected). Near the critical point, where
A(T) begins to decrease (like VT, — T), identification of
Aoff with A can lead, generally speaking, to an apprec-
ia%fle error. However, when T(I) is determined from
Eq. (5), such an identification is always possible without
incurring a large error, even in the vicinity of the criti-
cal point, if the heat of evaporation A is assumed to be
independent of the temperature and its value is assumed
to be the same as far from T, e.g. at the normal boiling
temperature To. In fact, far from T, we should obtain a
result that is certainly correct (since Ay ge(T) = A(To)),
and near T,., where )\eff(T) may turn out to be several
times smaﬁer than A(To), such a substitution leads only
to a logarithmic error, as is seen from Eq. (5) when
allowance is made for the fact that Pg ~ exp(—Ao/T) -
(see (12)). For the same reason, the numerical coeffi-
cient 0.82 of (5) is not of great importance in the T(I)
dependence and will henceforth be omitted.

Before we proceed to find Py(T), we call attention to
the fact that since the backward flux of the particles to
the target is small, it follows that the pressure exerted
on the target in the developed evaporation regime is
close to PS(T)/ 2. Since the pressure does not experi-
ence a discontinuity on the evaporation surface itself,
its value inside the target is also close to PS(T)/ 2. A
rigorous calculation by means of formula (6b) with
allowance for (8), leads to (**7, Sec. 4.1):

P=P(1+y)=1.(1+7v)/MV,=056P,(T). (10)

Thus, in the fully developed evaporation the observed
liquid—vapor phase transition is always far from equili-
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brium. The liquid phase is in a superheated state. For
the questions considered in the present section, how-
ever, this circumstances is apparently of no importance,
for no boiling can develop inside the volume during the
lifetime ~ x/u® of the liquid—metal layer, owing to the
large values of the surface-tension coefficients of liquid
metals.

To find Pg(T), we use the Clapeyron-Clausius equa-
tion in the form

P'dP, [dT = M(T) [ AZ(T)T?, (11)

where A,(T) = MA(T) is the heat of evaporation per par-
ticle, and AZ = (Pg/T) (Vyap— V}jq) is the difference be-
tween the compressibility coefﬁclents of the vapor and
the liquid (vy,,, and V1iq are respectively the volumes
of the gas and liquid phases per particle). The advisa-
bility of writing down the Clapeyron-Clausius equation
in form (11) and of introducing the quantity A Z(T) fol-
lows from the experimental fact that for most liquids
(including liquid metals) the ratio A,(T)/AZ(T) remains
approximately constant in the temperature interval T,
= T = T, (with different accuracy for dlfferent liquids)*’.
Far from T., where AZ = 1 (v, >> Vliq ), this fact is
due to the weak temperature dependence of the heat of
evaporation A;; in the vicinity of T, it is due to the fact
that the quantities A,(T) and AZ(T) ‘tend to zero in equal
fashion as T — T, (like vT,— T; seel , Sec. 84).

Although the temperature interval in wh1ch the ratio
A1/AZ remains constant is relatively small (we recall
that T, = (0.6—0.7)T,), this circumstance is quite im-
portant for the problem of fully developed evaporation,
since (as will be shown below) in this evaporation
regime the target temperature T is always located just
in the interval To <T < T, so that we can use in (5) a
Pg(T) dependence that is valid only in the indicated in-
terval. This dependence, in turn, can be obtained by
solving Eq. (11) under the assumption that x,/AZ
= const.

Putting X;/AZ = Xy(Te) = Ao = const, we obtain on the
basis of (11) the following relation that is valid in the
interval To= T < T :

P,(T) = (12)

where Po = 1 atm. The condition A,/AZ = const reflects
definite thermophysical properties of the liquid (and
also of dense vapor) in the considered temperature in-
terval, sufficient to construct a theory of developed
evaporation on the basis of the liquid—vapor transition.
It is seen from (12) that to determine Pg(T) in this in-
terval it is necessary to know only two thermophysical
constants of the liquid, Ty and Ao, which for most me-
tals have been measured and are listed in handbooks.
An indirect verification of the validity of (12) up to the
critical temperature is afforded by the fact that the

(Poe™T) e T = poe=™7,

9 For water and many organic liquids, these data are given in [0},
and for metals (mercury and cesium) the constancy of \,/AZ follows
from the fact that the measured values of Tg(T), up to T (see [*'])
agree well with the solution of Eq. (11) at \,/AZ = const.

S)'We note that the condition vvaP > V]iq is sufficient for the vapor
to be regarded as an ideal gas (see ['%], p. 195). This condition is usually
satisfied up to temperatures T sufficiently close to T¢, since the principal
change in the density of the liquid phase occurs in the immediate vicinity
of the critical state (see Fig. 3 of Sec. 2).
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known data on P, and T of different metals (see[m)
agree sufficiently well with this formula.

It should be noted that the general form of expression
(12) for the saturated vapor pressure, Pg ~ exp(-A o/ T),
is well known, but in numerical calculations one encoun-
ters the problem of correctly choosing the exponent X,
and the pre-exponential term. We have shown above how
to do this for fully developed evaporation of metals
under the influence of optical radiation. The solid—
vapor transition model, which was used earlier in other
studies (see[3 ) does not provide the correct answer to
this question in our problem (i.e., in the temperature
interval To < T < T,). The {)re-exponential term ob-
tained by that approach (see Sec. 4.1) depends on
the temperature and is larger than @o in (12) by ap-
proximately two or three orders of magnitude for all
metals in the temperature interval under consideration.
In addition, A, inl*] has the meaning of the heat of
evaporation at T = 0. Such a discrepancy leads to con-
siderable errors in the determination of the target tem-
perature T(I) and other parameters of the problem
(vapor pressure, vapor density, etc.) when the solid—
vapor model is used.

Substituting the obtained Pg(T) dependence in (5), we
obtain the final form of the relation between the target
temperature T and the incident-radiation intensity I:

exp(ho/T) = (Is/1) (Ae/ T) ", (13)

where "
Py exp(M/T)

(1—=R)V2aM
(as explained above, the term 0.82X ¢ has been replaced

by A(To)). It is easy to show that for metals the solution
T(I) of this equation satisfies the condition T(I) > T, at

I > Ly, Indeed, substituting in (13) in place of Ithe ex-
pression (3b) for Iip,,, we obtain the inequality
M(Tot—T') >InK, K= 2nyTp'/MP2)%,
1t follows therefore that at
=R(T) > 1 (14)

the target temperature is T(I) > To. The quantities p,
X, and T, in this inequality are well known for most me-
tals so that the satisfaction of (14) can be verified
directly. At radiation-pulse durations 7 ~ 10° sec, such
a verification for the metals used so far in experiments
on evaporation shows that the inequality (14) is satisfied
with a large margin (see the table)®’. Thus, T(I) > T,

> T (Tp, is the melting temperature).

Metal |00l o Koo [Tok| @ [[Metal] 0ol mifsec |To K| e
Al | 27| 074 | 2894|202 cu | 896 | LI5 |3150 |58
Bi | 98| 0068 |1750| 63 || Mo | 102 | 053 | 5100 | 50
w193 | 06 5650 | 73 |l Ni | 89 | 0225 | 2420 23
Fe | 78| 0126 |3050| 177 || sn | 7.3 | 0364 | 3000 | 1.3
Mg | 174| o068 | 1380| 93 || Pb | 113 | 0236 | 2000 | 142

Zn | 713| 0278 | 119 | 137

61t is impossible to prove the inequality (14) in general case, but its
satisfaction for metals becomes clearer if its left-hand side is represented
in another (equivalent) form [nlig/nL)? (2mxM/T,o7)] (To/TOR>1,
where n[, = 2.7 X 10'° cm™ is the Loschmidt number, njiq is the density
of the liquid, and T© = 300°K. For metals at 7 ~ 1073 sec, the factor
in the square brackets is 2> 1.
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Nowhere in this section did we take into account the
absorption of light in the metal vapor. We shall show in
our subsequent papers that in the case of evaporation in
vacuum the incident radiation is screened by the vapor
mainly in the region adjacent to an irradiated spot on
the target, with dimensions on the order of d = 2a. 1t
follows from general considerations that the optical
thickness of this region depends little on the intensity I
and its order of magnitude is § = ad =~ 1 (@ is the co-
efficient of light absorption in the plasma). In fact, 6
can not be much larger than unity in the stationary
evaporation regime, since the condition § > 1 leads to
a decrease in the flux of the evaporated particles, and
consequently also to a decrease of a. To the contrary,
when § < 1 the evaporation increases the absorption
coefficient”. For estimating purposes we put § ~ 1.
The choice of this value of absorption agrees, in par-
ticular, with measurements of the specific recoil mo-
mentum (see Sec. 4).

In concluding this section we present plots of the
target surface temperature against the initial radiation
power flux I = Iee, calculated for bismuth, lead, and
aluminum in accordance with formula (13) at 6 = 1
(Fig. 2). '

2. INDUCED TRANSPARENCY WAVE IN METAL

In this section we consider evaporation in the region
of large radiation flux densities, when the target sur-
face is heated to near-critical temperatures.

The main fact for the understanding of the physical
phenomena of the target at high intensities and at tem-
peratures T ~ T, is the vanishing of the metallic con-
ductivity and of t%e high reflection and absorption coeffi-
cients associated with this conductivity. This fact was
established earlier by Kikoin and Senchenkov!'*J inde-
pendently of experiments on evaporation of metals by
optical radiation (see also the review!!'J); they investi-
gated experimentally the electric conductivity and the
equation of state in a wide range of pressures and tem-
peratures, including the critical state. They have shown
that the conductivity is determined mainly by the density
of the material. When the density drops below a certain
value p = p4 > Pg the conductivity o vanishes jump-
wise (it decreases by several orders of magnitude), and
the liquid metal turns into a liquid dielectric. There is
every reason for assuming that the behavior of the elec-
tric conductivity of mercury, observed int**3, is com-
mon to all metals®. The jumpwise vanishing of metal-
lic conductivity is physically connected with the strong
dependence of the electron collectivization on the den-
sity (on the average distance between the atoms); this
dependence governs all the metallic properties of sub-
stances. The transition from a liquid metal into a liquid
dielectric is in essence the inverse of Mott’s transition;
its feasibility, from the point of view of the theory of

) Similar results were obtained also for cesium (see [!!]), but for
this metal the vanishing of the metallic conductivity in the vicinity of
the critical point is offset to a considerable degree by the appearance of
plasma conductivity because of the low ionization energy of cesium.

DThe condition § < 1 also contradicts our experimental data on the
heating of the vapor near the target in a region with dimensions ~ d by
laser radiation (see the Conclusion). A preliminary report on this data is
contained in ['4].

315
T.°K
U — T
500 -2 2 '”
w400 y ;
4200 / :
wse . :
FIG. 2. Target surface tempera- Jiss A

ture T vs incident-light intensity I, J60/ 7

for bismuth, lead, and aluminum 400 _cu

in the region | <Ipmd and T<Tmd J2m ’Tcn i

(see Sec. 2). 000 "md 4
2600 4
2600 |-y Bi pZ 2
200 -S4 A
2200 A = R

VAl v V
Iy, Wem?2
P Liquiq
Pmd
Pe

%

Tmd T, T

FIG. 3

phase transitions, was considered gurely phenomeno-
logi%'?lly by Zel’dovich and Landau'!®? already back in
19447,

In experiments on the evaporation of metals by radia-
tion, the relation between the liquid-metal density at the
surface of the target in the region p 2 p d and the
target temperature T is quite close to that correspond-
ing to phase equilibrium p = p(T) (see Fig. 3), although,
as noted in the preceding section (see (10)), the pres-
sure in the metal is approximately half the equilibrium
value. This is due to the low compressibility of the
liquid, a property that remains in force down to the
density value p, 4 (in accordance with the physical
meaning of this quantity itself)’”. A sharp decrease of
the density and the associated sharp increase of the
compressibility occurs only in the immediate vicinity
of To. For mercury, e.g., this vicinity is the approxi-
mate interval from 0.9 T, to T¢"%.

The icochore p = p crosses the curve p = p(T) at
the point T = T, 4. The value of T 4 when used in (13)
determines the incident-radiation intensity threshold
I= , above which the liquid metal turns into a liquid
dielectric. The target surface temperature does not
rise in this case much above T 4, and the excess of
the radiation intensity above I;,q goes to move the front
of the induced transparency wave into the interior of the
target. The general picture arising whenI > I 5 is
shown schematically in the upper half of Fig. 4.

The evaporation front now separates the liquid-
dielectric region from the vapor and moves with con-
stant velocity u(Ty,q). Detached from the evaporation
front is an induced transparency wave that moves into

9 For example, Mott’s transition was experimentally revealed in [!7]
by a burst of metallic conductivity in paraffin and other insulators com--
pressed in strong shock waves.

10 The ratio is Ap/p ~ 104—107 at AP = Pg/2 ~ 102107 atm.
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the interior of the target and in the front of which the
metal is initially heated and melted, and is then trans-
formed into a dielectric.

It follows from the foregoing analysis that the mech-
anism of metallic absorption of light does not make it
possible to heat the target above Tmd < T, . An in-
crease in the incident-light intensity only increases the
velocity of the induced-transparency wave.

It should be noted that the velocity of the induced-
transparency wave is determined in final analysis by the
rate of expansion of the matter in the front of the wave,
and this rate cannot exceed the speed of sound. Conse-
quently, the region of applicability of the foregoing ex-
position is bounded from above by intensity values at
which the velocity of the induced-transparency wave
does not exceed the velocity of sound in the cold metal.
Other possible limitations will be considered at the end
of the present section.

Before we proceed to a quantitative description of the
induced-transparency wave, let us see how the condi-
tions for the reflection and absorption of the light inci-
dent on the target change when its intensity goes through
the point I, 4. The complex dielectric constant of the
target material at densities p both smaller and larger
than p,,4 can be represented in the form

e’ = g(1 — otk + iE),

where £ = 20/eov (0 is the conductivity and v = w/27 is
the radiation frequency), 7, is the conduction-electron
relaxation time, and ¢, is the dielectric constant of the
‘‘lattice,”’ i.e., of the ion core in the case when the ma-
terial is in the metallic state (p > p,,q) and of the
dielectric liquid itself when the metallic conductivity
vanishes (p < p,,4, £ <1). It is assumed in all cases
that the frequency v lies far from the ‘‘lattice’’ absorp-
tion line and that accordingly €, is real. On going from
the state p > Pmd into the state p < p, 4, the quantity
€9, as well as the conductivity o, experiences a jump.
However, if 0 changes in this case by several orders of
magnitude, so that £(p > ppq) > 1, and £(p < ppq
<1, then the magnitude of the jump is A€y K €, i.e.,
€o(p < P ® €olp > Pmd): This follows from the very
definition of €,. The relaxation time 7,, generally speak-
ing, depends on the metal temperature, but it can be re-
garded as constant in the narrow interval To < T < T4
of interest to us. In the visible and in the near IR bands,
for the considered temperature range of a liquid ‘‘good’’
metal, the parameter w7, is of the order of unity, as will
henceforth be assumed*’, '

The Fresnel coefficient R of reflection from the
boundary of the material with dielectric constant €’ is
determined by the well known formulas (see, e.g.,[*®],
Secs. 63 and 66):

R=[(n—1)"+21/[(n+1)*+%*]. (15)

where the refractive index n and the absorption coeffi-
cient k¥ are connected with €’ as follows:

P=vealerrey el b=t-ow  (16)
®

1 we recall that for “good” conductors at room temperature the re-
laxation time is 7o & 3 X 1074 sec. Recognizing that 7, of pure metals
is proportional to K/T, where K is the modulus of hydrostatic compres-
sion and decreases by several times on going over to the liquid state, we
obtain a value 7o ~ 107! sec in the region of T ~ 3000°K.
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FIG. 4. Qualitative picture of evaporation in the induced-transpar-
ency regime I > I d(top) and variation of the parameter £ in the in- ;
terior of the target (bottom) at a fixed instant of time. u is the velocity
of the interface between the vapor 1 and the liquid dielectric relative to |
the “cold” metal 2, D is the velocity of the induced-transparency wave
in the same reference frame a—variation of § at I < Iipg (the value &, i
> ] corresponds to the state of a “good” metal), b—variation of { at I = i
Imd, c—variation of & at I > I, 4 (the value of £ increase to &, in the
front of the induced-transparency wave).

2z

In the evaporation regime at I <I 4, the target sur-
face remains a metal, and consequently £ > 1. The
real part €’ is then negative and large in absolute mag-
nitude (as is also its imaginary part). This circum-
stance, as is well known, results in a high coefficient R
of reflection from the metal surface; the absorption
coefficient u, which determines the depth of penetration |
of the radiation into the medium (1/u) is also large in |
this case: pyp = 2kok ~ kovE > ko (ko = w/c)'’. At the
point I=T,4 (P = Pmg> T = Tpq) We have £ =~ 1. The
Fresnel reflection coefficient R then decreases ab-
ruptly and its value for all initially ‘‘good’’ metals is
approximately 0.2. Indeed, we see from (16) that at
£~ 1and wro® 1 we have n~ k = V¢,/2 = 1 (since
€0~ 2 far from the absorption line for all condensed
media). Formula (15) then yields R~ 1/5. At £ ~ 1,
however, the coefficient of absorption in the medium
still remains large: u = 2Kk,.

The medium becomes transparent at I > I 4, when
the parameter £ becomes small. The coefficient of light
reflection from the evaporation boundary (dielectric-
vapor) continues to decrease from its value R = R, at
£ ~ 1 and tends (at I > I 4 to the limiting Fresnel
value Ro = R(£ = 0) = [(Veo — 1)/(VEo +1)]* =~ 3-1072,
The absorption coefficient in the transparent layer, ac-
cording to (16) is pg = 2kok ~ €}’kof < ko. Reflection
from the induced-transparency wave, which propagates
at I > Iy q into the interior of the target, is always
small and can be disregarded since the transition from
£ K< 1to £ > 1 is always sufficiently smooth (over a

12)At £> 1, as follows from (16), we have n = k, and formula (15)
yields 4 1 4 1

=T s Thxemmrw

where
* } = Yeok/2 V(1 + 0*1?) " F 0o
% l

For a very “good” metal, when /> 1, we have n ~ k > 1 and we can

use the first term of the expansion (15%). The absorption coefficient is
M = (2/80) /(1 + c.:z'ro2 V2 + wry ~ ko VE; 80 = ¢/v/2Tw0.
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distance spanning many wavelengths in the medium).
Thus, the transition from the regime of simple evapora-
tion (I <Ip,4) to the regime of evaporation with an
induced-transparency wave (I > I, q) is characterized
by a sharp decrease of the reflection coefficient R from
the target (by not less than a factor of 5 for ‘‘good”’
metals). This can serve as the basis for an experimen-
tal observation of the effect under consideration (see
Sec. 3). )

The low value of the coefficient of reflection from the
boundary of the evaporation front at I > I 4 does not
mean that the entire radiation energy incident on the
target reaches the induced-transparency front. Even if
we neglect the volume absorption in the dielectric layer
itself (the value of this absorption is determined not
only by the absorption coefficient u g4 = eé/zkoﬁ, but also
by the thickness /4 of the dielectric layer, and under
real observation conditions can be small enough: T2
< 1), then the intensity of the radiation incident on the
transparency front is I = (1 - R)I- (1 - Ry)I,4, Where
I= Ioe—e is the intensity of the radiation incident on the
evaporation front, and R is the coefficient of reflection
from this front at I > I 4, and its values depend on I
and lie in the interval R;, > R > R,. This follows from
the fact that to maintain the evaporation stationary at
the surface temperature T = T_ 4 it is necessary that
the same intensity (1 — Ry)I 4 (in accordance with the
definition of Imd) be absorbed in the surface layer. The
physical absorption mechanism is such that in a certain
layer of thickness AZ, immediately adjacent to the
evaporation boundary, there is established a lower tem-
perature than in the interior of the transparent layer.
The difference between these temperatures is smaller
the larger the excess of I over (1 — R;)I;,q. The corre-
sponding established distribution of the parameter £ is
shown in the lower half of Fig. 4. On the evaporation
boundary itself we have &£ = £(I) S 1evenat I >I 4.
The thickness AZ is determined by the kinetic processes
of evaporation and should not depend on the intensity.
The reflection coefficient R is determined by the condi-
tions of reflection of the radiation from a flat layer with
optical thickness i = koAzv|e’(£)]|, and the value £ = £(I)
is established automatically in the layer in such a way
that the same power is absorbed in the layer:

(A —R)] . i.e.,2kdzx(8)] = (1 — R) g
The optical thickness of the layer is ¥ =~ keAzk < 1,

and the coefficient R of reflection from this layer can
be represented in the form (seel®), Sec. 66)

R = 4R ~ R,(1— R,)*(Ima/ *.
(It is assumed that £ < 1 and R, = 0 in the interior of
the dielectric.) Since R, < 1, this formula can be re-
garded as approximately correct in the entire interval
I>1I,4- Wesee from it that at I > the coefficient
of reflection from the target decreases like 1/I. Such a
law governing the decrease of R must be regarded as
slow in comparison with the preceding jumplike change
of R from Ry, to R, (from § > 1 to {£ < 1). A charac-
teristic plot of R against I is shown in Fig. 5.

To calculate the velocity D of the induced-trans-
parency wave relative to the ‘‘cold’’ metal it is neces-
sary to use the conservation laws for the energy, mo-
mentum, and matter fluxes through the transparency
front, in analogy with the procedure used in Sec. 1 to

R
,ﬂ,,z/L

R, =02}

1

"md Y
FIG. 5

FIG. 5. Reflection coefficient R vs the incident-light intensity I. The
decrease of R in the region I > Ipq is given by R ~ 1/I2.

FIG. 6. Velocity of evaporation boundary u and velocity of induced-
transparency wave D vs the incident-light intensity.

FIG. 6

determine the velocity u of the evaporation wave. A sys-
tem of equations similar to (6) yields in this case

1/ja = w(T) — we(T2) + 'LD*(V? | V;* — 1), 7)

where I, is the intensity of the radiation incident on the
induced-transparency front; the values marked by the
subscript 2 pertain to the ‘‘cold’’ metal (i.e., ahead of
the transparency front; see Fig. 4); j: = D/V: is the flux
of matter through the front. The difference between the
specific enthalpies in the right-hand side of (17) can be
represented in the form

w(T) —wa(T2) = A(Tz) — MT) +wi(T) — wi(T2)

=AMT2) — MT) +5(T — T,) / 2M, (18)

where the subscript 1 pertain to the vapor and A (T)
= wy(T) — w(T) is the specific heat of evaporation of the
transparent matter at the temperature T; analogously,
A(Tz) = wy(Tz) — wz(T2) is the heat of evaporation (sub-
limation) of the solid metal at the temperature T.. Since
the heat of evaporation A does not experience a jump
when matter goes from the metallic state into the di-
electric state, the difference is
AMT2) —MT) = —(dr/ dT) rar (T — T)
=(C—C)(T—T,) =~ (T —T.) | 2M. (19)
Substituting (18) and (19) in (17) and recognizing that
T = Tyq ~ T, and that T, > T, we obtain
I
- s 20
v 3T,/ M+ '/, D*[(V/V,)' —1] #0)
The density jump V/ V. in this formula must be regarded
as specified by the induced-transparency condition, i.e.,
the condition { < 1. It is seen from (20) that at the
start of the induced-transparency regime, when the ex-
cess of the intensity I over the threshold I,q is not too
large, namely

1, < (3T, /M)*5/V, = 240°T," /A" = (0.3 — 1) 10" W/cm?

(A is the atomic weight of the target material), the
velocity D depends linearly on I. At large excesses
above the induced-transparency threshold we have, in
accordance with (20), D ~ I'/%,

Let us estimate the intensity region in which the
above-described picture of evaporation with an induced-
transparency wave is valid. The threshold intensity | R

according to (13), is apparently located for most metals

in the interval 10'—10° W/cm®." The upper intensity

13) At such intensities, according to (3b), the regime of fully devel-
oped evaporation is realized at radiation pulse durations 7 > 10™—107¢
sec.
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limit is imposed by the impossibility of having a trans-
parency wave faster than the speed of sound C, in cold
metal. From (20) at D = C, we obtain I~ pC$ ~ 10'Y/A!%
~ (1-3) - 10%° W/cm®. This upper intensity limit is, of
course, not fundamental from the physical point of view.
The foregoing arguments apply also to the region
I > 10'° W/cm®, but would be meaningless, since there
exist stronger limitations (see below) than those con-
sidered here, due to other physical processes that must
be taken into account in the region I = 10°~10'° W/cm®.
We note that the transparency wave that appears
when the intensity I of the incident radiation increases
monotonically acquires immediately a finite velocity D.
The reason is that the induced-transparency wave can
be produced in fact (can be ‘‘detached’’ from the evapor-
ation wave) only if the evaporation-front velocity rela-
tive to the stationary reference frame (i.e., relative to
the ‘‘cold’’ metal) ’

(1—'R1)Imd 14
Ty p ¢
=T v D(Vz )

21)
is smaller than the velocity of the induced-transparency
wave relative to the same reference frame, i.e., D.'¥

On the basis of (20), this yields the condition
I >@Te/A)(1- Ri)lL,4; since R = R, at the start of
the induced-transparency regime and accordingly
I = (1 -Riy)(I- Inq), the ‘“detachment’’ of the induced-
transparency wave should set in at I > (1 + 3T, /A1) 4-
We note that 3T,/x; ~ 0.3.

Figure 6 shows a plot of the velocity u of the evap-
oration-wave front and of the velocity D in the labora-
tory frame against the intensity I of the radiation inci-
dent on the target. At I <I,, 4 the u(I) plot is determined
by formula (1). The strong deviation of u(I) from linear-
ity in the vicinity of the threshold point I 4 (to its left)
is due to the sharp increase of the absorptivity (1 - R)
of the target surface from the value 1 - R, to the value
1-R;. AtI > I,q> the function u(l) is determined by
formulas (20) and (21). At I~ I 4, the velocity u has a
maximum. Further increase of Ileads first to a stop-
ping of the evaporation front (u = 0), followed by its
motion away from the ¢‘cold” metal (u <0). The des-
cribed behavior of the velocity u can also serve as a
basis for an experimental investigation of the consid-
ered induced-transparency effect.

We have considered above the simplest metal evap-
oration mechanism at high intensities of the incident
light I > I, 4, when transparency is induced in the tar-
get material (Fig. 4). At the same time it is necessary
to take into account certain physical processes which
have not been taken into account in the described pic-
ture and can change the limits of applicability of the
developed theory, and also modify the picture in ques-
tion.

In experiments with millisecond laser pulses with
light-flux intensities I X 10° W/cm?, it is necessary to
take into account for most metals the possible occur-
rence of appreciable ionization in the liquid-dielectric
layer and the subsequent development of strong absorp-
tion in it during the time of the radiation pulse.

14)This additional condition was not taken into account in (17), and
therefore there are no formal lower bounds on the intensity I, in for-
mula (20).
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A significant influence can be exerted also by a finite
volume absorption of light in the dielectric albeit small
in comparison with the metallic absorption. If the ab-
sorption coefficient u 4 is large enough, so that during
the time 7 of the radiation pulse the optical thickness is
pg(D—w)7 > 1, then the induced-transparency wave
can be observed only at the beginning of the pulse, dur-
ing a time interval t < 7.

Another important circumstance that limits the possi-
bility of observing the induced-transparency wave may
be the metastable character of the equilibrium of the
liquid dielectric, in which the pressure, as noted above,
is approximately half the saturated-vapor pressure at
the given téemperature'®. In order for a transparency
wave to exist in the form corresponding to Fig. 4, the
lifetime of the metastable state of the superheated di-
electric liquid must not exceed the duration of the
radiation pulse. This time is determined by the pres-
ence of nuclei of volume boiling (e.g., bubbles of critical
dimension or ions resulting from thermal ionization),
the number of which is larger the closer the tempera-
ture Ty, 4 is to the critical temperature T,. For metals
with high values of T, and with small differences
(Te — Tyyq)s intense volume boiling can develop in the
dielectric liquid layer, and this should lead in the sta-
tionary situation to a reduction of the dimensions of this
layer and thus considerably distort the picture shown in
Fig. 4. Contributing to the violation of the metastable
equilibrium is possible absorption in the dielectric
layer, which brings its temperature closer to critical.

The questions noted here call for further analysis
and for additional experimental material. Nonetheless,
the available experimental facts (see Sec. 4) indicate
quite convincingly, from our point of view, the existence
of a transition of the liquid metal into a liquid dielectric
state in experiments on the evaporation of metals by
laser radiation.

3. EJECTION OF MATTER AND TARGET RECOIL
MOMENTUM

The simplest experiments that yield information on
processes occurring on a target are measurements of
the reaction recoil momentum of the vapor'®’ and of the
mass of material ejected from the target during the
time of the laser pulse. These quantities are determined
only by the conditions on the boundary between the pha-
ses and are not connected with the subsequent motion of
the vapor if the screening of the light incident on the
target has a constant (or zero) value. The experimental
data are usually presented in the form of plots of the
recoil momentum J and of the ejected mass Am, divided
by the total energy E, in the radiation pulse, as func-
tions of the laser-radiation intensity. The recoil mo-
mentum is J = PS7, and the mass is Am = j;S7, where S
is the area of the irradiated spot, P = 0.56Pg (Pg is the
pressure on the target boundary) (see (10)), and the
density of the vapor stream is j, = 0.82jvac, where j,, .
is given by formula (4). The total energy Eo generateﬁ

1) This circumstance was pointed out to us by A. A. Samokhin.

16)The occurrence of a reaction momentum due to the ejection of
vapor from the target when acted upon by laser radiation was first
pointed out in [*°].
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in one pulse is connected with the energy E incident on
the target by the relation

E,/JE=1I,/]1=¢* I,=E,]/Sx,
where the optical thickness 0, as explained at the end
of Sec. 1, depends little on I and is close to unity.
In the intensity region I <I 4 we obtain on the basis
of (5) and (4) the following expressions for the relative
values J/E; and Am/Eq:

J/Eo—142 e=*(M/%)¥T 270 (1 — R), (22)

Am|E,=e*(M/M)(1—R) (23)
(A1 is the heat of evaporation per particle). We see
therefore that in the considered evaporation regime the
relative values J/E, and Am/E, are determined only by
the specific heat of evaporation of target material at
T = To, and are practically independent of the beam in-
tensity I,.'” It should be noted that the experimental
values of J/E, make it possible, in accordance with (22),
to determine the target surface temperature (if the op-
tical thickness 6 is known in this case).

We consider now the region of high intensities
I >1I,q4- Inthe immediate vicinity of the point I =
there should be observed a sharp increase of J/E, and
Am/Eo, by a factor (1 - Ri)/(1 - Ryy). At I~ I 4 (and
accordingly T ~ T 4), J and Am reach the maximum
values possible for the given material:

s = 0.56 P, (T,pq) St ~ (P./2)8r,

(1= R)Im i
AT g = i o p ) 2
(Am) w7 Pel gar,

With further increase of the intensity I > 1,4, the
values of J and Am remain constant, and consequently
the relative values J/E, and Am/E, decrease like 1/L.
This is physically understandable, since at I >> I 4 the
bulk of the energy is consumed in heating a layer of
metal to a temperature T, 4 and in moving the induced-
transparency wave into the interior of the target.

Thus, the experimentally observed dependence of the
relative recoil momentum J/E, on the radiation intensity
L = Eo/S7 should have a maximum at I ~ (L/e?) ~ L, 4,
due to the onset of evaporation with induced transpar-
ency of the metal (transition from a liquid metal to a
liquid dielectric). Such a singularity in the behavior of
the dependence of J/E, on I, can serve as one more
(third) basis for an experimental observation of the
effect.

The results are confirmed experimentally by the
data given in Sec. 4.

St.

4. EXPERIMENTAL RESULTS

We present below experimental results pertaining to
the aforementioned physical phenomena in the target.

Measurements on bismuth and lead targets have
shown that the relative recoil momentum as a function
of the incident intensity first goes through a maximum
followed by a decrease with increasing Io, due (in ac-
cordance with the results of Secs. 2 and 3) to the onset
of a liquid metal—1liquid dielectric transition.

M A weak dependence of J/E, and of Am/E, on I, in the case of
fully developed evaporation was first noted in' [2°].
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FIG. 7. Experimental plot of the relative recoil momentum J/E,
against the incident-radiation intensity I, for aluminum, iron, lead,
Wood’s alloy, and bismuth.

A distinguishing feature of our experiments was the
use of a laser of high emission energy. The lasers
used in earlier studies of metal evaporation had ener-
gies not higher than 1 kJ at radiation pulse durations
7 ~ 107 sec. It was therefore necessary to focus the
beam sharply on the target in order to obtain a flux
10°—107 W/em?®. Consequently, the conditions realized
in the experiment differed noticeably from the one-
dimensional evaporation model considered in the theory.
The depth h of the crater produced in the target by the
radiation was much larger than the diameter d of the
irradiated spot, and edge effect due to the washing out
and directional ejection of liquid metal from the walls
of the crater made large contributions to the measured
quantities. In our experiments we used a neodymium-
glass laser with emission energy up to 10 kJ in a pulse
of duration 7 = 0.8 x 107 sec,'® making it possible to
work with large spots, d > h. The edge effects were
then negligible.

The spot diameters were not less than 0.7 cm up to
an intensity 3 x 107 W/em?; the ratio d/h in the worst
case (for aluminum) was =~ 3. Focusing was with a lens
of focal length f = 1—-1.5 m.

The recoil momentum was determined from the de-
flection of a ballistic pendulum on which the target was
mounted, and the ejection of the target mass was deter-
mined by weighing the target before and after irradia-
tion. The experiments were performed in air at atmos-
pheric pressure. The intensity I, at the target was
varied by changing the laser pump level and the dimen-
sion of the irradiated spot.

The experimental plots of the recoil momentum per
unit incicent energy J/E, and of the relative ejected
mass Am/E, against the incident power flux I, are
shown for different metals in Figs. 7 and 8.

The curves agree with the theory developed in the
preceding sections. The onset of evaporation has a
threshold character. There are flux regions correspond-
ing to the liquid—vapor phase transition far from the
point at which the induced transparency regime begins.
In these regions, the values of J/E, and Am /E, are
almost constant. The experimental values of J/E, at
intensities lower than I,q agree well with those calcu-
lated from formula (22) at 6 ® 1. For bismuth the calcu-

18) A detailed description of the setup is given in [2!].
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FIG. 8. Experimental dependence of the relative ejected mass Am/E,
on the intensity I, of the incident radiation for aluminum, lead, Wood’s
alloy, and bismuth.

lations yield J/E, = 7—7.4 dyn-sec/J in the interval

I = (0.9—2.5) x 10° W/cm?, and for aluminum J/E,
=1.1—-1.23 dyn-sec/J in the region I, = (0.8—2.4)

x 10" W/ecm®. The agreement between the calculated and
observed values of J/E, indicates that the estimate of
the absorption of light in vapor, given at the end of Sec.
1, is correct, for without allowance for the factor

e 0 (6 ~ 1) the theoretical values of J/E, would exceed
the experimental ones by approximately 4 times.

Let us compare the curves for bismuth and lead in
the region I <I 4. The thermophysical parameters of
these metals, which enter in formula (22), are very
close; the only difference is in the reflection coeffi-
cients. For liquid lead at 1.06 u we have according
tot**1 a value of 739 for Rpy, as against about 509 for
Rp; of bismuth. Therefore the ratio of the reaction mo-
mentum in the region where J/E, ~ const is (J/E¢)p;:
(J/Eo)pp = (1 — Rp)/(1 — Rpp) ~ 2, as is indeed ob-
served in the experiments.

The Am/E, curves deviate from the calculated
values. The experimental data are approximately three
times larger than the calculated ones at 6 ~ 1. The
reason for this lies apparently in the fact that an ap-
preciable fraction of the mass is carried away from the
target in the form of drops of liquid metal, which are
scattered predominantly tangentially to the surface of
the target without contributing to the recoil momentum.
At the same time, the curves shown in Fig. 8 confirm
qualitatively the conclusions of the theoretical part of
the paper.

New data were obtained for the first time at higher
intensities. The curves for Bi and Pb (Fig. 7) show
clear maxima indicating that a surface temperature
T =~ T,,q is reached at the corresponding intensities.
We note that the experimental values of J/E, at the
maxima exceed the momenta at I <I_ 4 by 50—-60%,
which is close to the theoretical expected value
(1 - Ry)/(1 — Ry) if we put R, =~ 0.2. The values of
(I)mq are 3 x 10° W/cm® for bismuth and 2.5 x 10" W/cm®
for lead.

Using the plot of Fig. 2, we can obtain the tempera-
ture T4, Which equals = 2500°K for bismuth and
~ 3350°K for lead.

Experiments directly confirming the existence of a
sharp drop of the reflection coefficient R with increas-
ing intensity I incident on the target (silver, copper,
steel) are described in'®). The measurements have
shown that when intensities on the order of 10'—10°
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FIG. 9. Experimental plots of the relative recou momentum J/E,
for aluminum as a function of the incident radiation, obtained at a rad-
iation energy Eo < 1 kJ (curve 1) and at Eq < 10 J (curve 2).
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W/cm? are reached in an individual spike of a milli-
second laser pulse, the reflection coefficients for all
the employed targets decrease by an approximate factor
of 5. The theoretical interpretation proposed int®J for
these results, based on a simple allowance for the tem-
perature dependence of the metallic conductivity, is
patently inconsistent, since it calls for a final heating of
the target surface to temperatures greatly exceeding
the critical value. The results of the theoretical analy-
sis in Sec. 2 of the present paper agree quite satisfac-
torily with these experimental data. Indeed, for such
‘‘good’’ metals as silver and copper, according to our
estimates, it follows that (Ri/Ry,) ~ 1/5. On the other
hand, at I 2 the decrease of the reflection coeffi-
cient, as shown above, slows down. In the experiments,
therefore, one always should observe approximately
such a decrease of R for such metals, as soon as

12 I,,4- As to steel, one can speak only of a qualitative
agreement with our ideas.

When I rises above I 4, a decrease of J/E, (and also
of am/E,) sets in both for bismuth and for lead, ap-
proximately like 1/, as predicted by the theory. (An
exception is Wood’s alloy, whose maximum is smooth
and whose decrease is slower than 1/I,.)

Our results together with the already noted results
of measurements of the reflection coefficient (6) are, in
our opinion, an experimental confirmation of the liquid
metal—liquid dielectric phase transition described in
Sec. 2, which occurs when a metallic target is evapora-
ted by a laser beam.

As follows from Fig. 2, the surface temperature of
aluminum is close to T, already at an intensity
3 x 10" W/cm®. We did not observe, however, the theor-
etically predicted dependence of J/E, on I, in this reg-
ion. There is, however, a known experimental study
whose results can apparently be interpreted from the
point of view of the metal—dielectric transition in alum-
inum. A studyl”? of the growth of the depth of the
crater during the time of a pulse with 7 ~ 10™ sec has
shown that starting with an intensity I, = 2.5 x 10" W/cm®
the maximum depth produced after the total irradiation
time remains constant with increasing I, up to a value
I = 4 x 10" W/em®. This can be attributed to the in-
duced transparency of the metal and to the fact that the
evaporation front reaches the maximum velocity u(de)
(see Sec. 2).

The reason why our measured recoil momentum of
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aluminum shows no singularities connected with induced
transparency may be that aluminum is the only metal
used in our experiments in which the depth of the crater
is relatively large, and the reliable experimental points
obtained under conditions of planar evaporation lie be-
low I, = 10" W/cm®. As already mentioned at the be-
ginning of this section, failure to satisfy the condition

h < d gives rise to edge effects that lead, in particu-
lar, to an increase of the recoil momentum as the re-
sult of directed ejection of liquid metal. This is appar-
ently the very reason why no singularities of J/E, and
Am /E, as functions of I, have been observed so far.

1t should be noted that, even far from the induced
transparency threshold values L 4 and T 4, the values
of J/E, and Am /E, measured by us under conditions
close to planar evaporation differ significantly from
measurement obtained with sharp focusing. A compar-
ison of the corresponding results in the case of alum-
inum is shown in Fig. 9. Curve 1 in this figure was ob-
tained in our experiments with a laser whose emission
energy was Eo ~ 1 kJ. A certain difference between the
results of experiments with sharp focusing and with
larger spots is observed also in measurements of the
mass of material ejected from the target surface.
In{**], where an emission energy up to 1 kJ was used,
the results obtained for J/E, were higher, as in our ex-
periments, than in the measurements shown in Fig. 7,
where energies up to 10 kJ were used.

It is difficult to compare experimental data obtained
under conditions of sharp focusing, since the shape of
the crater can strongly influence the recoil momentum
in this case. We performed the following experiment,
which confirmed this influence. We measured the re-
coil momentum at a radiation energy up to 1 kJ, using
lenses with focal lengths f =1 m and f = 0.3 m. The
target was located at the same distance from the focal
plane of the lens in front of the focus in one case and
behind it in the other. A converging light beam was
incident on the target in the former case and a diverg-
ing one in the latter. At equal intensities and equal-
spots, the recoil momentum measured with the target
located behind the focus was on the average larger than
the momentum obtained when the target was in front of
the focus. The shorter the focal length of the lens, the
more noticeable this effect. In the case of the lens with
f = 0.3 m, the data differed by an approximate factor of
2. The observed effect is due to the different shapes of
the craters, the edges of the crater obtained behind the
focus being sharply outlined, while those obtained in
front of the focus are blurred. In the former case the
ejection of matter (vapor or liquid) is therefore more
directional and the recoil momentum is increased. The
foregoing examples show how important it is to obtain
conditions of planar evaporation in the experiments.

CONCLUSION

The results oft?*] reported here, pertaining to the
vanishing of metallic properties of a target whose sur-
face is heated by laser radiation of intensity I > I, 4,
and to the associated induced transparency of the mater-
ial, which makes it impossible to heat the surface to a
temperature above critical, are based at the present
time on the following experimental data.
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First, a sharp decrease of the reflection coefficient
of the light at I > 14 (see"®) and Secs. 2 and 4 of the
present article), and second, the anomalous dependence
of the relative recoil momentum on the incident inten-
sity, with a maximum at I =1 and with subsequent de-
crease at I > 1 4, as found in the present work. A con-
firmation of the induced transparency of the metal may
also be the fact that the velocity of the evaporation front
as a function of I exhibits saturation in the experiments
with aluminum (see["] and Sec. 2 of the present article).
An additional confirmation of the conclusions of the
present article can be found in experiments on the gas-
dynamics of plasma flares. These experiments are not
reported in the present article. We do present, how-
ever, a brief summary of their results pertaining to the
main conclusions of the metal-evaporation theory des-
cribed above.

It was shown earlier!**} that when laser radiation of
millisecond duration at sufficiently high intensity
(I ~ 107 W/cm?®) acts on a target, the result is a gas
dynamic plasma flare structure which is stationary in
time, with a shock wave that is immobile relative to the
target; the characteristic dimensions of the shock wave
are much larger than the dimensions of the zone of tar-
get irradiation (if the pressure of the surrounding med-
ium is p < 1 atm).

We have obtained the dependence of the flux j, of
vapor from the target on the light intensity by measuring
the velocity of the gas ahead and behind the shock-wave
front, and also by measuring the distance between the
shock wave and the target at different intensities of the
incident light. Experiments with bismuth have shown
that at I, < (L)), q ~ 3 x 10° W/cm® (this value corre-
sponds to the position of the maximum on the j/E, curve
of Fig. 7) the value of j, agrees with that calculated
from the formulas of Sec. 1 of this article, and at I,
> 3 x 10° W/em® the j,(I) plot flattens out, as predicted
by the theory of Sec. 2 of the article. We note that, un-
like the method in which the ejected mass is determined
by weighing the target before and after the experiment,
this method eliminates the contribution of the liquid
phase to the determined mass flow.

Other results having a direct bearing on the present
study concern the absorption of the transmitted light by
the plasma flare in the structure described above.

It was established int*? that under the experimental
conditions p S 1 atm and I, ~ 10" W/em?® (Fig. 7) the ab-
sorption of light in the part of the flare behind the shock
wave front is negligibly small. As to the absorption of
the transmitted light near the target in the zone of one-
dimensional planar scattering of the vapor, it follows
from the stationary character of the gas dynamic struc-
ture and from the picture of the glow of the flare that if
such absorption does take place it is approximately con-
stant in magnitude (¢ = const). This means that the de-
crease of J/E, observed by us as a function of I, at
I > L 4 for bismuth and lead (Fig. 7) is not connected
with absorption of radiation in the flare. (The calcula-
ted and measured values of J/E, agree at I < L,4q When
6 ~ 1, see Secs. 3 and 4). This conclusion is important
because, formerly, a plot of J/E, against I, similar to
ours, with J/E, decreasing with increasing I,
> 10° W/em® in experiments in which the target is ex-
posed to nanosecond laser pulses (see[”, Sec. 5.3), is
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connected precisely with the occurrence of strong
screening of the target against the incident light by the
development of optical breakdown of the vapor near the
target.

The existence of a stationary regime of light absorp-
tion in our experiments in the region of one-dimensional
motion of the vapor is by now an experimentally estab-
lished fact. In experiments with bismuth targets under
conditions corresponding to the data of Fig. 7, it was
found that the velocity of the vapor in the region of one-
dimensional scattering depends on the intensity like
u; ~ %, The obtained absolute values of u; and the
character of the u,(I) dependence, which is much stron-
ger than in the phase-transition theory of Secs. 1 and 2,
indicates that the vapor is heated in this region of mo-
tion to temperatures T ~ 10*°K. Direct spectral meas-
urements in the case of aluminum have shown, e.g., that
at I, > 10" W/cm® the temperature of the vapor near the
target is = 1 eV, which is much higher than the critical
temperature. This experimental fact, of course, does
not contradict the results of the present article, which
concern the impossibility of heating the target surface
to a temperature above critical even if I, >> 10" W/cm®.
The jump of the temperature in the region of one-
dimensional vapor motion near the target takes place
in a vapor ‘‘combustion’’ front which is stationary rela-
tive to the target.

Such an interpretation of the temperature jump is
based on the experimentally demonstrated (seel**J)
possibility of maintaining a stationary plasma by a
laser beam, a possibility based on processes analogous
to slow chemical combustion.
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