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optimum values are chosen it follows from Egs. (6)
and (7) that the gain in temperature is about
(VsfV1)™.

In conclusion, we have shown how the compres-
sion temperature of a theta pinch scales with the f
of the plasma and with the circuit parameters, and
we have discussed a method to increase the implo-
sion heating by the use of two capacitor banks
rather than one.
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A hydrodynamic model for the heating of a plasma generated by the interaction of an intense
giant laser pulse with a plane, solid target is developed. It is shown that in the case of nanosecond
light pulses and a finite focal spot diameter, the plasma production may be considered as a steady
state problem. Expressions for the electron temperature, the expansion energy of the ions, and the
total particle number in the plasma as a function of the incoming light intensity are derived. An

estimate of the ion temperature is discussed.

It has been shown in a number of publications !
that during the interaction of intense laser light with
solid materials a very dense and energetic plasma is
formed. Representative values for the particle den-
sity and the electron temperature are 102! cm™3 and
several 100 eV 2 respectively. The kinetic energy of
the ions measured at great distances from the target
are in the range of several keV, depending on the
target material 3.

In this paper we present a model for the heating
of a laser produced plasma which is capable of ex-
plaining the difference between temperature and ex-
pansion energy noticed in previous experiments. We
will restrict our considerations to the case of plane,
solid targets. In the case of spherical targets we
refer to papers by DawsonN* and FADER 5.

1 For references see H. Opower, W. KAI1ser, H. PUELL, and
W. HEINICKE, Z. Naturforsch. 22 a, 1392 [1967].

2 B. C. BoLanD, F. E. Irons, and R. W. P. MCWHIRTER, J.
Phys. B 1,1180 [1968].

3 H.Orower and W. Press, Z. Naturforsch. 21 a, 344 [1966].

I. Ionization and Absorption

The transition of a solid material to a plasma
under the influence of a strong radiation field is
fairly well understood. In general, it is assumed
that, first, some free electrons are created within
the solid due to multiphoton transitions % 7. These
electrons are then multiplied by a cascade ionization
process 8. At light intensities of 102 W/cm? a (near-
ly) complete ionization of the irradiated solid in a
time <1071 sec is achieved .

Therefore, for pulse durations >107%sec we
may neglect the time necessary for sublimation and
ionization in the following problem.

The heating of the plasma is due to energy ab-
sorption of the electrons from the radiation field

-

. M. DawsoN, Phys. Fluids 7, 981 [1964].
W. J. FADER, Phys. Fluids 11, 2200 [1968].

. V. KELDYSH, Sov. Phys. JETP 20, 1307 [1965].

. GoLp and H. B. BEsB, Phys. Rev. Letters 14, 60 [1965].
‘U. P. RAI1ZER, Sov. Phys. Uspekhi 8, 650 [1966].
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by inverse bremsstrahlung. The corresponding ab-
sorption coefficient K may be derived in a macro-
scopic %1% as well as in a microscopic picture !* by
combining Maxwells equations with equations de-
scribing the plasma properties. In the following cal-
culations we shall use the expression for K given
by DAwsoN and OBERMAN !1:
K 327%Z% nenjefln A ( B ﬂ_)#%
T 3ca?@amkTe)’: Nep
N < Tlep (La)
- ,Qlje_z_( "94)_"’
T (kTe):

~
and

K= (2w/c) (nefngp —1)*"

ne, kT., and m are the density, temperature,
and mass of the electrons, n; and Z are the den-
sity and charge of the ions. n,, is the electron den-
sity at which the corresponding plasma frequency
wp = (47 € nep/m) " equals the frequency o of the
incident light. For the frequency of a ruby laser
this critical electron density is calculated to be
nep=2.3-10*1 cm™3. A is the ratio of Debye length
and impact parameter 2. For w=2.7-10' sec™!
(ruby laser) the constant C has the value

C=2.5-107% CGS units.

ne>ne. (1D)

Notice the dependence of the absorption coeffi-
cient K on the electron temperature k7, in the
density region n.<ne,. In the case n,>n.,, K be-
comes very large with values exceeding 10* cm™1.

It should be pointed out that the index of refrac-
tion also decreases for electron densities exceeding
the value of n.,. As a result, for n,>n,, there is a
strong reflection of the incoming light. The amount
of the reflected light, however, is very sensitive to
the gradient of electron density in the plasma 13 14,
In the case n.<ne, the reflection of light is negli-
gible.

II. The Model

After this brief description of the absorption of
light in a plasma let us consider the following pro-

9 H. HoraA, Inst. Plasmaphysik Garching, Rep. IPP 6/23
[1965].

10 N. G. Basov and O. N. KROKHIN, Sov. Phys. JETP 19, 123
[1964].

11 J. DawsoN and C. OBERMAN, Phys. Fluids 5,517 [1962].

12 1,, SpITZER, JR., Physics of Fully Ionized Gases, Intersci.
Publ., New York 1962, p. 128.

13 F. A. Arsint and R. G. JanN, J. Appl. Phys. 34, 75 [1961].
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blem. A plane, solid target, placed in vacuum, is
irradiated by the intense light of a giant pulse laser.
As pointed out above, the surface of the solid will
be ionized in a very short time. With increasing
electron density (due to the ionization processes)
the absorption coefficient will increase and the depth
of penetration of the incident light will decrease.
When the electron density reaches about 10%! cm™3
the plasma layer will be only a few 1072 cm in thick-
ness. Because of the energy absorption within the
plasma its temperature will increase. The resulting
pressure gives rise to an expansion of the plasma
into the vacuum. Connected with the expansion is a
decrease in density which alows the incident light to
penetrate deeper laying layers.

Such a model was already described by several
authors 1% 16, Tts experimental verification was
achieved by OPOWER et al.! and by SIGEL !7.

Using this model AFANASYEV et al.1® and Ca-
RUSO et al. 1% presented the functional dependence
of plasma velocity and plasma production rate on
the incoming light flux from geometrical considera-
tions. No information about the electron- or ion-
temperature was obtained by this method. An esti-
mate of the electron temperature was given by Ba-
sovV et al. 18 considering the plasma production as a
problem of nearly spherical geometry.

An exact description of the heating and the ex-
pansion of the plasma is possible by combining the
hydrodynamic equations and the absorption law for
the laser light. The resulting set of equations cannot
be solved analytically. Numerical calculations have
been carried out by MULSER !* considering a one-
dimensional geometry. The qualitative agreement of
these numerical results with those, evaluated from
dimensional considerations, is quite good. The ab-
solute values for expansion velocities and electron
temperatures, however, are substantially higher than
the experimental data!?. The reason for this discre-
pancy is the one-dimensional geometry adopted in
the numerical calculations. In this case the plasma
interacts with the incoming light beam during the
whole pulse duration. In reality the time of inter-

14 P, MULSER, Z. Naturforsch. 25 a, 282 [1970].

15 Yu. V. AraNnasyev, O. N. KrokHIN, and G. V. SKL1zZKOV,
IEEE J. Quantum El. QE-2, 483 [1966].

16 A, Caruso and R. GRATTON, Plasma Phys. 10, 867 [1968].

17 R. S1GEL, Z Naturforsch. 25 a, 488 [1970].

18 N, G. Basov, V. A. GriBkov, O. N. KrokHIN, and G. V.
SkL1zKOV, Sov. Phys. JETP 27, 575 [1968].
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action is reduced for two reasons: a) the more rapid
decrease of the density of the plasma in three di-
mensions and b) the decreasing light intensity with
increasing distance from the focal plane of the lens
system.

In this paper we wish to discuss a model which
allows us a distinction of thermal and kinetic energy
in the plasma and also to take into account the spa-
tial flow away from the target. We are interested
especially in the case of plane, solid targets where
the finite dimension of the focal spot is taken into
account. As pointed out by CARuUsO et al.16 this
problem may be considered only to a certain extent
as a one-dimensional one. At distances t<R (R is
the radius of the focal spot) from the target the
plasma flows mainly in the direction of the target
normal. The particle loss through the side walls of
the plasma cylinder (see Fig. 1) is negligible and
the problem may be treated one-dimensionally. At
distances > R, the lateral flow of the plasma can-
not be neglected.

In our model we will treat the plasma as a con-
tinuous particle flow originating at the target. For
the sake of simplicity we make the following as-
sumptions:

a) We divide the plasma in three regions. In re-
gion I (x<0) the undisturbed target is situated. In
region II (0<x<R) the plasma flow is assumed
to be one-dimensional, whereas in region III (x> R)
the flow is allowed to show a lateral spread. The
three regions are shown schematically in Fig. 1.
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Fig. 1. Schematic drawing of the plasma flow. I. Undisturbed
target. II. One-dimensional flow. III. Three-dimensional flow.

The rapid decrease in density in region III due
to the spatial flow causes the major heating of the
plasma by the incident light to occur in region II.
We will call this region the “heating zone”.

Since we are mainly concerned with the heating
of the plasma, we may neglect the events within the
undisturbed target during the plasma formation. We
only mention that, because of conservation of mo-
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mentum, a shock wave will penetrate the target. The
corresponding energy transfer may be neglected be-
cause of the substantial difference in density be-
tween the solid target and the plasma 16,

b) The plasma production will be considered as
a steady state process. This assumption is suggested
by our previous experimental results! showing a
heating of the target layer by layer. A steady state
will be reached, if the time which an electron ion pair
spends within the heating zone is less than the dura-
tion of the laser pulse. It will be shown in the dis-
cussion that in the case of nanosecond pulses this
assumption generally is fulfilled.

c) The light absorption takes place at a density
ne<nep. The problem is simplified by using the
absorption coefficient given in Eq. (1a) without
taking into account the factor (1 —n./n,) =" These
assumptions limit the validity of our model towards
higher light fluxes. A more detailed discussion of
this point will be given in Sect. III.

d) Heat conduction in the plasma will be neglect-
ed in accordance with the results of MULSER 4. Ra-
diation losses in the plasma are also neglected (an
estimate of these losses will be given in the appen-
dix). Furthermore, we ignore the amount of energy
necessary for the ionization of the plasma. The in-
fluence of this assumption will be discussed later.

An essential point in our model is the distance
x = R, at which there is the transition from the one-
dimensional to the three-dimensional geometry. Se-
veral plasma parameters (density, temperature and
velocity) are estimated at this boundary. Since the
plasma exhibits a stationary flow, the light flux @
crossing the intersection area at z=R from the one
side has to be equal to the energy flux transported
by the plasma flow through this area from the other
side. Let us indicate all parameters at = R with the
index 1 and the electrons and the ions with e and i
respectively. Then we get from the conservation of
energy

Dy = et et (Wer + m udy [2) + nig wiy (wig + M uii/2).
(2)

n is the density and u the velocity of electrons and
ions. If the plasma is assumed to be an ideal, one-
atomic gas, the enthalpy w of each particle is given
by w= (5/2) kT, where kT is its temperature. From
the neutrality of the plasma follows u =u,=u; and
n=ne=2Z n;. If we neglect the electron mass m with
respect to the ion mass M, we may simplify Eq. (2)
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and get
Dy=nyu(akT5/24+Mu/22). (3)

The factor a takes into account the two limiting
cases for the ion temperature:

T'=0—a=1, and Ti=T.—a=(Z+1)/Z.

In the following sections we shall derive the val-
ues for the electron temperature, density and ex-
pansion energy from Eq. (3).

A) Electron Temperature

In order to determine the electron temperature
in the plasma first an expression linking the flow
velocity u; with the temperature k7T, is derived.
We consider the plasma within the region II. Ac-
cording to our model the plasma in II has a statio-
nary, one-dimensional flow with a constant cross-
section. The plasma flow originates at the stationary
target and it will be subsonic. We know from gas-
dynamics that adding energy to such a flow, gives
rise to an acceleration of the plasma with a flow
velocity not exceeding the local velocity of sound.
On the other hand, at great distances from the tar-
get the plasma flow certainly will be a supersonic
flow due to the expansion into the vacuum. The
transition from subsonic to supersonic flow in our
model is possible at the distance = R, since at this
point the cross section of the plasma stream in-
creases (this is in analogy to a deLaval nozzle with
negligible exit pressure). A similar consideration
was worked out by NEMCHINOV ! for models with
spherical and cylindrical geometry. The flow velo-
city uy is equal to the local velocity of sound a; at
the distance x =R

u,=a, = (5aZkT,/3M)". (4)

Care must be taken in evaluating the velocity of
sound, since the pressure P of the plasma is propor-
tional to the particle density (P=Z an; kT), where-
as the mass density o is proportional to the ion den-
sity (0=2n; M). Bearing this in mind one gets, with
the well known definition for the velocity of sound
a®=y(3P[30)r (5)
the expression given in Eq. (4). y is the ratio of the
specific heats: in our case y is 5/3.
Next we wish to derive an expression for the den-

sity n; . For this purpose we use the law of absorp-

19 1. V. NEMCHINOV, J. Appl. Math. Mech. 31, 320 [1967].
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tion of light and the equation of continuity, which
is simple in the one-dimensional region II.

nu=n;uy=const.

Since we are dealing with a stationary problem we
may express the law of conservation of energy for
an arbitrary point z within the region II analog as
to Eq. (3). Changing the index from 1 to = we u.
tain:

R
nfutCZ
(pI: (I)l-exp(— —i;f T;’/;? I)

z

=nu (5akT,/24+Mu?/22).

(6)

Here we substituted the light flux @, for @, using
the law of absorption. In the exponential the ab-
sorption coefficient K [see Eq. (1 a)] is already ex-
pressed in terms of electron temperature and plasma
velocity using the equation of continuity.

Equation (6) allows us the determination of the
density ny, if we know the functional dependence
of the flow velocity u on the temperature k7 over
the whole region II. We may get this information
by solving the corresponding equation of motion.
If we insert the resulting expression for u(kT) into
Eq. (6) we find an expression which cannot be solv-
ed analytically.

To obtain an estimate for the density, we make
the following approximation: at each point within
region II the flow velocity u equals the respective
velocity of sound a. This assumption does not fulfil
the equation of motion, but we expect a reasonable
estimate for the density on acount of the following
argument: Eq. (6) was derived from the law of
conservation of energy and indicates the energy per
unit area and unit time absorbed by the plasma up
to distance x. The relation between the velocity and
the temperature specifies the partition of the ab-
sorbed energy in kinetic and thermal energy. With
our approximation (flow velocity equal to local velo-
city of sound) we overestimate the flow velocity,
since the identity of both velocities may not be ob-
tained till the point z=R; in practice the density
increases toward the target more rapidly than in
our approximation (equation of continuity). On the
other hand, the electron temperature drops in a
slower way toward the target than it is described
by our approximation, since a larger amount of
energy is transformed to thermal energy. Since the
absorption coefficient is proportional to n2/(kT.)",
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we feel that the inaccuracy of our approximation
is relatively small.

Using u, =a, we may rewrite Eq. (6); together
with Eq. (3) we obtain

R
T =kTyep(— ["CE LG} (1)
z

Differentiating Eq. (7) with respect to = one gets
a differential equation describing the electron tem-
perature as a function of x. This equation may be
solved with the boundary conditions k7,=0 for
2=0 and kT,=kT, for x=R. After some re-
arranging, the desired expression for the density
ny at the point x = R is found:

n = (kTy)"(2/5CZR)". (8)

This result is similar to the expression obtained
from dimensional considerations 16 18,

It remains to express @D, in terms of D, (the
incoming unattenuated light flux). To do this we
have to investigate the light absorption within re-
gion III. We assume a density dependence with dis-
tance as suggested from the geometry of the prob-
lem: n=n,(R/x)2. The electron temperature in this
region is given (in a first approximation) by the
relation between temperature and density in an
adiabatic expansion process for a one-atomic gas:
kT/kT,= (n/n;)”>. In the case of laser produced
CH, plasmas this relation was proved to be valid
for densities up to 10! cm™3 by BOLAND et al.2.
Inserting these expressions for density and tempera-
ture into the law of light absorption and integrating
from infinity up to R we obtain:

@, — Byexpl _Rch &) (2/3) B, (9)

Eq. (9) indicates that 1/3 of the incoming light flux
is absorbed by the plasma in region III. Never-
theless we think that our adiabatic description of
the plasma in this region is a fair approximation,
since the absorption takes place over large distances.

Inserting the obtained results for the flow velo-
city [Eq. (4)], electron density [Eq. (8)] and the
light flux [Eq. (9)] into Eq. (3), we get the tem-
perature at the point x=R as a function of the in-
cident light flux:

kT,=a""*(3MCR/50)" ®y*.  (10)

20 H. PueLL, H. J. NEUsseEr, and W. KAISER, following publi-
cation Z. Naturforsch. 25 a, 1815 [1970].
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It should be pointed out that £ T, represents the
highest temperature in the plasma. In region II the
temperature is increasing from kT =0 (at x=0) to
kT=FkT, (atx=R), as may be seen from Eq. (6) ;
in region III the temperature is decreasing because
of the adiabatic expansion into the vacuum.

The relation between temperature and light flux
given by Eq. (10) is comparable with the results
obtained by Basov et al.!® from a similar model
and by MULSER ! from numerical calculations on a
one-dimensional model.

It should be noted that our temperature measure-
ments 2 on carbon targets showed a very good
agreement with the theoretical values given in Eq.
(10). In the case of experiments with plasmas con-
taining different ion species (e. g. LiD) one has to
use the average mass and charge of the ions (see the
derivation of the velocity of sound [Eq. (5)]).

B) Ion Temperature

In a number of experiments the ion temperature
is of major interest. In this chapter we wish to esti-
mate the ion temperature during the heating of the
plasma. As mentioned above the primary absorption
process in a plasma is due to electrons. Collisions
between electrons and ions transfer some of the
electron energy to the ions. We compare the cor-
responding equipartition time z,; with the time ¢
which an electron ion pair spends within the heat-
ing zone. 'For t,;<? equal temperature between
electrons and ions will be achieved [i.e. a =(Z +1)/Z
in Eq. (10)], whereas for #,; >t the electrons have
a higher temperature (a221). We define a limiting
temperature Ty, up to which the ion temperature
equals the electron temperature:

tei(Tyw) < ¢'(Ty). (11)

The equipartition time ¢; is given by 2!
3M(k Te)l/’ (kTe)' A

SR <. i g 72" 97
tei= G amyh8eAZ@Z D) nAng 0 10
(12)

A is the atomic mass of the ions. The temperature
is expressed in eV. The time ¢ is approximately
equal to the time which an ion with a velocity u
needs to transverse region II.

t 2R/u,.

(13)

21 T, P. SHKAROFSKY, T. W. JoHNsTON, and M. P. BACHYNSKI,
Particle Kinetics, Addison Wesley Publ. Co., Reading
1966.
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Introducing the values for t,; and ¢’ into Eq. (11),
where we express the density n, and the velocity u,
as a function of temperature [Eq. (8) and Eq. (4)]
and solving Eq. (11) with respect to the tempera-
ture Ty, we find:

ETy £5-107°[RZ(Z+1)/C A]™: (eV). (14)
Temperature Ty, may also be expressed in terms of
a limiting light flux @y, using Eq. (10):

Dy <5-10756[R2(Z +1)12/23 A7 C7]"* (CGS units).
(15)
Up to this light intensity ions and electrons in a
laser produced plasma will have approximately equal
temperature. Characteristic values for a deuterium
plasma are kT, >400eV and @;,221.5-1013 W/cm?
for R=50 x and C=2.5-1075%5 CGS units.
Experimentally it is rather difficult to determine
the ion temperature directly (e. g. THOMSON scat-
tering experiments 22). In our experiments?® we
used an indirect method to find some information
about the ion temperature. We compared the ex-
perimentally determined electron temperature for
different target materials with the theoretical values
given by Eq. (10). A better fit of experiment and
theory was obtained when a= (Z+1)/Z was used
in Eq. (10) corresponding to equal temperature of
ions and electrons. These experiments have been
performed at light intensities well below the limit

given by Eq. (15).
C) Total Number of Particles

It is quite easy to evaluate the total number of
particles N produced by the laser pulse from the
equations derived in the previous chapters. Since
we are dealing with a steady state problem we may
write [using Egs. (4), (8) and (10)] the charge
flux in the following way:

S —nyug=a " (2[3 M CR)™ (By/5)™. (16)
For a Gaussian light pulse with a half width 7 and
a maximum pulse intensity @, at ¢t=0, integration
leads to .
N =7z R a~"*7(9 /20 In2)"*(2/3 M C R)"*(D,/5) *".
(7)
This dependence of the particle number on the light
flux has been derived by several authors 1618 from
a similar model.

22 T. V. GEORGE, A. G. ENGELHARDT, and C. DEMICHELIS,
Appl. Phys. Letters 16, 248 [1970].
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D) Expansion Energy

An important quantity characterizing a laser pro-
duced plasma is the kinetic energy of the ions mea-
sured at large distances from the target. We derive
this expansion energy by the following argument:
During the heating of the plasma the absorbed en-
ergy is divided into thermal and kinetic energy of
the particles. At large distances from the target.
however, all of the particle energy is transformed
in kinetic energy due to the expansion of the plasma.
Because of the neutrality of the plasma and because
of the small mass of the electrons this energy is
carried exclusively by the ions. In our steady state
model the value of the ion expansion energy E is
just equal to the incident light flux @, divided by
the ion flux n;u leaving the target. Remembering
ni=ne/Z and using the equation of continuity we
obtain:

E=Z ®y/n u,. (18)

Inserting Eq. (16) into Eq. (18) we get
E=5aZkT;=5Zad”*(3MCR/50)" @,". (19)

The expansion energy is proportional to @,". This
dependence has been derived from dimensional con-
siderations taking into account the finite dimension
of the focal spot1f. Equation (19) shows that the
expansion energy of the ions exceeds the electron
temperature by a good factor. For a fully ionized
carbon plasma we get e.g. E=35kT;, assuming
equal temperature for electrons and ions.

Comparing experimental results obtained for the
ion energy with the calculated values, one has to
know the charge of the ions. One obtains this in-
formation from direct measurements or, if the elec-
tron temperature is known, from an estimate of the
degree of ionization. In the case of high light in-
tensities and target materials of low atomic number
the plasma can be considered as fully ionized. It is
shown in the appendix that carbon plasmas are fully
ionized for light intensities exceeding 2-10'2 W/cm?
(ET>200¢eV).

II1. Discussion

In this section we wish to discuss the range of
validity of the results derived from our model. One
of our essential approximations was the stationary
treatment of the problem. We have shown that the
main absorption in the plasma takes place in the
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heating zone (region II). A steady state in plasma
production will be reached, if the time ¢’, which an
electron ion pair spends within the heating zone, is
small compared to the pulse duration 7 of the laser.
Using ¢’ = R/u, , as we did in chapter II, B, we get
as a condition for the pulse duration

t>1 R a3 M/5 Z)* (50/3 M C)'» By~ (20)

For a carbon plasma produced by a light flux of
®,=10'>W/cm? and a focal diameter of 2R =80 u
the characteristic time is ¢ 221.6 x 1071 sec, i. e.
a stationary description of the plasma production
is valid for intense nanosecond laser pulses.

Another significant approximation was the ap-
plication of the absorption coefficient K given by
Eq. (1a), which is only valid for n.<n., [we ne-
glected the factor (1 —n./ne,) ~"#]. The validity of
our results is limited to this density region. If we
set n; 2 n,, in Eq. (8) and make use of Eq. (10)
we estimate a limiting value for the light flux, @/,

By< B, =n3,25CR(53Z312M)".  (21)

A value of @' =8x 103 W/cm? is calculated for a
carbon target, with R=40 u, Z=6 and n¢,=2.3
-102* cm ™3, i.e. for the intensity range used in
our experiments our approximation was satisfied.

Now we wish to estimate the electron temperature
for high light fluxes. If the light intensity exceeds
@,’, the electron density would surpass ne, . In this
case the absorption coefficient does not show a
strong dependence on temperature. Near n., a small
change in density will increase the absorption co-
efficient considerably. Thus Eq. (8), describing the
relation between temperature and density at the
distance « = R, does not hold anymore, and we may
consider the density in a first approximation as a
constant and write ny =n.,. Using this relation in-
stead of Eq. (8) we rewrite Eq. (10) for the case

D> D, and find:
kT, (3M/n2Z2)" Dy[5a  Dy>D, . (22)

A similar dependence of the plasma temperature

Integrating Eq. (23) over all frequencies we get the
lung

Pit=D (kT yu/h®)": ne(% n; Z*
where £ T is in eV.

23 J. L. BoBIN, F. DELOBEAU, G. DE GiovANNI, C. FAuQuIG-
NON, and F. FLoux, Nucl. Fusion 9, 115 [1969].

215102k T) " ne S n; 22
@
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on the incident light flux has been evaluated by
BOBIN et al. 2 using a deflagration wave model.

Finally, we want to mention that the ionization
energy y is negligible as long as ZkT;>y holds.
In general, the degree of ionization in the plasma
reaches such a value that the above condition is ful-
filled. The influence of the ionization energy on the
temperature is negligible, since the charge depen-
dence of the temperature is weak [see a in Eq. (10)].
On the other hand, the expansion energy of the ions
is quite sensitive to the charge Z and we get an in-
direct influence of the ionization energy, since the
ion charge depends on the degree of ionization in
the plasma.
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Appendix

In the absence of external magnetic fields the emit-
ted radiation in a plasma is due to three different me-
chanisms. One distinguishes between bremsstrahlung,
recombination radiation, and line radiation. In this ap-
pendix we estimate the energy loss of the plasma due
to each of these radiation processes.

a) Bremsstrahlung

The bremsstrahlung is emitted by free electrons dur-
ing an energy change within the continuumj; it is also
called free-free radiation. The electron is decelerated
in the field of an ion, and a photon corresponding to
the change in energy is emitted. The rate of brems-
strahlung emission per unit volume and per unit fre-
quency interval is given in Ref. 2

Pit(v) =D g(gu/k T) 2 ne S ni Z2 exp{hv/k T}, (23)
(2)

D=27(7/3)" a® ae® yu=1.7-10"47 (J cm3).

Here a is the fine structure constant, a, the Bohr ra-
dius and yu the ionization potential for hydrogen
(xa=13.59 €V). The Gaunt factor g takes into account
the deviation of quantum mechanical calculations from
the classical expression. In our estimate we will set
g=1.

total power Pi; per unit volume radiated as bremsstrah-

(W/cm3), (24)

24 G. ELWERT, Z. Naturforsch. 9 a, 637 [1954].
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b) Recombination Radiation

Besides the change of energy within the continuum a free electron has the possibility to go into a bound state.
The radiation emitted during this process is called recombination radiation. The intensities of bremsstrahlung
and recombination radiation are of the same order of magnitude if the thermal energy of the free electrons is
less than the binding energy. The power Pg,(¥) emitted as recombination radiation per unit volume and unit
frequency interval is given in Ref. 24

Pty () =D ne (xu/k T) ""{ZE) ni(Z) fl(%_ (ta/xm)? G /n) exp{(Gz—h»)[ET}, hv> (25)

D is the constant given in Eq. (23), ni(Z) is the density of ions with the charge Z and 5 is the ionization po-
tential of an ion with the charge (Z—1) for electrons in the 7i-th shell. 7 is the main quantum number and (5
the number of unoccupied sites in the n-th shell. f; represents the gaunt correction for free-bound transitions
which will be neglected in our estimate.

In the frequency range h» >> yz recombination radiation and bremsstrahlung show the same spectral behav-
iour. At hv=ys the recombination radiation spectrum shows a discontinuity, since this case corresponds to the
capture of a resting free electron by the ion. The total power emitted per unit volume is obtained by integrat-
ing Eq. (25) for hv > x4z

Piy=Dne(A/RkT) 3 ni(Z) T (/yn)® (G/A) =2-107 %k T) e ne mi(2) T (/ow)® G/A)  (W/em?)
(Z) (m) (2) (m) (26)

where £ T is in eV. From Eq. (26) we see that the power of the recombination radiation may exceed the brems-
strahlung at low temperatures and high ionization potentials.

¢) Line Radiation

If there are ions with one or more bound electrons present in the plasma, we also have to consider the ex-
citation of these electrons and the corresponding line radiation. The power P) emitted as line radiation per unit
volume is given in Ref. 2%

Pi=4Vaaagcyu(xu/kT)" ne % ni(Z) exp{ —E(Z2)/k T}
k =3.5-10"25(k T) ~' ne %) ni(Z) exp{ —E(Z) |k T} (W/em3)  (27)
(

omitting any reabsorption (optically thin plasmas). The summation has to be made over all ions with one or
more bound electrons. E(Z) is the corresponding excitation energy. Values for E(Z) are given in Ref. 6.

d) Radiation Powers in a Laser Produced Plasma

Before we estimate the radiation losses in a laser produced plasma we have to evaluate the ion densities n;(Z)
for different ionization stages. To do this we use the corona model by ELWERT 2?7’ where we assume an equi-
librium between the ionization and recombination processes. In Table 1 the relative population of the different
ionized states at three temperatures are compiled for hydrogen, lithium and carbon plasmas. At 100eV the
calculated values for a carbon plasma are in good agreement with the experimentally determine populations in
a laser produced carbon plasma 2.

kT (eV) H Li* L3¢ ¢+ Cs* oy o -~ & = —~
% B ~ & B g
B N N ~ N ~
100 1 21104 1 036 056 0.08 : % & o A, <
200 1 5710~ 1 10—% 0.03 0.97 & a &
300 1 2-10-3 1 105 0.01 0.99
100  3.8-10* 8.0-10% = 1.2-10% 5.0-107
Table 1. Relative population of the different jonization stages [LiD 200 5.4-104 5.7-10% = 1.1-10% 2.0-108
for H, Li, and C calculated from the corona model. 300 6.5-10¢ 4.5-10% = 1.1-105 5.0-108

100 2.0-10* 5.0-10* 5.0-10% 5.0-10% 2.0-107
Cc 200 1.5-105 6.0-10° 106 1.7-10% 108
300 1.9-105 5.0-10° 3.5-10% 8.5-10% 2.5-108

% H. R. Griem, Plasma Spectroscopy, McGraw-Hill Co., New  Table 2. Radiated power from a laser produced plasma. ff:
York 1964. bremsstrahlung, fb: recombination radiation, 1: line radia-

26 LANDOLT-BORNSTEIN, Atom- und Molekularphysik, 1. Teil,  tion, and L: laser. P-V is the total radiated power. Plasma
Atome und Ionen, Springer-Verlag, Berlin 1950. volume V=10-7 cm3.
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In Table 2 values for the power emitted by the three different radiation mechanisms in a laser produced plasma
are given for three different temperatures. We assumed a radiating volume ¥ of 1077 cm3 which is a represen-
tative value for the volume of the heating zone. The electron densities were taken from the expression given in
Eq. (8). PV is the total power of radiation emitted by the plasma. For comparison the laser power Py, which is
necessary to heat the plasma up to the indicated temperature is given.

We see from this comparison that in general radiation losses may be neglected. Only at low electron tempera-
tures and with targets with elements of high Z losses due to the line radiation are considerable.

27 G. ELWERT, Z. Naturforsch. 7 a, 432 [1952].

Temperature and Expansion Energy of Laser Produced Plasmas

II. Experiments

H. PueLLr, H. J. NEUSSER, and W. KAISER

Physik-Department der Technischen Universitat Miinchen

(Z. Naturforsch. 25 a, 1815—1822 [1970] : received 25 September 1970)

Experiments on laser produced plasmas with light intensities between 2-10!! and 5-102 W/cm?
are reported. Measurements of the electron temperature and the expansion energy were performed.
In the case of LiD targets the highest temperature observed was 200 eV. Using carbon targets a
maximum temperature of 330 eV was measured. The corresponding expansion energies reach values
as high as 13 keV. The experimental results are in good agreement with a stationary, hydrodynamic
theory. We conclude from our data that in our LiD and C plasmas ions and electrons have the

same temperature.

The production of plasmas by irradiating plane,
solid targets with intense light pulses has been in-
vestigated experimentally by a number of authors
(1.c.177). The main interest of these studies is to
determine plasma parameters such as electron den-
sity and temperature, ion expansion energy, and
total number of particles produced during the inter-
action. We wish to report results obtained by ir-
radiating plane, solid targets of lithium deuteride ®
and carbon with a powerful giant pulse ruby laser.
The experimentally determined values for electron
temperature and ion expansion energy will be com-
pared with the results derived from the theory pre-
sented in a previous paper ® (later referred to as A).
In Section I we shall summarize the most important
results derived in A. Our experimental set up and
the results are presented in Sections II and III re-
spectively. In the Appendix, a detailed discussion is
presented on the X-ray method which was used for
determining the electron temperature.

! For reference of earlier publications see H. Opower, W.
Kaiser, H. PueLr, and W. HEINICKE, Z. Naturforsch. 22 a,
1392 [1967].

2 N. G. Basov, V. A. Boiko, V. A. DEMeENTEV, O. N. Kro-
KHIN, and G. V. SkLizkov, Sov. Phys. JETP 24, 659 [1967].

3 E. W. Sucov, J. L. Pack, A. V. PHELPS, and A. G. ENGEL-
HARDT, Phys. Fluids 10, 2035 [1967].

4 J.L.BosBiN, F. FLoux, P. LANGER, and H. PINGEROL, Phys.
Letters 28 A, 398 [1968].

I. Theoretical Remarks

In A) we developed a hydrodynamic model de-
scribing the plasma production as a steady state
process. Taking into account the finite dimension of
the focal spot we were able to divide the plasma in
three regions: a) the undisturbed target, b) a zone
of one-dimensional plasma flow extending from the
target surface out to a distance R (R ist the focal
spot radius), and c) a zone of three-dimensional
plasma flow (see Fig. 1 in A). It was shown that
during the simultaneous heating and expansion of
the plasma the flow velocity u reaches the local velo-
city of sound at the point z=R. Considering an
energy balance between the incoming light flux and
the thermal- and kinetic energy transported by the
plasma flow, we were able to determine the highest
plasma temperature kT, , the total number of char-
ges N produced during the interaction, and ion ex-
pansion energy E as a function of the incident light

5 B. C. BorLanp, F. E. Irons, and R. W. P. MCWHIRTER, J.
Phys. B 1, 1180 [1968].

6 C. Corin, Y. Duranp, F. FLoux, D. GuyoT, P. LANGER,
and P. VEYRIE, J. Appl. Phys. 39, 2991 [1968].

7 R. SIGEL, Z. Naurforsch. 25 a, 488 [1970].

8 The LiD single crystals were kindly provided by Prof. Dr.
S. HAussUHL.

9 H. PueLL, Z. Naturforsch. 25a, 1807 [1970] ; preceding
publication.



