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PLASMA CHEMISTRY AND THE DYNAMICS OF CARBON FOILS
TRRADIATED BY HIGH INTENSITY LASER PULSES

S. D.

Rockwood

ABSTRACT

Calculations: are presented which display the temporal behavior of
electron and ion temperatures and ion number densities during the avolution

of a carbon plasma irradiated by au intense laser pulse.

These plasma

kinetics calculations are coupled with a one dimensional Lagrangian hydrocode

simulation of the disassembly of thin carbon foil targets.

Resuits of these

calculations show line radiation from the targets to be negligible for
incident fluxes ¢ > 20'" watts/cm? while bound free radiation represents the

dominant radiation loss in many cases of interest.

From the results of the

numerical calculations an analytic model 1s developed which predicts the
exp*rimentally observed dependence of transmission through thin targets as a

funcdtion of laser and target parameters.

I. INTRODUCTION

This report 1s divided into three sections.
The first section examines the detailed kinetics in-
volved in the laser induced formation of a carbon
plasma. In the second section this analysis is in-
corporated into a one dimensional Lagrangian hydro-
code to simuiate the ionization and disassembly of
thin carbon targets irradiated by 1.06u Nd-glass
laser radiation. From the numerical solutions of
Section III certain approximations are observed to
be justified whicl: allow one to derive an analytic
expression for the transmission of the carbon foils
as a function of laser and material parameters. In
Section IV the analytic results are compared with
experimental data and excellent agreement is observ-
ed over a wide range of thicknesses for both carbon

and cellulose acetate targets.

II. CARBON PLASMA CHEMISTRY
A. Physical Processes

The kinetics of plasma formation are examined
through numerical solurion of the coupled rate equa-
tions governing the electron and ion temperatures,
the number density of species in each charge state
and the populations %f selected excited states. The

physical processes considered include: heating of
the electrons through absorption of laser light, e~
lectron production through cascade ionization, elec-
tron impact excitation, radiative recombination,
three body recombination, line radiationr with possi-
ble corrections for resonant trapping, bremsstrah-
lung and free-bound radiation. When the electron
density is below the critical density for the inci-
dent waveléngth, heating of the electrons is assumed
to proceed through inverse bremsstrahlung using the
absorption coefficient of Dawson.® When the elec~
tron density exceeds the critical density a classi-~
cal skin depth absorption coefficient is employed.2
As sources of input data the hydrogenic model of
Seaton is used for radiative recombination,’ the
cross sections of Lotz" for impact ionization and
the cross sections of Moiseiwitsch and Smith for im-
pact excitation.” These cross sections are general-
i1y applicable to any atomic system if the snergy le-
vels and optical oscillator strengths are known.

For most materials of interest the required data are
available from Refs. (6) and (7).

recombination rates are derived from the icnization

The three body

rates by requiring these two processes to yield a

Saha equilibrium.
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Figures (la) and (1b) display the energy ioss
rates per electron and per atom derived from the
above data for ionization and excitation of the var-
ious chérge states of carbon.

B. Plasma Constituents
Using the method of Fowler and Warten® for in-

tegration of the coupled rate equations we have
studied both laser and electron beam heating of sol-
The typical resultc of such a

In Fig.

id carbon targets.
calculation are shown in Figures (2a-b).
(2a) observe that the electron temperature rises

rapidly to a quasi-equilibrium value of Te =6 ev
where the energy input is balanc.d by ionization

losses in CI obtainable from Fig. (la). By a time
of t = 10 ' sec most of the CI has been ionized.
The temperature now rises rapidly due to the lower
loss rates in higher charge states of carbon (see

Fig. la) and further stripping of the various charge
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Electron energy loss rates through excita-
tion of selected levels in varicus ~arbon
icns as a function of electron tempera-
ture. The calculations follow excitation
of each of the levels listed helow indi-
vidually however for simplicity in graph-
ing these have been combined into a lumped
rate for each ion. The levels considered
cl, 2p3q, ZPB%i cII, 282p2(2D)

are: 1
2s2p2(2P), 2s3d; cllf, 252p, 2s3p; C v,
2p, 3p; C¥, 1s2p, 1s83p, C*', 2p.

states proceeds rapidly until CVII beccmes the dom—

inant ion for t > 10 '! sec. The calculation pre-

gented in Fig. (2) is of particular interest because
an Inversion is seen to develop between the lsZp and

1s3p levels of ¢’ for times 2 x 107 !? gec St <

3 x 10" !! sec , see Fig. (2b).
sults from very rapid three~body recombination pre-

This inversion re-

ferentially populating the higher 1s3p level.
C. Radiation

Laser fluxes of interest here are always 10!2
watts/cm? or greater in which case most of the com-
puted radiation from the plasma is free-bound radia-
tior resulting from radiative recombination. As the
electron temperature increases beyond Te = 5 kev
bremsstrahlung radiation becomes dominant., In all

cases line radiation plays an insignificant role as
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Fig. 2a. Calculated electron and fon temperature
and ground state populations of carbon ions
as a function of time.

Fig. 2b. Ground state and excited state populations
as a function of time for CY. Level nota-
tion, A = ground state lsz, B = 1s2p, C =
1s3p.

an energy loss since nearly all electrons which
might radiate are removed through ionization on a
time scale short compared to their radiative life-
times. Only when the incident flux is om the order

of 10'? watts/cm? or less does line radiation have

a chance to play a significant role. With laser
fluxes in this low range, Te < 3 ev ionization
rates can become comparable to, or slower than im-
pact excitation followed by radiative relaxation.

If the target is then small enough to be optically
thin in the lines, line radiation may represent a
large energy loss for the plasma. As mentioned pre-
-7iously this low flux case 1s not of interest im the
present investigation. Figure (3) shows various con-
tributions to a typlcal computed radiation spectrum
from an optically thin tcrget at a temperature of

Te = 664 ev, The characteristic sawtooth behavior

of the free-bound contributions is of Interest since

it may represent a useful diagnostic on plasma
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Fig. 3. Contributions to the totzl plasma emission
speccrum.



conditions. The energies at which the spectrum rises
abruptly are the ionization potentials of the charge
states of carbon and give an indication of the ions
present, while the decrease in the spectrum above
the ionization potential is principally due to the
Boltzmann factor in the electron distribution and
hence may be used to determine the electron tempera-

ture.

ITI. TARGET DYNAMICS

A. Physical Processes

The temporal evolution of the target density,
velocity, and pressure are described through numer~
ical solution of their Lagrangian equations of mo-
tion using a quadratic artificial viscosity.? An
ideal gas equation of state is assumed with an isen-
tropic exponent of Y = 5/3. The thermal pressure is
augmented by a magnetic pressure with the local mag-

netic field determined by
B(X,T) = VAT #(x,t)/V(x,t)

where ¢(x,t) 1is the laser flux with frequency w and
V(x,t) = ¢ /I_:~5§757 is the group velocity.
for V(x,t) are bounded below by V(x,t) > .le. It
should be noted that the inclusion of this term in

Values

the hydrodynamic equations has not significantly al-
tered the results for experiments of interest here.
The behavior of the plasma constituents in each
computational cell is described through the solution
of their coupled rate equations as described in Sec-
tion II, Electron tempcratures are also coupled in
space through non-linear thermal conduction using
the thermal conduction coefficient given in Ref.
(10).
istry equations are integrated using an explicit in-

Both the thermal conduction and plasma chem-

tegration algorithm and subcycled over the chosen
time step 1f it exceeds their own characteristic
times. For the cases of interest here the targets
are quite thin with thicknesses ,5110-5 cm hence ra-
diation transport has been neglected and the materi-
al is assumed to be optically thin to all intermal
radiation discussed in Section II.
B. Results

Figures (4-6) display *he typical behavior of
a thin target of carbon irradiated by a 25 picosec-~
ond pulse of 1.06 p radiation at an average power

The target has a thickness
2

level of 10'® watts/cm?.

of 5%10° cmand a density of 2 gm/cm® for a mass

per unit area of 10 pgm/cin?. From Fig. (4a-b) one

may observe that the target is fully ionized long be-
fore any hydrodynamic motion begine. In subsequent
figures the target is seen to expand with the elec-

trons exerting all the pressure. Electrons and ions

Time= LAGE -3 Sec. Input=3.23 E+0i J/em2

'02 I T T T ‘i T T T T E
2 E
s 3
o = 3
C i B
100 : —

2 E ~Te 3

o - B

o B ]

5 - |

Z 107k- .

o2 E
N 7 ]
O ——
10—3 { IS 1 A T 1 1
102 3 T T T PR T T T 3
3 é E
1022 5 =

2 102 =

.;’ - =

< ~ .

L N -

S / §

8 1020 / f? 3

g ;
'0,9=— —
|ol3 n Lol L L 1 ) L
-10~8¢m 0 1079

Distance (cm)

Fig. 4a. Density (gum/em®), electron temperature
(kev), pressure x 10 '® dynes/cm?, and ion
temperatura (kev) as a function of distance
at a time of 1.4 x 10" !? sec for a 10 pgm/
cm? carbon foil irradiated with 2.5 x 10°
joules/cm2 in a 25 picosecond Gaussian
pulse shape.

Fig. 4b. Ground state ion densities as a function

of distance with the same laser conditious
as Fig. (4a).
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are accelerated to a velocity of approximately 4 x
107 cm/sec however note that the ions remain ther-
mally cold with Tl < 5 ev. This is a consequence of
decreases in the density on a time scale faster than
the electron-ion coupling time. As a result of the
low value for Ti ion detectors should record sharp

signals for fasc ions with a narrow thermal spread.
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Another interesting feature is that while the elec-
tron temperature drops from Te ~ 1 kev to Te ~ 400
ev during the expansion little recombination takes
place owing to the decrcased ion and electrom densi-
Hence the charge distribution is frozem out

of eyuilibriem and CVII

ties.
formed at very early times

is always the dominant ion.




By a time of t = 8 x 10 '? sec, (Fig. 6) the
target density has dropped below the critical densi-
ty for 2.06 u light and all subsequent radiation is
transmitted with very little attenuation. This is
demonstrated in Fig. (7) which displays the computed
time dependent transmission of the target. Initial-
ly, the solid is overdense and the laser light is
attenuated with a classical skin depth as described
in See. II.

tially remains overdense and the increasing thick-

As the target begins to expand it ini-

ness leads to the decrease in transmission seen for
107'% < t < 4 x 1077 sec. By a time of 107’2 sec-
onds the target begins to go underdense resulting in
the rapid increase in transmission which approaches
1002 by t = 8 x 10" i? sec.

the system are uninteresting with the material ex~

Subsequent dynamics of

panding nearly adiabatically and absorbing very lit-
tle energy from the laser.
From calculations like those presented above it

is possible to make several observations about the
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Fig. 7.

behavior of these thin targets. First, the material

is always ionized essentially instantaneously and
then frozen into this state by subsequent expansion.
Secondly the material accelerates rapidly to a ter-
minal velocity which remains constani for the dura-
tion of the expansion. Finally, the transmission

remains very nearly zero for even the thinnest tar-
gets until they become underdense at which time it

increases rapidly to 100%. With these facts in mind

it is possible to develop the following model for
transmission as a function of material and laser pa-

rameters which may be compared with experiments.

IV. ANALYTIC RESULTS
Similarity solutions for an isothermal expan-

gion in a planar geometry12 show that the density 0,

is given by

-(x/E)*

~(x/€ )*
(1)

where py is the initial mass per unit area and the

scale length as a function of time is

: - B (E)I/Z t3./2

o %45 \u (2)
for the special case of a constant power input per
unit area, W. Now define t, as the time at which
the initial solid density has decreased to the cri-

tical density.

1. 85 x 10 (A)

3
pc(gm/cm ) = 3

where A is the laser wavelength in microns, A is the
atomic weight of the target, and Z its atomic number.

Then from Eq. (1) and (2)

3/2

5 1() )

plx =0, ) 32T W

and using Eq. (3) along with the definition of t.

yields

. =(_)1/3 (l)dair_a
327, W

c P, / 5

For thin targets the average power deposited per u-

nit area is related to the average incident laser

flux ¢ (ergs/cm?/sec) by

W=o09bd (6)



where a(em ') = Vo - w?/c is the attenuation length
in the overdense mgterial and d = p/p is the target
thickness. Thus substituting Eq. (6) into Eq. (5)
and using Eq. (3) yields

tc(sec) = 50.7(6%)1/3 A“/3(§)2/3 u2/3

where the wavelength A is in microns, (Z/A) in atom-

Q)

ic units, and all other quantities are in C.G.S.
units,

The transmission, T, will now be defined as the
fraction of the total energy incident for times t >
t, l.e.

C
T =/¢(c) dc/f #(t)de.
tC 0

If at this point one assum:s a Gaussian pulse pro-
file ¢(t) = ¢°exp(~t2/T2) then Egs. (7) and (8) give

(8

T =1« erf(y) 9
where erf (y) is the error function!! and
t 1/ 3 2/3
=€ 0 ) wls (2 2/3 1
vyt =502 e (BT T (10)

From Eqs. (9) and (10) one may observe that the
transmission is most sensitive to the laser paramet-
ers A and T while the most important material para-
meter is W. Inserting values appropriate to the
conditions of the cellulose acetate experiments from
Ref. (13); A = 1.06 um, p = 1.5 gm/cm?, Z/A = .53,
a=1.3 x 10° cm !,

choosing T = 3.9 x 10712 sec to predict 3% transmis-

¢ = 1023 ergs/cm?®/sec, and

sion at U = 2 x 10 ° gm/ew? yields the points indi-
cated by open circles in Fig. (8) compared to the
experimental data {solid line). This value of T re-
quired by Eq. (10) to fit the experimental data cor-
responds to a FWHM pulse length of 5.4 x 10 12 gec
and 1s shorter than the nominal experimental value
of 25 x 107!2 sec as determined by two photon flour-
escence. The situation is similar for the carbon
foil experiments of Ref. (13) as indicated in Fig.
(9) however in this case the scatter in experimental
data as bounded by the two solid lines 1is greater.
The most striking feature of Eq. (9) is that it
accurately predicts the observed functional depen-
dence of T upon U for both experiments. Its quan-
titative error which requires one to normalize to a

pulse width shorter than the observed experimental
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Fig. B. Experimentally measured transmission (solid

line) of cellulose acetate foils as a func~-
tion of foil thickness. Cpen circles are
calculated from Eq. (8) using T = 3.9 x
10712 sec.

value may be qualitatively explained by the assump-
tion of an instantaneous rise time in obtaining the
similarity solution for p, Eq. (1). 4n alternative
explanation which is also qualitatively correct is
to assume significant laser absorption is occurring
at sub-critical densities. In particular in the
present case if one assumes the material must expand
to slightly 1less than 1/4 p, then the value of T
required to fit the data can be brought into agree-
ment with the experimentaily measured value. While
such an explanation is in line with current absorp-
tion simulations®® a word of caution is in order
since the experimental measurement of T and the an-
alytic model developed above may each be in error
by as much as a factor of two.

The important observation to make is that Eq.

(9) correctly describes the currently available
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data and suggests further experiments with varied

laser pulse widths and wavelengths to check the pre-

dicted dependence of T upon these parameters.

HK:285(60)
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