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Radiation energetics of a laser-produced plasma
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The energy transport in a laser-heated thin foil is investigated with the use of a detailed
radiation-hydrodynamic model. The calculation is performed for a long laser pulse (3 nsec
full width at half maximum) at relatively low irradiance (10> W/cm?), incident on an 8-
pm-thick aluminum foil, and results confirm earlier experimental hypotheses that the dense
plasma at the rear side of the foil is heated predominantly by radiation. The model couples
a one-dimensional, planar hydrodynamic calculation with a detailed description of the
radiation-ionization dynamics in a totally self-consistent manner, thereby assuring that the
dominant physical processes determining the energy transport are characterized accurately.
The specific radiative mechanisms responsible for energy transfer from the front to the back
surface of the foil are found to be quite complex and are described in detail. The front and
rear spectral emission are presented and discussed from the point of view of both energetic
and diagnostic considerations. Shifting absorption edges due to ionizing plasma are shown
to be responsible for many interesting phenomena affecting the energy transport. Time in-
tegration of the K-shell spectral features is also studied and its effects on the temperature
and density diagnostics are analyzed. Finally Ka emission lines are shown to be a promis-
ing new diagnostic in determining the time development of the temperature near the foil ab-
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lation surface.

I. INTRODUCTION

Recent experiments' ~7 involving the laser heating

and subsequent ablative acceleration of thin foil tar-
gets have been performed to demonstrate that veloc-
ities necessary for sufficient compression of laser-
fusion fuel can be attained with present technology.
Also of great interest is the degree of preheat of the
fuel® preceding the main compression phase in iner-
tial confinement fusion experiments. This preheat is
due to a number of effects, viz., suprathermal elec-
trons, strong shocks, thermal conduction, and radia-
tion. It has been suggested’ that the degree of
preheat can be assessed from the foil rearside tem-
perature in laser-foil experiments. In addition, mea-
surement of the rearside temperature provides infor-
mation useful in determining the dominant heating
process.

In an effort to explain the details of the relevant
physics involved in laser heating of thin foils, we
have investigated this phenomenon with a hydro-
dynamic model designed to reliably calculate the ra-
diation physics in more detail than has been hitherto
attempted. The competing processes of energy
transfer are studied for a low-irradiance, long-pulse
laser beam in order to quantitatively verify, as ex-
perimental evidence indicates, that radiative heating
is the dominant transport mechanism to the foil
backside under these conditions. It is neither our in-
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tent nor purpose to corroborate or criticize con-
clusions drawn from previous measurements. How-
ever, comparisons will be made with experimental
results whenever possible to provide insight into the
role played by radiation in laser-foil heating.

In studying the laser heating of a thin foil, we dis-
cuss several interesting phenomena affecting energy
transport. Although an abundant amount of radia-
tion is emitted via K-shell lines in the plasma blow-
off region of the ablating foil, the mechanism of
down-conversion in photon frequency as photons are
absorbed and reemitted deeper into the plasma was
found to play a major role in the backside heating.
The relative timings of laser pulse, backside emis-
sion, and backside temperature behavior show in-
teresting but puzzling relationships in the experi-
mental results, and this theoretical study offers ex-
planation for all of these observations. Our investi-
gation of so-called “foil burn-through” shows that
an ionization wave can propagate through the plas-
ma (much like a combustion wave), causing shifts in
inner-shell photon absorption edges and strongly
time-dependent energy transport in the dense plasma
regions. We attempt to explain the details of these
radiative mechanisms and the way in which they af-
fect the energy transport in the target and escaping
photon emission. Since the results of a calculation
of this type depend critically on the theoretical
model employed, the details of this model are dis-
cussed in depth in the section that follows.
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II. THEORETICAL MODEL

For discussion purposes, the model can be con-
veniently partitioned into three aspects: (i) hydro-
dynamics and laser absorption, (ii) ionization and
atomic physics, and (iii) radiation emission and
transport. Many of the finer details of the method
of solution of the relevant equations have been dis-
cussed at length in previous work. These studies are
referenced where applicable, but the model is
described accurately below in order to present a
complete picture of the investigation reported on
here.

A. Hydrodynamics and laser absorption

The basic hydrodynamic variables of mass,
momentum, and total energy are transported in one
dimension using a numerical scheme with a sliding-
zone version of flux-corrected transport.” A special
gridding algorithm is used which moves zones in a
Lagrangian fashion and adjusts the mesh in order to
resolve steep gradients in the flow. The hydro-
dynamic equations solved are
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where p is mass density, u is velocity, p is pressure,
€r is total energy, €4 is the rate of energy loss or
gain due to radiation, €g, is the rate of energy gain
due to the laser deposition process, 7 is the thermal
conductivity, and N is the ion density. The thermal
conductivity is calculated implicitly, using an itera-
tive Crank-Nicholson scheme. For each finite
difference  time-step, the temperature and
temperature-dependent conductivities are iterated on
until the maximum local relative error is less than
one percent.

Since densities did not much exceed solid density
in this study, a simple equation of state was assumed
with

p=s(er—spul—e;), @)

where €, is the ion potential energy due to ionization
and excitation. A single temperature model was em-
ployed where

- P , (5)
(p/mp)(142)

where m; is ion mass, T is temperature, and Z is the
effective ion charge. The ionization energy, €;, radi-
ation energy, €4, and effective charge, Z, are calcu-
lated from the ionization-radiation equations and
are explained below. A single temperature assump-
tion is valid in the cold dense target as well as in the
laser deposition region, since thermal equilibration
times are short compared with the time scales of the
energy input and changes in the hydrodynamic vari-
ables. It is not a very good approximation in the
hot, tenuous blowoff region of the frontside, but
since the density of this region is relatively low, it is
expected to have a negligible effect on the energy
transport to the rear of the foil.

Since the main motivation for this study was to
investigate the role of radiation in the energy trans-
port and not to study the laser absorption mechan-
ism in detail, the laser energy deposition was
modeled via classical inverse bremsstrahlung. The
absorption coefficient used in the calculation is de-
fined in the usual way,

2
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where w), is the electron plasma frequency, ¢,; is the
electron-ion collision time, and o is the laser fre-
quency. For simplicity, the asumption was also
made that any incident radiation not absorbed be-
fore reaching the cell containing the critical surface
was dumped in that cell; hence, no reflection of the
laser radiation was allowed. This means that these
results would be more appropriately compared to ex-
periments with laser irradiances slightly higher than
the theoretical value used here, since we, in effect,
assume 100% absorption of the incident energy.

The laser pulse was assumed to have a time
dependence approximating a Gaussian shape with a
full width at half maximum of about 3.0 nsec and
reaching a peak intensity of 10'> W/cm? at a time of
4.0 nsec after initiation of the simulation. The laser
wavelength was 1.06 um, modeling the input from a
Nd:glass laser driver. The time history of the laser
power is shown in Fig. 4.

B. Ionization model

The atomic model used in determining the plasma
ionization and excitation state has been presented
elsewhere,'” and a more complete description can be
found in that work. A set of atomic rate equations
of the form

df:
£=§Wjiﬁ_§Mjfi ™
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is used to characterize the ionic populations in the
plasma. Here, f is the fractional population of level
i, and W is the reaction rate describing the col-
lisional processes from initial state j to final state i.
An equation of this type is constructed for each of
the atomic levels included in the model. In this cal-
culation we considered the plasma to be in
collisional-radiative equilibrium (CRE),! making
the assumption that the plasma ionization state is
immediately responsive to changes in hydrodynamic
quantities [the explicit time dependence is omitted in
Eq. (7)]. This assumption is an excellent one in the
high-density regions of the plasma (behind the laser
critical surface), where particle-particle collision
times are extremely short, but it is a marginal as-
sumption in the hot, rarefied blowoff region. Since
the temperature of the blowoff rises quickly to al-
most 1 keV and is maintained at this value (where
K-shell ions are the dominant species) for several
nanoseconds, little ionization or recombination takes
place on even a 10-nsec time scale after the peak in
the laser pulse. Hence, we have chosen to apply the
equilibrium condition everywhere in this study. Pre-
liminary results from a study of time-dependent ef-
fects on the ionization state in laser plasmas indicate
slight effects on the frontside emission, but we leave
the details of that investigation for future work.

The atomic level structure employed in this model
includes all 14 ground states of aluminum plus 84
selected excited states, somewhat evenly distributed
from Al to AlXII (the details of the level struc-
ture and energy level values are found in Ref. 10).
With such an extensive atomic structure, the level
distribution of the plasma can be accurately
described from temperatures of a few eV to several
keV. The excited-state structure included in this
study was selected to best represent the radiation en-
ergetics for the plasma conditions under investiga-
tion, and we believe that this model takes into ac-
count almost all of the energetic transitions required
to accurately describe the emission resulting from
laser-foil interaction phenomena.

The rate coefficients that are used to calculate the
populating and depopulating rates, Wj;, are calculat-
ed using various scattering techniques. The process-
es included in this calculation and the methods used
in calculating the corresponding rate coefficients are
summarized below.

(1) Collisional ionization—exchange classical im-
pact-parameter (ECIP) method'? (the effect of au-
toionizing resonances on the cross sections has been
ignored).

(2) Photoionization—hydrogenic approximation
with Karzas-Latter Gaunt factors.'3!*

(3) Dielectronic recombination—the detailed cal-

FIG. 1. Simple three-level diagram used to depict the
atomic processes included in this ionization model. S is
collisional and photoionization, ay is radiative recombina-
tion and three-body recombination, apg is dielectronic
recombination, X is electron collisional excitation, Y is
collisional deexcitation, 4 is spontaneous decay, and ¢
and ¢! are stimulated absorption and emission.
culations of Jacobs et al.'” are used.

(4) Collisional excitation—Coulomb-Born
distorted-wave approximation including exchange
effects,'® or the semiclassical impact-parameter
(SCI) technique.!”

(5) Spontaneous radiative decay—oscillator
strengths are taken from several calculations and
measurements. '

(6) Photoexcitation—oscillator strengths used are
those quoted above to determine optical depths (see
the next section on radiation transport).

Finally, collisional and radiative recombination, col-
lisional deexcitation, and stimulated emission are all
calculated as the detailed balance of the correspond-
ing opposite rate listed above. A simplified level di-
agram using two ground states and a single excited
state is shown in Fig. 1 to show schematically the
collisional processes included in the model.

An important question to be addressed regarding
the rate coefficients is how well the cross sections
are known, since the radiative emission is strongly
influenced by this accuracy. An extreme upper limit
of a factor of 2 can be globally placed on the rates.
However, most of them are correct to much better
accuracy, particularly electron-impact ionization,
collisional excitation, and the oscillator strengths. A
complete referencing of these coefficients can be
found in other papers.'®!®

Once the set of rate equations (including the radi-
ation transport) has been solved for the level popula-
tions, f;, the electron density can be calculated,

N, =zzifiNI ) ®)
i

where z; is the ionic charge of level i and N is the
total ion density.

The ionization and excitation energy can also be
calculated by
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€1=2XifiN1 , 9)

where X; is the energy of level i, measured from the
ground state of the neutral atom.

C. Radiation emission and transport

The radiation emission from plasmas is strictly
dependent on the atomic level population densities.
Once these state densities are accurately known, the
radiative source functions can be calculated directly.
Except for optically thin plasmas, however, the level
populations also depend on the radiation field since
optical pumping of states by photon reabsorption
can cause significant redistribution of the popula-
tions, not only from ground to excited states but be-
tween ionization stages via both photoionization and
electron-impact ionization of excited states whose
populations have been enhanced by photoexcitation.
Thus, the ionization and radiation equations are
strongly coupled and must be solved self-
consistently. In this model, this is done iteratively
by first calculating the level populations at a time
step using the radiation field from the previous time
step, then using these populations to calculate a new
radiation field and recalculating populations until
convergence is reached. Any technique which does
not allow for this important optical pumping of the
levels is unsatisfactory, since this feedback mechan-
ism can be critically important for both energetic
and diagnostic accuracy.

The transport scheme used in this study is based
on a probability-of-escape for the photons.’ The
transport method for photon absorption by valence
electrons is described first. For line photons, the
probability is determined by the line shape; for a
Doppler profile at large optical depth,

Pe2[7'0(1r1m'0)1/2]"l , (10)
while for a Voigt profile,

)2, (1

Pez%(a,j/fo

where 7 is the line center optical depth and g;; is
the Voigt damping parameter

2Au+ 2Ci+ A+ 2 Cii
k k k k

a,-j— (12)
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Here, A and C are radiative and collisional depopu-
lation rates of the lower and upper levels, i and j, of
the radiative transition. Since the Voigt profile
reduces to a Doppler core at low densities, the model
calculates both probabilities and uses the largest
value (see Ref. 20 for a fuller discussion). An expres-
sion has recently been developed for Stark profiles

within the probability-of-escape formalism but it
has not yet been implemented in our model.

Continuum photons due to radiative recombina-
tion processes are also transported by probability-
of-escape techniques. An emission profile of the
form

¢ ~exp[ —h(v—vy)/kT] (13)
is assumed with an absorption profile of the form

ba~(vo/v), (14)

where v, is the frequency of the continuum edge.
The exact probability integral

fqﬁee _T°¢"dv/v

[y

has been solved for a wide range of values for 7, (the
optical depth at the edge) and h (v—vy)/kT; the re-
sults have been fit to Chebychev polynomials and
are then reconstructed on-line in the model. The
free-free emission is transported by solving the equa-
tion of transfer explicitly over a grid of photon fre-
quencies; this can be done efficiently because of the
smooth nature of the emission function. To calcu-
late the absorption coefficient, the following expres-
sion is used?! :

(15)

e

Kp(v)=(const)N,N,; T~/

1 —exp(—hv/kT)
g

. (16)

X zzizfi

Then, by integrating over frequency, probabilities of
escape from zone to zone can be calculated in a
straightforward fashion.

The methods described above deal with photon
absorption by valence electrons through photoexcita-
tion or photoionization. However, effects due to
inner-shell photon absorption must also be taken
into account. This is particularly important for
laser-foil interaction models, since the neglect of
these processes leads to a gross underestimate of the
x-ray deposition in the cold, dense plasma regions,
as would be seen by the presence of intense, unat-
tenuated lines and continua in the calculated back-
side spectrum. Thus, what is potentially the major
energy transport mechanism to the backside would
be omitted.

In this model, each emission line or continuum
edge characterized by the ionization model is at-
tenuated by an inner-shell opacity as well as the
valence electron line and continuum opacity
described above. The inner-shell photoionization
cross section for neutral aluminum is taken from the
fits by Biggs and Lighthill,>> and the inner-shell op-
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tical depth can be calculated in a straightforward
manner from

TIS=20PIann ’ (17)

where opp is the photoionization cross section for
inner-shell processes, d, is the zonal path length,
and N,, is the zonal ion density.

In general, the dense plasma which strongly at-
tenuates photons via collisions with inner-shell elec-
trons is not neutral, and to accurately account for
x-ray deposition in the rearside of the foil, the cross
section must be adjusted as a function of ionization
state as well as photon energy. We have chosen to
use the numerical values of the neutral aluminum
cross sections and simply shift the M, L, and K ab-
sorption edges with ionization state. This is a good
approximation for electrons occupying the ls, 2s,
and 2p inner shells for medium- and high-Z materi-
als.”® A plot of the photoionization cross sections
versus photon energy for the different ionization
stages of aluminum is shown in Fig. 2. The position
of the various absorption edges was taken from the
Hartree-Fock calculations of Clementi and Roetti.?*
Note the importance of the edge shift with ioniza-
tion state; the K edge lies below the Al XII resonance
line energy of 1.598 keV (one of the strongest emis-
sion lines) for Al1-Al1ll, and above it for higher ion-
ization stages. Thus, as the backside heats up, the
inner-shell optical depth of this line can drop by an
order of magnitude and significantly decrease the x-
ray heating rate.

One advantage of using an ionization model
which explicitly calculates the level populations is
that the inner-shell attenuation of photons can be
calculated state by state rather than using a zonal ef-
fective charge to determine the cross section. As a
simple illustration, consider AlXII resonance line
photons (1.598 keV) incident on a dense zone in the
foil backside in which the ions consist of %A] 111,
S Alv, and T Alv. The effective ionization is
Z =3; hence if one were to use a more simplistic
calculation of Z., the K edge would seem to be
shifted to the position corresponding to AlIV at
1.626 keV, above the resonance line photon energy,
and the opacity would be reduced markedly. Thus,
the K-line attenuation which actually occurs in that
zone by the 33% AlIII concentration would not be
taken into account, and the heating rate would be
underestimated severalfold if only an average zonal
charge were used. Knowledge of the state distribu-
tions in the dense plasma regions is therefore often
necessary for accurate energy transport. The tech-
J
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FIG. 2. Inner-shell photoionization cross section versus
photon energy for aluminum. Numbers refer to the ab-
sorbing atom or ion (S=AIlV or Al**).

nique by which inner-shell and valence electron opa-
cities are combined to determine a total probability-
of-escape is too detailed to present here and can be
found in a separate work.?

Using the above expressions, coupling constants
linking each numerical zone to every other zone are
calculated for each line or recombination edge, and
the photon transport from zone to zone and also es-
caping the plasma is determined. Thus, the bound-
bound emission power is calculated by

Pbb::z sznAmanAEm ’ (18)
m n

where A4, is the radiative decay rate for line m, N,
is the upper-state population for line m in zone n,
AE,, is the transition energy, and F,,, is the proba-
bility factor that a photon from line m, emitted in
zone n, escapes to the outer boundary of the plasma.
A similar expression can be written for the bound-
free emission

be:zsznamnNenanXm ’ (19)
m n

where a,,, is the radiative recombination rate coeffi-
cient for recombination edge m, N,, is the electron
density in zone n, X, is the ionization energy of
edge m, and F,,, is the zonal escape probability fac-
tor for edge m, similar to that for the lines in Eq.
(18).

The free-free radiation is calculated using

Pg=(const) S NewNiu T 232, fin [ exp( —hv/kT,)F,(vdv , (20)
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where F,(v) is the probability that a photon of fre-
quency v escapes the plasma from zone n. Hence,
the total radiation power emitted from the plasma is

Py =P+ Py + Py . (21)

If Egs. (18), (19), and (20) are rewritten to give the
net photon transport from zone n to zone n’, instead
of that which escapes to the plasma outer boundary,
the various radiative loss or gain rates €, €., and
€, can be calculated along with the total, €4,
which occurs in the expression for the total energy,
Eq. (3). In this way, the net cooling and heating by
radiation emission and absorption among the vari-
ous zones of the plasma is accurately accounted for,
and a totally self-consistent radiation-ionization-
hydrodynamic calculation can be performed.

D. Ka emission

It was shown in the last section that line and con-
tinuum spectral features are calculated in this model
by explicitly treating the bound-bound and bound-
free collisional processes. In this section, a method
of calculating Ka emission is described which
differs slightly from the methods used on other
spectral features. Spectral lines identified as Ka
emission are often seen in experimental spectra when
high-energy photons or particles are incident on cold
target material.>?*=3%3>  For shorter wavelength
lasers, hot-electron generation is suppressed, hence,
Ka emission may be due predominantly to X-ray
reabsorption (see Mizui et al.’* and Nishimura et
al,’ and Yaakobi et al.3%). This is the case con-
sidered here; the laser-heated front surface emits en-
ergetic x-rays back into the cold foil on the other
side of the ablation surface. These photons
penetrate the electron shells of low charge state ions
and can strip off an inner-shell electron. If the pho-
ton energy is sufficiently large, a K-shell vacancy is
created, which can be filled by either an Auger (radi-
ationless) transition or by resonance fluorescence.
For a K-shell Auger transition, an L-shell electron
can decay to fill the K-shell vacancy, with the excess
energy going to ionize an outer electron. Fluores-
cence, on the other hand, occurs when an outer (L-
or M-shell, in aluminum), electron decays to fill the
K-shell vacancy with the excess energy carried off
by a Ka photon.’® A technique to accurately ac-
count for these processes in an equilibrium plasma
has been described recently by Jacobs et al.>’ In our
work, however, several simplifying assumptions
have been made in modeling the Ka emission from
laser-foil interactions.

Using the expressions from Sec. IIC above
describing the inner-shell opacity calculation along
with the photon field from the frontside of the foil,

TABLE 1. Transition energies and fluorescence yields
for the ionization stages of aluminum included in the K«
emission model, taken from McGuire’s calculations.

Ionization Transition Fluorescence
stage energies (keV) yields
Al 1.486 99 0.0333
Allt 1.48752 0.046
AP 1.48824 0.045
AP+ 1.48895 0.0434
Al* 1.499 58 0.0479
AP+ 1.51164 0.0522
AlSt 1.52540 0.0619
Al't 1.54037 0.0700
AL+ 1.55701 0.0623

we calculate a K-shell vacancy creation rate, Vi, for
each plasma zone. Since the photoionization cross
section is known as a function of ionization stage as
well as photon energy, and the ionic population den-
sities are calculated explicitly by our ionization
model, this K-shell vacancy creation rate is deter-
mined also as a function of ionization state. The K-
shell fluorescence yield, wg, the proportion of K-
shell vacancies which are filled by fluorescence (Ka
emission), has been calculated by McGuire.*®
Hence, the intensity of Ka photons emitted from
zone n and ionization stage z can be calculated sim-
ply from the following expression:

Py(n,z)=Vi(n,z2)og(z)AEg(z) , (22)

where AEg(z) is the Ka transition energy for ion z.
Shown in Table I are the K fluorescence yields and
the transition energies for the lowest nine charge
states of aluminum.

It has been shown?? experimentally for aluminum
that the Ka emission from AI°t-AI** is usually
seen as a single unresolved feature in the spectrum
due to the small energy difference (~2 eV) separat-
ing the four lines. After the first L-shell electron
has been removed, however, the lines from the next
ions shift measurably to higher energies due to the
significantly reduced screening from the missing L
electron. Thus, the remaining lines will be seen in
the spectrum at higher energy, well resolved from
the main Ka peak but still below the AlXII reso-
nance and intercombination lines at about 1.59 keV.
It is apparent that these lines are clear indicators of
the ionic distribution in the cold backside of the foil;
a discussion of this diagnostic in the context of the
results of this study is found in the next section.

Although opacity effects may alter the Ka emis-
sion from the backside plasma, the analysis in the
following section assumes that all the Ka emission
escapes the plasma unattenuated. Using solid densi-
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ties for aluminum, the photon cross section at 1.5
keV from Fig. 2, and a path length of 8 um, one cal-
culates the optical depth of the Ka lines due to pho-
toionization alone to be of order unity, neglecting
the resonant effects present in a warm, ionized plas-
ma. However, we leave the problem of Ka photon
transport through laser-heated foils for future inves-
tigations.

III. RESULTS

In this section, the results of a specific laser-foil
interaction experiment are discussed. Since the
focus of our interest is in the radiation physics, em-
phasis is placed on that analysis as opposed to a de-
tailed study of laser deposition, suprathermal elec-
tron generation and transport, flux-inhibited trans-
port, etc. Previous studies have shown that the on-
set of suprathermal electrons and flux-inhibited
transport occurs at high laser irradiances.” To mini-
mize the effects of these phenomena in this study, a
relatively low-irradiance laser pulse, 10'> W/cm? at
1.06 um wavelength, was assumed to be incident on
a thin (8.0 pm) aluminum foil.

The results of this calculation are presented in
four sections. First, a qualitative picture of the fun-
damental physical processes occurring in this calcu-
lation are presented. Second, a more detailed
analysis of the energy transfer from laser to thermal
energy in the foil is given. Third, the calculated
frontside and backside spectra are presented to illus-
trate the qualitative and quantitative nature of the
radiation, considering not only what escapes, but
what is trapped internally also. Finally, the Ka
emission is studied and its role as an indicator of the
dense rearside plasma conditions is analyzed.

A. The nature of laser-heated foils

When intense laser radiation strikes a thin
medium-z foil, the physical mechanisms which play
a role in the transport of that energy are extremely
complex. The radiation is absorbed in a relatively
thin surface layer, determined by the laser wave-
length. The plasma is strongly heated locally by this
energy deposition and ablates away from the foil
surface creating a large density gradient. Simultane-
ously with material ablation, energy is transported
into the foil by shock heating, thermal conduction,
suprathermal electrons, and secondary radiation
emission. In order to more clearly explain the re-
sults of this calculation, the foil plasma is con-
sidered to be comprised of three regions, as shown in
Fig. 3. (1) A high-temperature, low-density “blow-
off” plasma formed as heated material ablates from
the frontside of the foil, (2) a central ‘“transition”
zone in which the laser energy is absorbed, charac-

FIG. 3. Simple schematic of the major physical pro-
cesses taking place in laser-foil interaction at low irradi-
ance, showing the three regions referred to in the text.

terized by large temperature and density gradients
resulting from the local deposition and transport of
energy, and (3) a cold, dense “backside” region into
which energy is transported from the blowoff and
transition zones by one or more of the processes
mentioned above.

Much work has been done in an effort to model
plasma heating by thermal conduction, shock and
compression waves, and suprathermal electrons, and
the physical mechanism of each of these processes is
at least qualitatively understood if not, as yet, quan-
tified exactly. Although several workers have stud-
ied laser plasmas using hydrodynamic codes coupled
with radiation models,*=* no detailed study of the
role of secondary radiational heating has been re-
ported on in laser-heated foils; hence, we concentrate
our investigation on this aspect of the problem.

Laser heating of the plasma in the vicinity of the
critical surface (N ~ 10%° ions/cm? for 1.06 um laser
light in aluminum) results in radiation emission by
this heated plasma in both the forward and rear
directions. In aluminum, this radiation will consist
mainly of soft x-ray and xuv photons. The soft x
rays, with energies above 1.5 keV, are emitted from
the plasma heated to electron temperatures above at
least 250 eV, and result mainly from bound-bound
transitions due to excitation of K-shell electrons.
The xuv photons, with energies below about 1.0 keV,
are emitted from plasma between about 10 and 150
eV and result mainly from bound-free transitions
and, to a slightly lesser degree, bound-bound transi-
tions of L-shell electrons, depending on the plasma
density. Between photon energies of about 0.5 and
1.5 keV, continuum emission dominates the spec-
trum; no strong lines are found in this region due to
the large difference in excitation energies of L- and
K-shell electrons.

The radiation emitted in the forward direction
suffers some attenuation due to resonant photoexci-
tation processes, but most escapes through the low-
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density blowoff region. That which is emitted back
into the foil, however, is strongly attenuated by both
valence electron photoexcitation and inner-shell elec-
tron photoionization, due to the large optical depths
in this dense region. Since the backside plasma is of
much higher density and highly collisional, much of
this absorbed radiation is collisionally quenched, re-
sulting in increased temperature and ionization of
the cold matter. This matter will, of course, reradi-
ate much of its energy, but at lower photon energies
corresponding to the dominant ionization stages of
the colder material. This process continues
throughout the transition and backside regions, with
photons being absorbed and reemitted at lower fre-
quencies. Hence, the radiation reaching the rear
surface of the plasma is comprised of a wide spec-
trum of photons, from frontside soft x rays, which
manage to penetrate the total extent of the foil, to
transition and backside photons which have been
born in the xuv range via progressive down-
conversion in frequency of the incident soft x rays.
It is this progressive down-conversion process which
makes the radiational heating of the dense backside
plasma such a complex process, and renders the sim-
ple technique of turning the measured forward spec-
trum back onto the cold, dense plasma to obtain es-
timates of the radiational heating, somewhat inaccu-
rate.

The photons born in the transition and blowoff
regions and emitted to the rear tend to be absorbed
in the dense backside primarily by inner-shell pro-
cesses. This creates K- and L-shell vacancies which
have to be filled by the decay of a bound electron.
Since K and L fluorescence yields are so small for
aluminum, most of these vacancies are filled by
Auger processes. Hence, the radiation absorbed in
the backside region tends to be predominantly chan-
neled into ionization along with thermalization via
the ejected Auger electrons, i.e., the ejected-electron
energy is arbitrarily dumped into the thermal reser-
voir in this calculation.

B. Energy transport in the foil

To elucidate the role played by radiation in the
transport of energy through the foil, a discussion of
both the spatial and temporal distribution of the
emission is necessary. Although a large fraction of
the radiated photons are reabsorbed before ever es-
caping the plasma, much can be learned from the
gross characteristics of the radiation that does get
out. In Fig. 4, we show the total forward and back-
ward radiation power as a function of time, along
with the temporal laser pulse shape. The emission
in the forward direction is typically two orders of
magnitude more intense than that from the back-
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FIG. 4. Time evolution of the laser power and total ra-
diative power of the laser-heated foil. The total power is
also separated into lines (bb), radiative recombination (bf),
and bremsstrahlung (ff) in the forward and rearward
directions.

side. Also shown in the figure are the three com-
ponents of the total: bound-bound (line emission),
bound-free (radiative recombination emission), and
free-free (bremsstrahlung) radiation. Both front and
back directions are dominated by bound-free pro-
cesses, while bremsstrahlung plays only a minor role
in the foil energetics, accounting for only 10% of
the total emitted radiation. The roughly % nsec de-
lay between the peaks in the laser profile and the ra-
diation pulse is of no significance other than
representing the difference between the temporal
laser power and the integrated power or laser energy
deposition. Thus, the plasma radiation responds
quickly to changes in energy deposition. This is
rather what one would expect from the frontside
emission, but it is not so intuitive as regards the
backside radiation, where one might expect some
“lag time” between laser and radiation power. It
will be shown later that the bulk of the calculated
rearward emission is comprised of secondary K-line
x rays above a kilovolt shining through the foil from
the blowoff and transition regions and hence
responds quickly to laser power. Compare this with
the backside bremsstrahlung component which is
born in the dense rearside of the foil; the response is
much slower for these photons which are truly
emanating from the rear of the foil. However, with
only a calorimeter or bolometer at his disposal, an
experimentalist would see only the response of the
more energetic shine-through component from the
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front. Of course, with thicker foils, the rearside
spectrum changes accordingly, and fewer x rays
from the front penetrate through the foil to oversha-
dow the true backside emission.

An important question we wanted to address with
this model was “How much of the backside heating
is attributable to thermal conduction, how much to
radiation, how much to shocks, etc.?” To answer
this, a graph of the spatial variation of several per-
tinent parameters can be illuminating. In Fig. 5 is
shown a snapshot (at a time near peak emission) of
the plasma temperature, density, and net radiative
cooling, along with the position of the laser deposi-
tion critical surface (the original foil position was at
d =0). The radiational cooling follows the density
profile closely in the blowoff region, whereas it
drops sharply just forward of the ablation surface
where the plasma temperature starts to fall off.
Further into the foil, the plasma becomes heated by
radiation, i.e., it absorbs more energy from photons
than it emits. By comparing the values for the rate
of heating, we find that radiation is two to three or-
ders of magnitude more effective than thermal con-
duction in the dense backside region. In addition,
the assumed laser irradiance was low enough that
only a small shock wave was propagated and contri-
buted little to the backside heating. The radiational
heating of the backside region can be seen clearly in
the temperature curve. Without radiation, the curve
would drop smoothly to near zero at the backside; in
Fig. 5, however, a noticeable hump is present near
the original foil position and the temperature drops
to about 5 eV at the backside. The flat temperature
profile in the blowoff region is a consequence of the
one-dimensionality of the model, since it cannot take
account of the actual-two-dimensional cooling of the
ablating plasma.

Another point of interest in the energy transfer
physics is the temporal behavior of the backside
temperature; this is shown in Fig. 6 along with the
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FIG. 5. Temperature, mass density, and radiative cool-
ing as a function of position in the laser-heated foil, at a
time near peak radiative emission ( ~5 nsec).
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FIG. 6. Backside temperature of the laser-heated foil
as a function of time. The laser power is shown for refer-
ence.

laser pulse shape. The lag time between the laser
peak and the peak in the backside temperature is
about 2.5 nsec, and the temperature reaches a max-
imum of about 7.5 eV. These values are in reason-
able agreement with those quoted by McLean
et al.,? although their measurements were taken for
slightly different laser and foil parameters than
ours. Knowing that radiation is responsible for
backside heating, one would expect the temperature
there to have a temporal behavior similar to the
rearward radiation profile. However, the total back-
ward radiation pulse (as well as the bound-bound
and bound-free emission) is characteristic of the
emission which passes through the backside, not
what is stopped in the backside. The backside
bremsstrahlung tells the story of the rearside tem-
perature history, since it truly originates in the back-
side; this can be seen in Figs. 5 and 6. What causes
the time lag, then? Why does the backside not
respond immediately to the frontside radiation shin-
ing back into the foil? The answer is that
ionization-dependent inner-shell opacity controls the
time dependence of the backside temperature. A
simpler way of stating this is that, like a combustion
wave, radiation incident on the backside region must
first “burn” its way through to the rear surface be-
fore it can heat it via the photoionization-Auger-
thermalization cycle. “Burn” in this context means
“ionize,” since the inner-shell opacity must be re-
duced before the radiation can penetrate deeper into
the plasma. How is this accomplished in the laser-
heated foil? Since the strongly emitted features of a
material are also strongly absorbed by that material
when cold and dense, a changing temperature profile
on the frontside will not appreciably alter the heat-
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ing by shifting the intense features of the spectrum
away from absorption edges. What does occur,
however, is the shifting of absorption edges. As the
region between the ablation surface and the rear sur-
face slowly heats up, it ionizes, causing the absorp-
tion edges to shift according to Fig. 2. In this way,
radiation from the front slowly burns its way
through to the rear surface. Thus, the upward drift
in rearside temperature after termination of the laser
pulse reported by McLean et al.? is probably not
due to thermal conduction, but, more likely, is due
to “ionization burn-through” of the dense backside
region by secondary x rays and xuv photons from
the ablation and blowoff regions.

The temporal behavior of the backside tempera-
ture can have serious consequences on fuel preheat
in laser pellets, and a common question is when the
backside becomes hot enough to heat the fuel.
Perhaps another question to consider is the effect of
the prompt shine-through radiation on the fuel. De-
pending on the pellet shell material (which dictates
the emitted spectral distribution), and the radiative
absorption characteristics of the fuel, radiation
preheat could be a more serious threat to efficient
fuel compression on a low isentrope than backside
plasma temperature.

One final point in regard to the energy transfer
through the foil is the energy partitioning. In Fig. 7
are shown the various energy terms as they progress
in time. These include the laser deposition, particle
kinetic energy, radiation energy loss, internal energy,
and energy of the ions due to ionization and excita-
tion. The final percentages at the end of the run
(t =8.3 nsec) are shown in Table II. Most of the en-
ergy has been converted into kinetic energy of the
foil, as it is accelerated by the ablating plasma in the
blowoff region. However, over a quarter of the ab-
sorbed energy has been radiated away, most of it out
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FIG. 7. Laser-foil energy partitioning as a function of

time, including laser deposition (LAS), kinetic energy
(KIN), radiative cooling (RAD), internal energy (INT),
potential energy (POT).

TABLE II. Energy partitioning of the laser-heated foil
at the end of the theoretical simulation (¢ =8.3 nsec).

Mechanism Energy (joules) Percentage
Laser deposition 2.94 % 10* 100%
Kinetic energy 1.20x 10* 40.8
Radiative loss 7.76 < 10° 26.4
Internal energy 5.34x10° 18.2
Potential energy 4.29%10° 14.6

the front of the foil. The internal energy peaks near
the maximum of the laser pulse and drops thereafter
as the plasma commences cooling. The ionization
energy has been maintained at a constant level since
the peak of the laser pulse, indicating little ion
recombination has taken place during this time.
This seems a bit contradictory in view of the de-
creasing internal energy. Most of the ionization en-
ergy is in the dense backside regions of the foil,
where plasma cooling changes the temperature only
a few electron volts; this has little effect on the ioni-
zation state there. On the other hand, the thermal
energy is more evenly distributed throughout the
backside and transition zones where the cooling has
more noticeable effects on the internal energy. Ioni-
zation energies in the transition zone are larger and
a large decrease in the temperature there will greatly
decrease the total plasma potential energy.

C. Spectral energetics

In this section we analyze the details of the for-
ward and rearward spectral emission and attempt to
explain how radiation is transported through the
foil. The emphasis here will be on the energetics of
the gross spectrum, whereas spectral diagnostics are
discussed in Sec. III D.

Shown in Fig. 8 is the total, time-integrated radia-
tion spectrum from the frontside of the foil, over a
range from 10 eV to 10 keV. There are several in-
teresting details in this plot which merit further dis-
cussion. At low photon energies, the emission is
predominantly bremsstrahlung; to illustrate, the
free-free portion of the spectral intensity is shown as
a broken dotted curve. Also, few lines are present
below 30 eV, since photons from most lines in this
range are born of lower ionization stages found in
the dense backside region, and are strongly attenuat-
ed before reaching the front of the foil. Above 50
eV, many strong lines are present, sitting on a con-
tinuum baseline made up of recombination radia-
tion. This bound-free component is also shown in
the figure as a broken curve. Between 450 eV and
1.5 keV, no lines are present since this range falls in
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FIG. 8. Full time-integrated spectrum from the frontside of the laser-heated foil. Also shown are the bound-free (bf)

and free-free (ff) components of the radiation.

the energy gap between the K and L lines; the emis-
sion here is bound-free radiation from heliumlike
aluminum. Above 1.5 keV is the K-shell radiation:
Ka emission and hydrogenlike and heliumlike lines.
The continuum level rises at energies above 2 keV
due to the recombination edges of AlXIll and
AlXIv. A more detailed analysis of the K-shell
spectrum will be presented in the diagnostic section
following.

An interesting question that often occurs in spec-
troscopy is the degree to which the spectra change
during the time development of the plasma. If one
could substantiate that the “‘snapshot” power spec-
trum at a time near peak emission was qualitatively
similar to the time-integrated spectrum, the fre-
quently used approach of inferring that the plasma
parameters obtained by diagnosing the time-
integrated spectrum are typical of the plasma at
peak emission could be validated. In Fig. 9, we
show a snapshot of the frontside spectrum at a time
near peak emission. Comparison with Fig. 8 shows
little qualitative difference in terms of the slope of
continuum features and strong line intensities. The
only noticeable difference is the slope of the Alxi1
recombination continuum between 0.45 and 1.5 keV.
In general, most of the frontside snapshot spectra
that were generated (at various times during the

main emission pulse) looked qualitatively similar to
the time-integrated spectrum; essentially only the in-
tensity levels change slightly with time. In the next
section, the K-shell x-ray spectra will be examined in
detail to assess the finer discrepancies between
time-integrated and time-resolved spectra.

We now turn our attention to the radiation spec-
trum from the rearside of the foil. The full time-
integrated spectrum is shown in Fig. 10, and sub-
stantial differences are found compared to the front-
side emission shown in Fig. 8, the most noticeable
being the absence of radiation between 80 and about
650 eV. The opacity due to inner-shell photoioniza-
tion strongly attenuates all photons in this energy
band. Below the L absorption edge, two superim-
posed features are seen: (1) The continuum radia-
tion emanating from the dense backside region and
approximating a Planckian function at low tempera-
ture (about 6.0 eV), (2) a small recombination
feature, cut off at the L edge, consisting of photons
from the transition region, which manage to escape
through the backside. The high-energy component
of the spectrum is all shine-through radiation from
the frontside blowoff region and consists of at-
tenuated K lines and bound-free continuum from L
and K electrons. Notice the distorted appearance of
these continuum features due to opacity, which
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FIG. 10. Full time-integrated spectrum from the rearside of the laser-heated foil. Bound-free contribution is shown as a
dashed line, while free-free is shown as alternating dots and dashes.
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shifts the frequency at which most bound-free pho-
tons escape from the actual recombination edge fre-
quency. The shift can be approximated by the ex-
pression

Eqis ~Ed* 3rok D)4, (23)

where Ey=hvy,v, is the edge frequency, and 7, is
the optical depth at the recombination edge. This
calculated spectrum was verified by comparing it
with the predicted instantaneous emission spectrum
from a more detailed transport calculation* which
solves the exact equation of transfer for a large-
frequency grid, and agreement between the two
models was excellent. Superimposed on the continu-
um is the Ka emission which appears as a single
large spike with the coarse resolution of Fig. 10.
The Ka radiation comes from regions where K-shell
phoions are strongly absorbed by inner-shell pro-
cesses. Only the low-energy continuum radiation
constitutes actual backside region emission, from
within a few optical depths of the rear surface. The
other features are shine-through from beyond the
ablation surface.

Although few qualitative differences were found
in time-integrated and time-resolved spectra in the
frontward direction, substantial differences are seen
in the rearward spectra. In Fig. 11, the full backside
snapshot power spectrum is shown at five times dur-
ing the emission pulse, and significant differences
are evident. At ¢, (3.0 nsec), only L-shell bound-free
emission is strong, appearing just below the K edge.
The K-shell lines and continuum are barely evident.
The sharp spike at 1.5 keV is the blend of K« lines.
At t, (3.9 nsec) and t; (5.0 nsec), two changes are
seen: (1) continuum radiation appears at low photon
energies as the backside plasma begins to heat up, (2)
more K-shell radiation is emitted and the emission
penetrates the dense plasma more easily as the
inner-shell opacity is slowly reduced by burn-
through in the transition zone and forward-most
zones of the backside region. Also shown in these
spectra is the blackbody (BB) curve (broken line)
corresponding to the temperature of the last back-
side zone. The actual emission in these spectra
tracks the BB curve very well up to the L edge.
This is due to the strong opacity at these low photon
energies, predominantly free-free, but with a non-
negligible bound-free opacity contribution. Thus, at
low frequency the backside plasma looks like a
blackbody emitter and validates the procedure of
McLean et al. in obtaining backside temperatures
from time-dependent spectroscopy at several low
photon frequencies and fitting the result to the ap-
propriate BB profile.

At t4 (6.4 nsec), the frontside blowoff is beginning
to cool due to expansion and reduced laser power,
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which is evident from the decrease in the K-shell
shine-through. The transition zone is still maintain-
ing its temperature, however, and the L-shell contin-
uum, just below the K edge, is still strong. The
bremsstrahlung intensity level at low frequency is
still increasing since the backside temperature
reaches a maximum at 6.5 nsec (see Fig. 6); in addi-
tion, it still maintains close proximity with the
Planck function, determined by the backside tem-
perature. Also present is a very weak bound-free
continuum feature just below the L edge, which rises
to the vicinity of the BB curve. It should be em-
phasized here that the BB curve corresponding to
the rear surface temperature does not represent an
upper limit to this continuum emission, since this
radiation is emitted from several optical depths into
the backside region and at frequencies where the
plasma is not a perfect absorber. The time-
integrated spectrum in Fig. 10 most resembles the
snapshot spectrum at this time.

Finally, at ¢5 (8.4 nsec) the K-shell contribution is
negligible, and only bremsstrahlung, L-shell bound-
free continuum, and Ka emission are present. Note
that the L edge is still a major absorption mechan-
ism, as evidenced by the large gap in the emission.
From a “plasma” point of view, this spectral gap is
an indication that the laser has still not burned
through the foil, since the foil backside region has
yet to be heated to high temperatures. From a radi-
ation standpoint, however, burn-through is not so
clearly defined, since secondary emission from the
frontside is the strongest radiational component
through the backside and it commences promptly
after laser-plasma interaction begins. Thus, if the
absorption cross section for the fuel (or intermediate
tamper) is large at frequencies corresponding to this
shine-through emission, and the shine-through radi-
ation is sufficiently intense, as in thinner foils,
parameters such as foil burn-through time can be of
minor consequence when considering target preheat.

To more quantitatively assess the radiative output
of this laser-foil interaction, the frontside and back-
side radiative components are shown in Table III;
the emission is separated by both energy bins and
atomic mechanism as well as direction, and is ex-
pressed as a percentage of the total radiation in the
appropriate direction. The total forward emission is
approximately a factor of 100 times more intense
than the total rearward emission. For the most part,
the table is self-explanatory. A few points need to
be emphasized, however. The low-energy brems-
strahlung from the backside accounts for less than a
percent of the rearward emission; almost all lies in
photons above a kilovolt. The bremsstrahlung com-
ponent (both front and back) as a whole is energeti-
cally unimportant, comprising only about 10% of
the foil radiation, while radiative recombination is
the most important radiative process. Conversion
efficiencies are often numbers of interest in experi-
ments of this sort. The total laser-to-radiation con-
version efficiency was 26.4%, hence, from Table III,
the conversion to x rays above 1.5 keV is only 5.3%,
and above 0.5 keV it is 12%.

D. K-shell diagnostics

Many previous papers*’ have dealt with the sub-
ject of K-shell radiation diagnostics in dense plas-
mas. However, most have employed stationary
atomic models uncoupled from the plasma dynamics
for the sake of simplicity. With this model we are
able to make detailed comparisons between time-
integrated and time-resolved spectral emission for
the K-shell region to determine what portion of the
plasma evolution is characterized by the time-
integrated spectrum. Granted, with the recent ad-
vent of spectroscopically resolving x-ray streak cam-
eras, this new advanced technology has made it pos-
sible to obtain time-resolved K-shell spectra for the
first time. However, this will be a successful diag-

TABLE III. Total time-integrated radiation energy in the forward and rearward directions,
separated by various photon energy bins and by the atomic process responsible for the emis-

sion (values are given as percentages of the total in that direction).

Photon Forward spectrum Backward spectrum
energy (eV) bb bf ff total bb bf ff total
1—40 0.0 0.1 1.2 1.3 0.0 0.0 0.6 0.6
40—125 1.2 8.0 5.1 14.3 0.0 0.3 0.0 0.3
125—300 7.0 11.3 2.2 20.5 0.0 0.0 0.0 0.0
300—500 33 14.0 0.5 17.8 0.0 0.0 0.0 0.0
500—1560 0.6 25.1 0.3 26.0 30.9 50.9 0.0 81.8
1560—5000 15.6 4.3 0.2 20.1 1.2 16.1 0.0 17.3
Total 27.7 62.8 9.5 100.0 32.1 67.3 0.6 100.0
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FIG. 12. Time-integrated K-shell spectrum from the frontside of the laser-heated foil.

nostic tool only if intensities are sufficiently high.
Other valuable diagnostic techniques, e.g., impurity
doping,* tracer-dot implantation,*’ and slitting to
obtain spatially resolved information, often limit the
measured intensity of the emission, making time-
resolved measurements difficult and uncertain.
Thus, the relationship between time-integrated mea-
surements and the evolution of various plasma
parameters of interest is still an important
unanswered question.

The time-integrated K-shell frontside spectrum,
shown in Fig. 12, contains Rydberg series lines from
hydrogenlike Al X1II and heliumlike Al XII, resulting
from the spontaneous decay of np states (n <5) to
the 1s orbitals. In addition, the density-sensitive
15%(1S)-15 2p (°P) intercombination (IC) line is also
shown, as well as the two recombination continua
AlX1v-to-Al XIII and Al XIII-to-Al XII, seen as sharp
edges above 2 keV. At slightly lower energies, the
Ka series of lines is shown; as stated earlier, they are
treated as optically thin in this study. Thus, their
intensities here are identical to those predicted in the
rearward spectrum, and it will suffice to discuss
their relative intensities as seen in Fig. 12 without
showing a K-shell backside spectrum.

In order to allow for comparison, the frontside
snapshot spectra for several times are shown in Fig.
13. Since the real K lines (as opposed to the Ka

lines) are valence electron transitions from highly
ionized aluminum, they are emitted entirely from
the frontside blowoff and the transition zone just in
back of the critical surface. As thermal conduction
of deposited laser energy back into the foil becomes
ineffective as a heating mechanism, the temperature
drops and the K lines are no longer emitted; this
probably occurs at some point between the critical
and ablation surfaces, at a temperature around
150—200 eV. Hence, the K-line emission is charac-
teristic of somewhat dense as well as rarefied regions
of the foil plasma. Limiting this first discussion to
the K lines, very little difference is evident between
the five spectra in Fig. 13 and the one in Fig. 12.
The intensities fall off at ¢5 (7.35 nsec), but relative
line intensities vary only slightly. To magnify these
differences, we have plotted three line ratios com-
monly used for plasma diagnostics as a function of
time in Fig. 14. Curve 1 is the H-B/He-§[ ls-
3p/1s%-1s5p('P)] ratio, curve 2 is the H-a/He-
al[l1s-2p/1s%*1s2p('P)] ratio, and curve 3 is the
IC/He-a[1s*1s2p (*P)/1s%-1s2p('P)] line ratio.
The first two are temperature sensitive, while the
third is density sensitive. A complete discussion of
these line diagnostics in isothermal, isodense plas-
mas can be found in Ref. 18, while the effects of
density and temperature gradients on these ratios
has been described in Ref. 19.
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FIG. 13. K-shell snapshot spectra from the frontside of
the laser-heated foil at five different times: T;=2.9 nsec,
T,=3.9 nsec, T3;=4.6 nsec, T4=5.9 nsec, and T5=7.4
nsec.

What we seek to determine here is the effect of
time integration on these diagnostics. Namely, what
can we expect to learn from a time-integrated spec-
trum which has been obtained from a plasma which
changes significantly during the radiation pulse
time? Examining the time behavior of curves 1 and
2, they display maxima at 4.8 nsec when the blowoff
plasma is the hottest and the greatest abundance of
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FIG. 14. Behavior of various K-shell line ratios as a

function of time: curve 1 H-B/He-§, curve 2 H-a/He-a,
curve 3 IC/He-a.

hydrogenlike aluminum ions, relative to heliumlike
ions is attained. Curve 3 shows a minimum corre-
sponding to the peak plasma density in the blowoff
region, which occurs at 4.2 nsec, slightly earlier than
the time peak temperature is reached. Superimposed
on the curves are crosses which indicate the values
for these ratios from the time-integrated spectrum in
Fig. 12. It seems to indicate that the time-
integration averages the values obtained for plasma
parameters over a time period comparable to the to-
tal radiation pulse width, which is what one would
intuitively expect rather than a significant weighting
by the ratios in either the pre- or post-maximum
direction. However, the more interesting question is
what is the difference in temperatures (or densities)
between the peak values attained in the plasma and
those indicated by the time-integrated diagnostics?
Using theoretical line-ratio calculations generated
for the study in Ref. 19, ratios 1 and 2 indicate
time-integrated values for the temperature roughly
200 eV lower than those indicated by a time-resolved
spectrum at the time of maximum temperature.
Similarly, the time-integrated density as determined
by ratio 3 is 25% lower than that predicted by the
time-resolved spectrum at maximum emission time.
What impact does this have on spatially and tem-
porally integrated diagnostics? As seen in the study
on plasma gradients, a laser-heated slab plasma will
be diagnosed significantly cooler than the actual
spatially averaged temperature due to spatial in-
tegration of the line spectrum over gradients normal
to the target. Couple this with the result above due
to time integration, and the net result from spectral
diagnostics can be expected to be several hundred
electron volts below the maximum average tempera-
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ture attained in the plasma. Combined effects of
spatial and temporal integration on the density
determination are nearly as strong, and the values
obtained are at least a factor of 2 lower than the
maximum average density attained in the K-shell
emitting region.

Our final goal in this work was to make some de-
finitive contribution in the use of Ka emission to di-
agnose cold, dense matter. In this initial effort to
study these features, the Ka emission was not trans-
ported; hence, every K vacancy that was created re-
sulted in a measured Ka as dictated by the appropri-
ate fluorescence yield. The Ka emission is seen
most clearly in Fig. 12, the time-integrated, front-
side, K-shell spectrum. As was stated in Sec. II,
each ionization stage will emit Ka radiation at a dif-
ferent frequency, since the shielding due to outer
electrons is different. Since the first four ions have
similar ionization energies, the Ka lines correspond-
ing to them are usually unresolvable, and appear in
Fig. 12 as a single strong line, followed by the other
five Ka lines included in this model from the
remaining ionization stages. The time evolution of
these lines is represented in Fig. 13, where the higher
lines are seen to grow in intensity and then fall off
as time progresses. This can be seen more clearly in
Fig. 15, where the Ka intensities are plotted as a
function of time. The actual time-integrated line ra-
tios, relative to the intensity of the first and strong-
est Ka feature are 1:0.23:0.59:0.12:0.11:0.03.

At the outset, we anticipated we would be able to
make quantitative statements about the dense plas-
ma based on the time-integrated Ka emission. In
fact, this proved to be quite difficult, since each line
is emitted over a widely varying pulse width as seen

RADIATED  INTENSITY  (W/cm )

108

2

TIME (nsec)

FIG. 15. Time behavior of the various Ka line intensi-
ties in the laser-heated foil (optically thin approximation).
Numbers refer to the atom or ion before photoionization
occurs (S=AI1V or Al*+),

in the figure. This pulse width corresponds to the
period during which the respective ionization state is
in abundance somewhere in the dense plasma region.
The reason the dense plasma region dominates is a
function of the inner-shell opacity. At densities
much below solid, the creation rate of K-shell vacan-
cies per unit volume at this laser power is not large
enough to generate Ka lines intense enough for mea-
surement. However, Fig. 15 shows that to fully
understand the Ka radiation diagnostics, the time
history of the lines must be known, hence, time-
resolved spectroscopy is probably necessary. In ad-
dition, for this information to be useful, one must
know from what regions of the plasma these lines
emanate. If they all had come from the dense region
very close to the foil backside, as we initially antici-
pated, Fig. 15 would look like a typical ionization
abundance curve versus plasma temperature, with
each ionization stage dominating at later and later
times, until the backside began to cool, whence Ka
from lower ionization stages would reappear in re-
verse order. Since this is not the case in Fig. 15, the
emission region must be different from what we had
originally guessed.

From the time history of these lines we see that
successive ionization stages do “turn on” at progres-
sively later times, as initially expected. However,
the lower ionization stages do not disappear and
reappear later, but sustain themselves over signifi-
cant time intervals. The sustained nature of the
lower ionization stages is due to the fact that the Ka
lines are coming from different regions of the plas-
ma. The lowest ionization stages are coming from
the far backside, while the higher ionization stages
emit Ka lines almost to the ablation surface in the
transition zone. This is an interesting phenomenon
from a diagnostic point of view and there are basi-
cally two reasons for it. Obviously, the temperature
increases as one moves into the plasma from the
backside, hence, the ionization abundances change
predictably. Second (and a very necessary criterion),
the K absorption edge shifts to higher photon ener-
gies with temperature, allowing the intense helium-
like resonance line, for example, from the frontside
to penetrate deeper and deeper into the plasma as it
heats up. The Ly-a line, on the other hand, will be
attenuated along with the other Rydberg series lines
by the first dense zone it encounters, just beyond the
ablation surface, since the K edge rarely shifts that
much in the dense plasma region. Therefore, instead
of yielding diagnostic information about the tem-
perature of the far backside of the foil, we find that,
knowing the Ka line time histories, one can deter-
mine the dominant ionization stage (and, therefore,
the approximate temperature) of the plasma region
in the vicinity of the ablation surface and how that
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temperature behaves in time. From Fig. 15 we
know that at its hottest point, near ¢t =35 nsec, the re-
gion in the vicinity of the ablation surface was most-
ly Alvin and Alix. Hence from CRE aluminum
ionization abundance plots (see, e.g., Ref. 18), the
temperature must have reached approximately
50—60 eV at this time. At the peak of the laser
pulse (1 =4) nsec), on the other hand, Alvil was
dominant in that region, and the temperature was
probably nearer to 40 eV at the ablation surface.

Of course, opacity effects may disturb the relative
intensities of these lines, and work is underway to
include these effects in our model. However, their
time behavior appears to be more significant than
their relative intensities as a useful diagnostic tool.

IV. CONCLUSIONS

The purpose of this investigation was to study the
radiation dynamics of a medium-z material, heated
to x-ray emitting temperatures by a laser. Although
some physical mechanisms were not included in the
theoretical model, the laser power was chosen so as
to minimize the effect of these processes and allow
us to concentrate on the radiative aspects of the
problem. Therefore, we believe this model to be
quite adequate to allow us to study the processes
emphasized in this report in a detailed way and
draw meaningful conclusions.

Several interesting conclusions were drawn from
this work which are worthwhile summarizing. Our
primary goal was to determine how important radia-
tion was as an energy transport mechanism. For the
conditions here, i.e., 10'> W/cm? glass laser pulse
with a 3 nsec pulse width incident on an 8 um thick
aluminum foil, radiation was several orders of mag-
nitude more efficient in transporting energy past the
ablation surface than the second most important
process, thermal conduction. (Recently, Yaakobi
et al.,*® in an interesting study of intense 0.35 um
laser light on saran targets, concluded that radiation,
not suprathermal electrons, was responsible for heat
transport past the ablation surface.) It was found
that the heating in this region was caused by pho-
toionization of inner-shell electrons in the dense
backside plasma and that the incident photons trans-
porting the energy consisted of down-converted xuv
photons (hv <1 keV) from the transition zone as
well as secondary x-rays (Av>1 keV) from the
frontside blowoff region. Thus, the backside heating
process is a complex one, not easily characterized by
simpler models of the dense plasma, driven solely by
K lines. The delay in the backside temperature rise
after termination of the laser pulse was found to be
totally radiative in nature and not attributable to

thermal conduction eventually burning through the
plasma. As secondary xuv and soft x-ray photons
from the frontside and transition zones heat the
dense, cold backside plasma, it slowly heats up and
ionizes, shifting absorption edges to higher photon
energies. This allows deeper and deeper penetration
of these photons with time, resulting in a moving
ionization (or temperature) front toward the rear of
the plasma. Of course, the process is a continuous
one across the entire spectrum, so the far backside
temperature rises smoothly in time as increasing
numbers of photons are able to penetrate. Hence,
the concept of “prompt” x-ray heating of the back-
side is probably incorrect in all but very thin foils,
and in these cases, thermal conduction will most
likely dominate the heating. Summing up, “ioniza-
tion burn-through” proved to be most important to
radiative heating of the backside for the conditions
considered here.

Concerning the general nature of the emitted ra-
diation, about % can be attributed to bound-free
atomic processes (radiative recombination), about %
to line emission, and only % to bremsstrahlung pho-
tons. The radiation directed out the frontside of the
plasma was almost 100 times more intense than that
in the rearward direction, but this will be strongly
dependent on the foil thickness and laser wave-
length. The rearside spectrum consists of a low-
energy continuum, emitted directly from the back-
side region after the peak in the laser pulse, along
with a higher energy prompt component shining
through from the frontside and consisting of K lines
and continuum and some L-shell continuum from
the transition zone. In addition, strong Ka features
were present, emitted in the dense plasma region.
The rearside low-energy continuum closely follows
the curve for a blackbody emitter at the rearside
temperature, up to photon energies well below the L
edge, and the ion populations in the dense plasma
are very nearly in local thermodynamic equilibrium
(LTE). Depending on the absorption characteristics
of the fuel constituents in a microballoon, this
transmitted radiation may or may not represent a
serious source of preheat in the fuel region.

Two main points are to be made regarding spec-
troscopic plasma diagnostics. First, the time-
integration of the spectral emission has a large effect
on line-ratio diagnostics from laser-produced plas-
mas. The final time-integrated intensities of K-shell
emission lines indicated average temperatures and
densities significantly lower than the maximum ac-
tually achieved in the plasma for these conditions.
Thus, time-integration coupled with spatial gra-
dients in these plasma parameters can have a serious
effect on spectroscopic techniques used to diagnose
them.
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Finally, it was found that the Ka lines can be a
promising diagnostic tool in laser-produced plasmas.
Since these features are emitted throughout the
dense backside region, all the way up to very near
the ablation surface, their time histories can be used
to determine the temporal behavior of the electron
temperature in the vicinity of the ablation surface.
In principle, crystal-diffraction streak camera spec-
troscopy should be able to track the time-
dependence of the Ka components of the higher ion-
ization stages in the dense plasma, and convert this
information to temperature using ion abundance
plots at high densities. Of course, no opacity effects
were included when transporting the Ka in our
model, and fast electrons can also create K vacancies
which give rise to these lines, but these factors
should not in principle detract from the use of the
K a lines to determine the time evolution of the plas-
ma temperature deep in the plasma. In fact, the Ka
features emitted near the ablation surface may be
more easily detectable in the forward spectrum than
in the rearward.

In conclusion, we have tried to show the impor-

tance of plasma radiation to the energy transport in
laser-heated foils. The radiation model employed in
this study is one of the most detailed ever to be used
in such a way, incorporating a comprehensive treat-
ment of level population dynamics and radiation
emission and transport. Although this model may
lack the detail of other hydrodynamic codes used to
address this problem, we believe our fluid treatment
of the plasma medium to be quite sufficient to study
the phenomenon of laser-foil interaction, and the
conclusions drawn are valid ones for the initial con-
ditions assumed. More detailed analysis of the com-
parison between various ionization-radiation models
and the impact of neglecting radiation on the plas-
ma modeling is the subject of another study present-
ly nearing completion, and will be presented in
another paper to follow.
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