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Saturation effects in Ka absorption spectroscopy of laser-produced plasmas
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In laser interaction, absorption of x rays by I( a lines has been shown to be a powerful diagnostic
of electronic temperature and integrated density in a dense absorbing plasma. Integrated densities
measured in these experiments are lower than expected, especially in implosions where density is

high. We present here an experiment and calculations that show that absorption saturates rapidly
with increasing thicknesses of the absorber. An aluminum layer of variable thickness is heated by
the soft x rays emitted by a samarium layer deposited on the laser-irradiated side of a planar target.
We have measured the optical depth of the Ea transitions of Al + to Al'+ ions as a function of the
layer thickness. A strong nonlinear behavior is observed as predicted by the calculations. This type
of saturation is explained by the high number of superimposed absorbing lines, and it is strongly
dependent on the ratio between the linewidth and the instrumental resolution. Such a saturation
effect is general for line absorption and does not appear on film when the instrumental broadening is

larger than the line profile.

I. INTRODUCTION

Ka spectroscopy has been used for a few years for in-
tegrated density and temperature measurements in dense
plasmas of intermediate temperature (30—200 eV). It is a
very powerful method that has been used in spherical im-
plosions' as well as in planar experiments.

Its main application is to diagnose regions that are too
dense to emit x rays and that are out of the range of most
diagnostics; in particular, emission spectroscopy or imag-
ing. The purpose of the earliest experiments had been
mainly the measurement of integrated densities in spheri-
cal geometry. ' ' ' Later on, experimental and numerical
studies were carried out in order to investigate more de-
tails of the physics subtending Ka absorption.
Discrepancies between calculated and measured optical
depths have been observed; the hypothesis of saturation
effects has been put forward. We present here an experi-
ment and calculations that show this supposition to be
correct. We show that density can be underestimated by
using this diagnostic.

layer is heated by the laser. Its thickness has been adjust-
ed from previous experiments to be of the same order as
the ablated depth. It emits x rays around 1.5 keV in the
spectral region where Ke transitions are located. In this
spectral region it plays the role of a backlighter. It emits
also soft x rays in the 500-eV range which are absorbed
in the target and preheat it, thus creating a shallow tem-
perature and density gradient. '

The 3.5-pm thickness of the Mylar that separates the
Sm and Al layers has been chosen in order to have the
highly absorbing C-like and 8-like ions dominant in the
aluminum layer. The thickness of the plastic layer
determines the temperature and ionization state of alumi-
num by fixing the distance between the emitter and ab-
sorber. The 2-pm-thick plastic layer at the rear of alumi-
num was chosen to reduce decompression of aluminum.

Figure 2 shows the temperature and density profiles
obtained at the laser intensity maximum time in a simula-
tion done with the radiative hydrocode xRAD. Condi-

II. EXPERIMENTAL SETUP

One beam of the neodymium laser of the Laboratoire
d'Utilisation des Lasers Intenses (LULI) has been focused
on a multilayered target. The laser beam was frequency-
quadrupled (A, =0.26 pm). Pulse duration was 500 ps,
and energy was 15 J, giving intensities around 5 X 10'
W/cm on target.

The target consisted of a 0.4-pm layer of samarium
(Z =62) on the laser side, deposited onto a Mylar-
aluminum-polyester multilayer. The aluminum layer
thickness was varied from 0. 1 to 0.8 pm. Figure 1 is a
schematic of the experimental setup which shows the
different parts of the target. It explains the roles of sub-
keV and keV x rays in the experiment. The samarium
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FIG. 1. Scheme of the targets used in the experiment. Ar-
rows show the x rays and their role. The position of the crystal
spectrographs is indicated.
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ponentially. This decrease reaches a point where the
transmitted intensity falls below the apparatus detection
threshold. Absorption "saturates" when zero transmis-
sion is reached.

In the first section, we consider the simple case of an
inst rumen tally broadened isolated line that illustrates
very well the saturation mechanism. Then, we calculate
the real case of Ko. transitions where a number of lines
participate in the absorption for a given wavelength.

A. Saturation of an isolated spectra line

FIG. 2. XRAD radiative hydrocode simulation. Gradients of
density (solid line) and temperature (dotted line) at laser max-
imum.

tions are close to the experimental ones (0.4 pm of Sm on
top of 5 pm Mylar, 3 X 10' W/cm incident laser intensi-
ty at 0.26-pm wavelength). Aluminum is located in the
shallow gradient where density is around 0.1 —0.2 g/cm
and temperature is in the range of 80—100 eV during the
samarium-emission probing time which is coincident with
the laser intensity maximum.

Diagnostics consisted of a pinhole set at the front of
the target which monitored the focal spot size and two
time-integrated ammonic monophosphate (ADP) crystal
spectrographs set in front and at the rear of the target.
The front one recorded the emission Srn spectrum and
the rear one measured the absorption of the Srn spectrum
by aluminum Ka transitions. We deduced the optical
depth of the heated aluminum layer as a function of its
thickness by subtracting the rear spectrum from the front
one. We have done a careful wavelength calibration in
order to superimpose exactly the front and rear spectra.
In the adjustment of the intensities of the front and rear
spectra, we multiplied the front spectrum by a scaling
factor which takes into account self-absorption of the
samarium layer.

III. NUMERICAL EVIDENCE OF Ka ABSORPTION
SATURATION

In a one-dimensional homogeneous nonemitting plas-
ma, the radiation transfer equation simplifies to

LI (v) =ID(v)exp —f p(v)p(x)dx

I„i„(v) + „ I,„„„(v')
g (v —v')dv',

Io —~ Io
(3)

where I,
„„„

is given by Eq. (1) and g is the convolution
factor. The absorption line profile appears in the absorp-
tion coefficient p(v). We have assumed here that the
backlighter source is uniform in the frequency space
[Io(v)=I„].This convolution leads to a transmission
profile that does not reach zero even in the case of satura-
tion (dashed line in Fig. 3). Therefore the saturation
eff'ect is not obvious in the experimental spectrum when

1,0

Figure 3 is a schematic of the transmission of a contin-
uum spectrum through an absorbing plasma presenting a
single absorption line in the considered spectral range.
When the thickness of the absorbing layer is small the ab-
sorption line appears with its real profile in the continu-
um spectrum. When absorption depth increases,
transmission falls to zero at the center of the line. If in-
strumental broadening is small compared to the absorp-
tion linewidth, one sees on the film that transmission goes
to zero at the center of the line: absorption is then sa-
turated.

Let us consider what happens when the instrumental
broadening becomes greater than the absorption
linewidth. The line appears as a convolution of the ab-
sorption line profile with the instrumental broadening
given by

= ID( v)exp[ —r( v) ],
where Io and I the incident and transmitted intensity at a
given frequency v. The absorption coefficient is p
(cm /g), p(x) is the mass density at position x in the ab-
sorbing layer, L is the thickness of this layer, and ~ is
defined as its optical depth.

In Eq. (1), one can see that the space-averaged inass
density of the absorbing layer (pL ) is proportional to
the frequency-integrated optical depth ~:

(pL)~ f ()rd vv (2)
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Hence, absorption spectroscopy gives a measurement
of ~(v) which is proportional to the averaged mass densi-
ty (pL ). Equation (1) shows that, when the absorption
length increases, the transmitted intensity decreases ex-

FIG. 3. Transmission of a continuum through an absorption
line; principle of saturation. Dotted line, nonsaturated absorp-
tion line profile. Solid line, saturated absorption line without in-
strumental broadening; dashed line, instrumental broadened sa-
turated line.
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instrumental broadening is important.
For small absorbing-layer thickness, the optical depth

integrated over frequencies increases linearly with the ab-
sorber thickness. When the saturation regime is reached,
it still increases but much slower as transmission is sa-
turated in the center of the line and increases in the
wings.

B. Ea absorption modeling

k(n;, v)= g n, „f„P„(v),
mc

„

where e and m are the electron charge and mass, and c is
the light speed. n,-

„

is the population of sublevel n of the
ground state of ion i; f„and P„are the oscillator
strength and the absorption line profile of the 1s-2p tran-
sitions, which have a contribution at frequency v.

As lines are grouped for a given ion stage, we can mea-
sure the space-integrated density of ion stage i, which is
proportional to the integra1 of the optical depth over the
frequency interval that covers all the lines corresponding
to ion stage i:

(pL ) o- f r(v)dv .
I

(6)

In the experiments we measure an optical depth 7 pt

modified by the convolution of the transmitted intensity
by the instrumental profile. As convolution applies to
transmitted intensity, the measured optical depth 7.

pt is
linked to the real optical depth vtheor b

+ oo

r,„,( v) = —ln exp[ —rtq„,( v) ]g ( v —v')d v' (7)

We have calculated the optical depth ~th„, and its
modified value 7 pt for the different ion stages of alumi-
num for a total mass density of 0.15 g/cm, which corre-

Transitions involved in Ea absorption spectroscopy
are 1s-2p transitions of F-like to He-like ionic stages that
have a vacancy in the 2p shell. They are shifted from the
1s-2p transitions of colder ions that are superimposed on
the neutral Ka line and several transitions are present for
each ionic stage (2 to about SO in aluminum have ( gf )
greater than 0.01). Many electrons are involved in the
ground state of B- and C-like ions leading to a high num-
ber of Ea transitions for these ion stages. The strongest
lines coming from a given ion are grouped around the
same frequency, and are superimposed, building a com-
plex absorption structure. For the different ions, these
structures are shifted from one another by approximately
30 eV, due to electron screening.

The radiative transfer equation can be generalized for
the case of several transitions corresponding to different
atomic levels of the same ion. The optical depth for ion
stage i is given by

r(v, L)= f k(n, , v)dx, (4)
0

where n, is the ion stage i population. The absorption
coefficient k, given here in cm, is the sum of all the 1s-

2p transitions which have a contribution at frequency v.
It is given by

sponds to the conditions predicted by the radiative hy-
d roc ode XRAD simulation of the present experiment
shown in Fig. 2. The electronic temperature is 80 eV,
corresponding to the best fit of the experimental ionic dis-
tribution as deduced from Ka absorption spectra. We
calculated the wavelengths and transition probabilities of
all the strongest 1s-2p transitions of F to He-like ions
with the code RELAC. Populations of the levels were
calculated assuming local thermodynamic equilibrium.
A Voigt line profile was included for each individual tran-
sition. It included Doppler broadening that was of the
order of 0.1 eV at 80 eV electron temperature. The natu-
ral width or the sum of the natural and autoionization
widths has been included for each transition as the
Lorentzian part of the Voigt profile. The natural width is
around 0. 1 eV, very comparable to the Doppler width.
The autoionization width has been calculated with the
RELAC code and is on the order of 1 eV. Stark broaden-
ing has been estimated' ' and is small for these low-
quantum-number transitions. The backlighter source
spectrum was assumed to be uniform in this calculation.

&e have isolated each ionic stage, and calculated for
each of them the optical depth r,h„,(v) and the transmis-
sion of the line I(v)/Io. Then, we have introduced the
instrumental broadening of 2 eV and deduced the con-
volved transmission and the modified optical depth 7 pf.
Figure 4 shows the results of this calculation for B-like
aluminum, for a relatively large absorbing layer thickness
(0.8 pm). In this calculation, the autoionization width
was not included. In Fig. 4(a), one can see the high
values of optical depth reached at the center of the lines
(up to 60). The corresponding transmitted intensity goes
to zero, as shown in Fig. 4(b). As explained in Sec. III A,
this transmission, when convolved with the instrumental
profile, no longer reaches zero, and the effect of satura-
tion is masked [Fig. 4(c)]. Figure 4(d) shows the optical
depth calculated from the broadened transmission. It
stays at much lower values than the theoretical one [Fig.
4(a)]. The integral jr,„„,( v)d v reaches 72.2 as

Ir,„~,(v)d v does not go over 20.
We have performed this type of calculation for

different thicknesses of the absorbing layer, including or
not including the autoionization width. Results are
shown for the B-like ion in Fig. 5, which represents the
instrumentally broadened frequency integrated optical
depth of 8 like ions as a function of the nonbroadened
one. The solid line represents the 1inear case. With au-
toionization included (dashed line), i.e., when the
linewidth is about half the instrumental width, absorption
still saturates but much less than when only Doppler and
natural widths are included (dotted line), i.e., when the
linewidth is ten times smaller than the instrumental one.
The nonlinear behavior of the integrated optical depth is
obvious on this graph. Then the average mass density
which is proportional to it will be underestimated. More-
over, one can see that saturation is highly dependent on
the ratio between the width of the lines and instrumental
broadening.

In Table I, we compare the values of linear and sa-
turated integrated optical depths for all the different ion
stages of aluminum (F-like to He-like). The calculation is
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done for a 0.8-pm-thick absorbing layer. Table I gives
ionic abundances and the energy range in which the in-
tegration is performed. It shows that only the dominant
ions strongly saturate; the other ones remain very close to
the linear regime. This difference in saturation for
different ion stages changes the aspect of the absorption
structures observed in the experiments by broadening
their distribution. This broadening modified the inferred
ionic distribution in a comparable way as temperature
gradients would do.

IV. COMPARISON OF EXPERIMENTAL DATA
WITH CALCULATIONS

In the experiment that we have performed, we have
measured the optical depth of the absorbing layer for the

dominant ion stages and compared them to the calculated
ones. The 2-eV instrumental width measured on narrow
lines of samarium was used in the calculations. Figure
6(a) shows the experimental optical depth as a function of
photon energy. We see clearly absorption structures of F
to Li-like ions. The distribution is characteristic of a
temperature of 80 eV as shown by the theoretical spec-
trum in Fig. 6(b), obtained for a total density of 0.15
g/cm . We have restricted the spectral region of integra-
tion, as shown in Fig. 6(a) in order to increase the signal-
to-noise ratio. We have restricted the analysis to the
strongest lines (N-, C-, and B-like structures). Be-like
ions have also a strong absorption, but we did not analyze
them because they are superimposed on weak 1s-3p tran-
sitions.

Figure 7 shows the optical depths deduced from the
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FIG. 4. Calculated transmission and optical depth of Ko, lines of Al + (B-like) with Doppler and natural widths. (a) optical depth
without instrumental broadening; (b) transmission without instrumental broadening; (c) instrumental broadened transmission; and (d)
optical depth deduced from the instrumental broadened transmission. (p =0.15 g/cm', T, =80 eV; 2 eV instrumental broadening. )
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measured spectra and the calculated ones. Experimental
data show clearly a saturated behavior of the absorption.
For only 0.1 pm of aluminum, all the ionic species absorb
nearly linearly. For higher thicknesses, the absorption
saturates for the dominant ion stages: B- and C-like ex-
perimental data (squares) are much lower than the linear
behavior (solid lines). N-like data exhibit a low quasilin-
ear absorption.

Th'his is in agreement with a reduction of measured opti-
cal depths by saturation: C- and B-like ions have strong
absorption and saturate, and N-like ions do not saturate
because their population stays at a low level for the 80 eV
electronic temperature reached in the absorbing layer.
Dashed lines show the results of a calculation including
autoionization in the absorption line profiles. It gives sa-
turated values, but less saturated than the experimental
data. A better fit of the experimental data is obtained
when we included only Doppler and natural widths (dot-
ted line).

FIG. 6. Comparison of experimental and calculated optical
depths of an aluminum layer. An 80-eV electronic temper t
is e uced from this comparison. The heavy line on the x axis
shows the energy range for the calculation of integrat d t' 1e op ica

We were expecting to have an agreement between ex-
periment and the calculations that include autoioniza-
tion. However, experiment gives much smaller optical
depths, corresponding to a thickness three times smaller
than the 0.8-pm-thick absorbing layer. We have investi-
gated the possible reasons for this discrepancy. The first
idea was that autoionization widths could be overestimat-
ed. We checked the autoionization rates obtained with
previous calculations'" dones for He- and Li-like ions.
These calculations are in good agreement and have been
used in comparisons of experiment and theory for Li-like

TABLE I. Integrated optical de ths for a 0.8- m-~ p a . -pm-thick absorbing aluminum layer calculated with
t e o owing conditions: includin Do lerg pp er and natural width, adding autoionization width, and linear
calculation. Columns 2 and 3 ive the inte rg e in egration energy range and the abundance of each ionic stage.

Al ion
stage

F-like
0-like
N-like
C-like
B-like
Be-like
Li-like
He-like

Energy
range (eV)

1487.8- 1490.9
1498.7-1504.9
1510.0- 1518.3
1523.5- 1534.0
1537.6- 1548.2
1551.0- 1570.0
1570.0- 1593.5
1593.5- 1602.4

Ionization
(%)

6.010X 10-'
1.369)&10 '
0.1096
0.3309
0.3741
0.1510
1.944 X 10
5.917X 10-'

Doppler plus
natural
width

0.0003
0.1720
1.5124
9.2694

19.3430
26.6340
12.1610
1.3050

Auto-
ionization

width

0.0275
0.3124
1.8626

16.5340
43.3330
61.3230
19.7090
1.4475

Linear

0.0275
0.3380
1.8837

17.8120
67.9400

116.8200
56.1200
5.5321
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dielectronic satellites without discrepancies. ' We have

no reason to think that these rates are incorrect. Also, it
has been shown that autoionization does not give a

symmetrical line profile, but a Fano profile. ' We did not
take this type of profile into account in the calculations,
but such a difference is negligible in comparison to the
factor of 10 on the Lorentzian linewidth needed for the
best fit of the experiment.
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FIG. 7. Comparison of experimental and calculated frequen-

cy integrated optical depths of Ka transitions of Al', Al'+,
and Al ions. (B-, C-, and N-like) as a function of Al layer
thickness. Solid line, linear calculation; dashed line, autoioniza-
tion width included; dotted line, autoionization width neglected;
dash-dotted line, autoionization and a decompression factor of 3
included.

Another reason could come from lateral spreading of
the target. Indeed, the target we used was a thin foil and
two-dimensional (2D) effects were likely to occur. We ex-
pect that the target becomes thinner in the focal spot of
the laser due to the ablation pressure. This decreases the
thickness of the absorbing foil, and accordingly the opti-
cal depth is decreased. On a plot of measured optical
depth as a function of absorbing layer thickness as in Fig.
7, this is equivalent to multiplying the abscissa by a
decompression factor. Figure 7 shows that a best fit
would require a factor of 3 decompression (dash-dotted
line).

We have estimated the order of magnitude of this
decompression following the conclusions obtained with a
2D Lagrangian hydrocode by Virmont and Faral, which
describes the behavior of laser-irradiated thin foils. ' Ac-
cordingly, we have assumed that during the laser pulse
and the measurement duration, the target bends back-
wards like a circular arc in the 80-pm focal spot, the dis-
tance between the arc and the original target being the
recoil of the target as calculated in the radiative hydro-
code xRAD, i.e., 50 pm. Keeping the mass constant, the
target gets thinner as it is stretched. This gives a factor-
of-1.5 decompression as mass flows towards the sides of
the target. The 1.5 decompression factor could be nearly
sufficient to get an agreement between theory and experi-
ment when taking into account the experimental error
bars.

The last hypothesis we examined is linked to the back-
lighter source spectrum. First, as we mentioned in Sec.
II, self-absorption of the samarium backlighter layer was
taken into account by a multiplication factor on the front
spectrum. In fact, reabsorption should be treated in a
more complicated way if its role is important. This could
be part of the reason for the discrepancy observed.
Second, we suppose in the calculation that the back-
lighter source has a flat spectrum with no frequency
dependence. It is obvious from the experiment that this
was not the case. Samarium emission is composed of a
number of resolved transitions and unresolved transition
arrays. Then one can imagine that a thin absorption line
could lay between emission lines. This could increase the
transmitted intensity and decrease the apparent optical
depth. The real transmission is then dependent on how
the two arrays of absorption and emission transitions fit
together. This e6'ect is difficult to calculate, as the spec-
trum of samarium is too complex to be calculated in de-
tail. Further work has to be done to check such an effect.
However, one could expect an average in the fit as the
high number of emission and absorption lines gives as
much chance for an absorption line to spectrally coincide
as for it not to coincide with an emission line. This aver-
age could validate the flat spectrum hypothesis that we
have used.

V. CONCLUSION

The present calculations and experiment have evi-
denced and quantified saturation effects of Ko; absorp-
tion. The importance of this saturation is highly depen-
dent on the ratio between instrumental and intrinsic
linewidths. Even with only a factor of 2 between the in-
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strumental and intrinsic linewidths saturation is non-

negligible. Experimental data give a saturation higher
than expected from the calculation. Further work on
simple models describing the possible explanations for
the discrepancy could help to understand the very low
absorption observed in the experiment.

Using this Ke absorption technique to measure space-
integrated ion densities requires a good spectral resolu-
tion to avoid saturation, or a good knowledge of
linewidths, in order to calculate properly the optical
depths including saturation effects. The saturated behav-
ior analyzed in this paper is a general feature of absorp-
tion spectroscopy and should be kept in mind in all the

situations where the instrumental broadening is larger
than the absorption line profile.
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