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Several methods involving x-ray spectroscopic methods for diagnosing laser-imploded targets are
discussed. The first method involves the recording of absorption lines formed in the target tamper,
out of the continuum emitted by a hotter compressed core. This method is applied to ablatively
imploded targets having a thin KCl signature layer. The tamper pAR is deduced from the area

within the absorption lines, whereas the tamper temperature is deduced from the intensity
distribution among absorption lines of adjacent charge states. In a second method, doubly
diffracting crystals can give two-dimensional monochromatic images of thin signature layers in
spherical targets. Such information is useful in studying stability and mixing. Experimental
results relevant to these methods will be shown and the limitations on their application to laser-

target experiments will be discussed.

[. X-RAY ABSORPTION LINES iN LASER-IMPLODED
TARGETS

High temperatures ( 2 1 keV') are often obtained in the cen-
tral gas core of laser-imploded targets. Under these condi-
tions, the continuous x-ray emission from the core passes out
through the pusher and undergoes absorption at wave-
lengths characteristic of atomic species in the tamper. The
resulting absorption lines can yield information on the tem-
perature (7, ), density (p), and the pAR product (density
times thickness) of the tamper. Particularly, strong absorp-
tion can be caused by resonance line transitions of the type
1s-2p in ions which have one or more vacancies in the n = 2
shell; these are thus inner-shell transitions. The optimal
choice of tamper species for this method is such that at the
prevailing tamper temperature, ionization will remove some
of the L-shell (#n = 2) electrons, as well as all electrons of
higher shells. For the present experiment, potassium and
chlorine bracketed the range of anticipated temperatures,
and therefore a KCl absorption layer was embedded within
the tamper. Chlorine and potassium absorption lines were
indeed observed and used to determine the conditions within
the KCl layer, and by inference, within the rest of the
tamper.'

The targets used in this study (see Fig. 1) were im-
ploded with the eight-beamn Helios CO, laser system at the
Los Alamos National Laboratory. The total laser energy
was about 4.5 kJ in a pulse of a FWHM of about 650 ps. The
imploded gas core reaches electron temperatures of about
700 eV, which excites a strong continuum around 3 keV (as
well as 3-4-keV argon lines), which is a prerequisite for ob-
serving chlorine absorption lines. The relative position of the
embedded KCI layer within the target is such that by the
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time of peak compression, most or all of the CH layer (but
none of the KCl layer) has been ablated.

Figure 2 shows an example of the spectra emitted by
these imploded targets. The contrast between strong Ar
emission lines and strong Cl absorption lines vividly demon-
strates a hot compressed core surrounded by a cooler shell.

Figure 3 shows in more detail the chlorine absorption
structure. The identification of these line complexes was
made by comparison with Hartree-Fock atomic structure
calculations.' As an example, the line marked B in Fig. 3
corresponds to transitions of the type 1s-2p in boronlike
chlorine (CI1*'?), i.e., 15s225%2p-1525°2p?; we likewise refer to
other lines as the Be or the C feature, etc. For each configura-
tion there can be several atomic states. For example, the B
feature includes 14 transitions, the C feature contains 35
transitions.

The tamper temperature at the time of strong contin-
uum emission from the core can be inferred from the intensi-
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Fi1G. 1. Typical target parameters used in this experiment.
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FiG. 2. Microdensitometer trace of a spatially resolved spectrum obtained
from the target of Fig. 1.

ty ratios of the absorption features. The fact that the absorp-
tion features have a sharply peaked distribution of intensity
is an indication that they are formed over a period of time
when the tamper temperature does not vary appreciably. In
order to estimate the tamper temperature from Fig. 3 we
calculate the non-LTE steady-state distribution of chlorine
charge states in a model which includes radiative, di-elec-
tronic, and three-body recombination, as well as ionization
(collisional-radiative equilibrium model). The results (Fig.
4) show that this distribution depends primarily on the tem-
perature and only slightly on the density in the range (1-
10) % 10** cm ™. For this density range the deduced tem-
perature by comparison to Fig. 4 is in the range (200-230)
ev.

The determination of the tamper pAR from the absorp-
tion lines is based on the cross section for photoabsorption
on a spectral line of profile ¢ (v), normalized to total area of
unity:

o, = (we*/me)fo(v) = oud(v), (L
where fis the absorption oscillator strength.

Flim Density

4.8 a6 4.4 4.2 4.0

Wavelength (A)
FIG. 3. Detailed tracing of the chlorine absorption lines of Fig. 2. The fea-

ture marked B corresponds to the transition 1s-2p in boronlike chlorine
(C1*'2), etc.
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F1G. 4. Collisional-radiative model calcuiations of chlorine charge-state dis-
tribution at two densities. Smooth lines connect the calculated discreet
points. Comparison of such curves to the spectrum of Fig. 3 is used to esti-
mate the tamper temperature.

The attenuated intensity 7(v) through a layer of thick-
ness AR and density p is related to the incident intensity 7,
(assumed independent of frequency) through

I(v) =I,exp( — a,,NpAR) =I,exp( —o,apAR /M),
(2)

where ¢ is the fraction of all ions of ionization state p, whose
density is NV,, which are in the ground state. The f value in
Eq. (1) has to be averaged over the lower state levels as well
as sumnmed over the upper state levels. As examples, the Be
ion has one ground state ('S,), the B ions—two (*P,,,
P 2/2)-

The pAR can then be derived from the equation

pAR = (ﬂ_) f ]n(—{f’-) dv. 3)

oo I,

The integral is effectively over the line profile because
the integrand vanishes far from the line center. In the ap-
proximation that the film density in Fig. 3 is exactly propor-
tional to In(/), this integral is simply the area enclosed with-
in the absorption line. The total pAR of the KCl layer is
given by the summation over the absorption line manifold
such as that shown in Fig. 3. It is important to note that only
the integral over the line profile is required for the determin-
ation of pAR, so that the line profile need not be known.

Applying the procedure described here to the absorp-
tion lines of Fig. 3, following conversion from film density to
intensity, overlapping lines deconvolution and integration,
we derive a value of pAR = 5.1 X107 * g/cm? for the KCl
layer.

We used the LASNEX laser fusion code in a one-dimen-
sional mode to simulate these experiments. At the time of
peak core temperature, which should be about the time of
peak core emission of continuum, the temperature in the
KCllayeris 250 eV, in good agreement with the range (200—
230) eV determined from the experiment. It should be point-
ed out that the predicted preheat temperature is only about
80 eV. The additional rise in tamper temperature is due to
heat flowing outwards from the hot fill gas as well as due to
the recompression of the expanded tamper. At the time of
peak emission, the pAR of the KCl layer is about 10~* g/
c¢m?, which is about twice the experimentally derived value.
The sources of this difference between theory and experi-
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ment include: (a) inaccuracy in the measurement of the
background and continuum levels; (b) error due to time
integration effects; and (c¢) error in the simulation itself,
such as the hot electron transport methods. We can infer
from this, by using the computational results, that the total
PAR of the tamper at the time of peak emission was about
3.2x 1073 g/em?.

In order to directly simulate the absorption spectra,
multigroup opacity tables were generated using the OPLIB
opacity library (LTE). The resulting opacity tables were
then used on line, as part of the LASNEX simulation. In Fig.
5 we show the results of the spectral simulation correspond-
ing to the specific implosion that produced the spectrum in
Fig. 2. OPLIB opacities were used only for the KCl layer.
Argon emission was calculated with the average ion non-
LTE opacity routine in LASNEX. Fine spectral resolution
was used in the regions around the chlorine and potassium
features and coarse resolution elsewhere. The depth of the
absorption features in the simulation is similar to that ob-
served in the experimental spectrum. The distribution of
charge states in the simulation is somewhat different than in
the experiment. This is mainly because the LTE assumption
in OPLIB increases the ionization to higher charge states
than predicted by a non-LTE model for the same tempera-
ture. It should be emphasized that the derivation of pusher
temperature proceeds by comparing the measured spectrum
to the non-LTE curves of Fig. 4, without reference to a hy-
drodynamic code. The LASNEX results are shown in order
to demonstrate the ability to replicate the very existence of
absorption lines in the spectrum. This satisfying result shows
an overall correct code description of target behavior.

il. MONOCHROMATIC IMAGING USING DOUBLE
DIFFRACTION OF X RAYS FROM CRYSTALS

In Bragg diffraction from plane crystals, one-dimen-
sional imaging in the direction of dispersion is always ob-
tained. To find the associated spatial resolution (i.e., the
minimum resolvable element Ax) we differentiate the Bragg
condition 24 sin@ = A (in first order) to obtain

Ax = L tan (AL 74). (4)
1
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FI1G. 5. LASNEX calculated, time-integrated x-ray spectrum emitted from

the target, simulating the experiment of Fig. 2.
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L is the distance from source to detector along the ray and &
1s the Bragg angle. In typical laser-target experiments, this
spatial resolution is in fact limited by the spectral width
{rather than by the crystal properties). As a typical example
we select the Ti* 2 resonance line at 2.62 A and assume the
laser plasma source to have an ion temperature of 1 keV. The
linewidth will be mostly Doppler (with some additional opa-
city broadening possible), sothat A4 /4 = 3.5 1074, yield-
ing a spatial resofution of 20 um at L = 10 cm. Ina direction
perpendicular to that of the dispersion there is no imaging at
all, and the diffracted beam from a divergent source has the
shape of a thin conical sheet for a given wavelength.
Double diffraction, by contrast, can provide two-dimen-
sional imaging.® The principles of double diffraction are de-
scribed in Fig. 6. For a monochromatic incoming beam, @ is
adjusted to the Bragg angle for diffraction off the planes
parallel to the surface. If the structure factor is zero for such
diffraction, and the crystal is rotated around the ¢ axis, a
series of diffraction peaks appear (such as shown in Figs. 7
and 8). To understand this, we look at the reciprocal-lattice
construction, Fig. 6(b). S, and S are unit vectors in the
direction of the incident and diffracted beams, respectively,
and @ is the Bragg angle. The Bragg condition is equivalent
to stating that the point H of coordinates (hkl) must lic on
the sphere of reflection (or Ewald’s sphere): diffraction
from the planes of Miller indices (hkl) will then occur along
the S direction. If we now rotate the crystal around the ¢
axis, this is equivalent to rotating the reciprocal lattice
around OH [Fig. 6(b)]}. During this rotation, many points
[such as P in Fig. 6(c)] will cross the sphere of refiection
and give rise to double diffraction. More than one point can
simultaneously cross the sphere, giving rise to multiple-
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beam (such as six-beam) diffraction. In Fig. 6(¢), we may
say that the incident beam COQ is diffracted by the OP planes
(i.e., those with Miller indices equal to the coordinates of P),
giving rise to a beam diffracted in the CP direction, which is
subsequently diffracted by the PH planes (which are perpen-
dicular to PH and are spaced 1/{HP: apart), giving rise to
diffraction in the CH direction. Diffraction is in the same
direction (CH) as if diffracted from the planes parallel to the
surface (OH). In reality, of course, these two diffractions
are simultaneous rather than sequential.

Because two angular conditions have to be satisfied (&
and &), the diffracted beam is quasicollimated and can yield
a two-dimensional shadowgraph image (of unit magnifica-
tion), of any object it traverses, or of the emitting object
itself.

Multiple diffraction has other important applications,*
in addition to imaging:

(a) In the Laue mode (radiation traversing the crystal),
absorption due to the photoelectric effect is greatly reduced
on multiple diffraction peaks. This is in addition to the re-
duction in absorption (Borrmann effect) in any two-beam
Laue diffraction. This property is important for designs of
gamma-ray lasers where propagation of wavelengths of or-
der 1 A through several cm of crystalline material is called
for.

(b) The spectral dispersion in this case has two compo-
nents: d6 /dA, dé/dA. The second dispersion can be much
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F1G. 8. Double diffraction (three beam) from the (060) planes of germani-
um. Source: Ka, line of Cu.
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D

F1G. 7. Double diffraction (three beam) from
the (020) planes of germanium. Source: Ka,
line of Cu.

larger than the first, yielding a high-resolution recording of
spectra.

(¢) The shape of multiple diffraction peaks near the
baseline indicate the sign of the phase shift introduced by the
diffraction, thereby enabling the determination of crystal
structures from diffraction data.

It should be emphasized that multiple diffracton is not
limited to the case of zero structure factor. In the general
case, two sets of spectra can appear on the film, with the
intersections (enhanced in intensity) corresponding to dou-
ble diffraction. The two-beam spectra in this case constitute
a background for the multiple diffraction peaks.

Figures 7 and 8 show multiple diffraction spectra ob-
tained with Cu K¢, radiation from an x-ray tube. The angle
¢ = 0 is chosen so that the spectra are mirror imaged with
respect to this point. Some of the peaks are higher than the
height of the figure and are truncated. The peak marked 7 in
Fig. 7 was chosen for the imaging tests in Figs. 9 and 10. It
corresponds to simultaneous diffraction from the (131) and

Source
Film

Pinhole

(0.5 mm)/

Zone
plate

Crystal

F1G. 9. Imaging testing using the double diffraction peak marked 7 in Fig. 7,
from Ge (020) planes. A weak and shifted image due to the Ka, line can be
seen.

X-ray diagnostics 2127

Downloaded 30 Oct 2003 to 132.170.162.242. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp




FiG. 10. Imaging of a fine-line section of the zone plate, as in Fig. 9.

(111) plane sets. The sums of the three indices add up to
(020), for this and any double diffraction peak in Fig. 7. This
simply follows from the vector relation OH = OP + PH in
Fig. 6(¢).

Figures 9 and 10 show imaging test results using Cu K
radiation. A free-standing gold zone plate was chosen as a
test object to be imaged by shadowgraphy onto a high-reso-
lution film (Kodak RAR-2497). The 0.5-um pinhole limits
the image size and reduces some background, but has no
effect on the imaging. The smallest zone-plate linewidth in
Fig. 9is 8 um, and in Fig. 10 is S gm. This is an indication of
the spatial resolution achievable in a direction perpendicular
to that of the dispersion. In Fig. 9, the distance of source to
zone plate (along the ray) is 200 cm, and that of zone plate to
film is 2 cm. The source size is about 3 mm, yielding a pen-
umbral shadow of at least 30 um. Clearly, the imaging in
these figures is due to the properties of double diffraction.
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The direction of dispersion is seen in Fig. 9, as the Ka,
component gives rise to a weak, shifted image with respect to
the dominant image. In this direction the spatial resolution
is limited by the spectral linewidth, just as in the two-beam
Bragg diffraction. As shown above, at a total distance of 10
cm this resotution will be typically 20 um. In the perpendicu-
lar direction the spatial resolution can only be limited by the
crystal properties. For the germanium crystal used, the
rocking curve width is about 10, yielding a spatial resolu-
tion of 2 um for the 2-cm imaging distance in Fig. 9. This
agrees with Fig. 10 which indicates a resolution better than 5
pm. In this case the zone plate was rotated by about 90°, to
demonstrate the resolution perpendicular to the direction of
dispersion. For a total distance of 10 cm from a laser target to
the crystal, then to the film, a 10-um resolution can be
achieved in this direction. Different wavelengths will yield
images displaced with respect to each other. As shown here,
10~20-um resolution is possible in a two-dimension] image
at each wavelength. Such images can be useful in studying
instability and mixing in laser target implosions. For this,
thin layers of elements like titanium or chromium have to be
embedded in the target and isolated, strong x-ray lines from
the various layers have to be imaged.
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