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1. Introduction

K, emission and absorption spectroscopy [1-7] can be used to diagnose plasma
conditions in targets heated by intense proton beams. In this progress report, we discuss
how the K, line spectrum from a thin fluorine tracer layer could be used to diagnose
target plasma conditions in KALIF experiments. This complements K, studies carried
out for other tracers, such as Al [8-11], Mg [12], and O [13]. Below, we discuss several
issues relevant to KALIF temperature diagnostic experiments, including: optimal tracer and
tamper thicknesses, detector sensitivity and spectral resolution, and expected temperature

and density dependencies for K, and Kz absorption and emission spectra.

In the calculations below, we examine fluorine (F) as the tracer material. This was
chosen for several reasons. Firstly, any material with Z < 10 will provide good temperature
sensitivity at low plasma temperatures (7' ~ 2 — 20 eV) because the K, satellites are
noticeably blue-shifted even for the lowest ionization stages. This is due to the fact that
electrons are immediately stripped from the L-shell as the tracer layer becomes ionized.
Thus, for initial KALIF experiments, in which a relatively low power density beam would
be produced with a By diode, a tracer which provides good temperature sensitivity at
T <20 eV is important. Second, F K, lines occur at A ~ 17—18.5 A. At longer wavelengths
— which occur for lower-Z materials — it becomes more difficult to obtain good spectral
measurements [14,15]. The F K, wavelengths are also reasonably nearby other potentially
good tracer materials — such as Na (A ~ 11—12 A), Mg (A ~ 9—10 A), and Al (A = 7.5—-8.5)
— which could also be used in higher-temperature experiments with the applied-B diode on
KALIF. Third, it should be possible to manufacture a target with a thin F tracer [15]. In
addition, if a tracer is made with NaF or MgF compounds, which can easily be produced in
thin layers [15], one could simultaneously observe the K, spectrum from 2 elements, thereby
providing additional diagnostic constraints. (It is currently envisioned that in a future series
of PBFA-II experiments at Sandia National Laboratories similar measurements will be made

simultaneously of Mg and Al tracers.)

In the calculations discussed below, the conditions for the F-tracer were varied as

follows:
2 S T<20eV (tracer temperature)
108¥em™ < n < 102 cm™3 (tracer ion density)
10A £ L, < 100um (original tracer thickness)



In our atomic models for fluorine a total of 271 energy levels were considered, which were
distributed over all 10 ionization stages. Roughly 125 of these were autoionizing levels, of
which 50-60 had M-shell electrons. Thus, several K, lines with M-shell spectator electrons
and several Kz lines appear in the computed spectra. Because of the possibility of measuring

both emission and absorption spectra, results are presented for both.

In each calculation we assumed a 1 MeV proton beam with a 0.3 TW/cm? power
density. This corresponds roughly to the parameters for KALIF using the By diode. The
computed intensities are somewhat sensitive to the beam energy (proton velocity). A beam
energy of 1 MeV corresponds to just below the peak in the proton impact ionization cross
section curve (see Fig. 1). The line intensities are proportional to the cross section. In
addition, the line intensities are also proportional to the beam current density (neglecting,

of course, effects of beam current density on the plasma temperature).

2. Optimal Target Thickness

For K, emission spectral observations, one would like the diagnostic tracer to be as
thin as possible (to mitigate opacity effects in the observed spectrum), while still having
enough signal to detect. The minimum thickness depends on: (1) the material properties of
the tracer and the ability to manufacture it, and (2) the sensitivity of the detector — i.e.,
the signal-to-noise — which requires knowledge of both the detector properties and possible
presence of external x-ray sources, “UV leaks”, etc. We have calculated the strength of
the signal — i.e., the K, line flux — as a function of the F tracer layer thickness. This
is shown in Fig. 2, where the K, flux between 0.4 and 1.1 keV is plotted as a function of
tracer solid density thickness (L,) for a F plasma at T = 10 eV and n = 6 x 10*° cm™3.
(It was assumed this density corresponds to 1% of solid density (n,); however, n, depends
of course on the fluorine compound chosen.) The density conditions are similar to those
occurring in recent light ion beam experiments at Sandia National Laboratories, in which
the planar target expands ~ 10% — 10? times while the beam irradiates the target. Note that
the plasma thickness in each calculation was 100 times the stated solid density thickness, so
that nL = n,L,.

Figure 2 shows that the flux is approximately proportional to the tracer thickness
for L, < 10® A. For L, 2 10° A, the K, lines become optically thick. Note that as the

tracer thickness exceeds 10 um, the flux becomes constant. This occurs because the plasma



becomes optically thick throughout this spectral region. Thus, increasing the tracer thickness

beyond 10 pm will not produce significantly more photons at the detector.

Because opacity effects can lead to difficulties in interpreting
spectra, it is recommended that the tracer thickness be kept
to < 1pm if possible.

If absorption spectral measurements are to be made, the optimum tracer
thickness is ~ 10° A (see, e.g., Perry et al. 1991; see also Figures 6-10).
This is because the K, line optical depths are ~ 10° — 10* at this thickness.

The flux at the detector can be estimated as follows. Assuming the distance between
the target and detector, D, is small compared to the “spot size”, the flux at the detector is

roughly:

spot area

F (detector) = F (calculated) - SRy T
T

where the 27 assumes the photons are distributed more-or-less uniformly over one
hemisphere. For D ~ 10? cm and a spot size of about 1 cm?, a typical flux at the detector

would be:

(1cm?)

F (detector) = (10" erg/em’/s/eV) omore s

~ 1.6 x 10%erg/cm®/s/eV .

For 700 eV photons, this corresponds to about

F (detector) ~ 1 x 10' photons/cm?/s/spectral “bin”

for a spectral resolution of 103.



3. Spectral Resolution

In regards to spectral resolution, a resolution of A\/AX of 2 103 will easily resolve the
“major satellite features” — i.e., each ionization stage. In recent PBFA-II experiments [7], a
spectrometer with /A of ~ 1200 — 1500 was used. At this resolution the structure within
the major satellite features begins to be resolved. In laser-produced plasma experiments
at Lawrence Livermore National Laboratory [6] detailed structure within the major satellite
features was clearly seen using a spectral resolution of about 2500. The measured absorption
spectra were reproduced quite well in calculations by Abdallah et al. [16], and more recently
by us [13]. The ability to simulate the LLNL measurements in detail suggests that reliable

determinations of plasma conditions can be made using the K, technique.

Figure 3 shows calculated K, emission and absorption satellite spectra for F at
T=10eV, n=1x10%* cm™3, and L, = 1000 A. The dashed vertical lines correspond to a
spectral resolution of A/AX = 1000. The K, lines for each ionization stage of F correspond

roughly to the following wavelength regions:

‘ Ion | Wavelength (A) ‘

He,, 16.82
Li-like 17.1-17.2
Belike | 17.3-17.4
B-like 17.5 - 17.7
C-like 17.7-17.9
N-like 18.0 - 18.1
O-like 18.1 - 18.2

Note that for resolutions greater than 1000, individual K, lines begin to be resolved.

This raises the possibility of using K,, line intensity ratios to diagnose both temperatures and

densities. We have recently begun to study this for He-like and Li-like K, lines of Mg and
Al tracers for Sandia National Laboratories [12]. It thus appears that significantly greater
constraints on plasma temperatures and densities may be achieved if several prominent K,
lines can be individually resolved. This of course assumes that the spectral measurement

would be time-resolved as well.

4. Possible Target Designs

Based on the above considerations, as well as conversations with KfK and Sandia
personnel, we next sketch out one possible experimental arrangement for measuring the

temperature in a proton beam-heated plasma. Figure 4 shows a “plastic sandwich” target
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composed of a 0.1 — 1 um-thick NaF tracer sandwiched between two 1 — 2 pm-thick plastic

tampers. The tampers are used to keep the density in the tracer layer approximately uniform.

The attenuation of x-ray photons by the tamper in the F K, spectral region can

potentially be significant and must be considered in the target design. This is true both for
K, emission from the tracer layer and for the absorption of x-ray backlighter photons in an
absorption experiment. The carbon K-shell photoionization cross section at 18 A is about
0.12 Mb. Assuming a density of 4 x 10?2 C atoms/cm? in the plastic tampers, the absorption
coefficient is:

k(A =18A4) =0.5um™".

Thus, 18 A photons will be attenuated about 40% (exp(—+L)) for each micron of plastic
tamper. Greater attenuation occurs along lines-of-sight not perpendicular to the target
surface. Hydrodynamics calculations could be performed to predict the evolution of the

tracer and tamper regions.

Al could be used as an alternative to using CHy tampers. The cross section for
photoabsorption of 18 A photons for Al is about 0.15 Mb; i.e., only about 25% higher than
that for C. Considering a NaF tracer, the cross sections at the K, wavelengths of Na are
lower for both CHy and Al tampers. Thus, tamper photoabsorption of the F K, photons

will provide greater constraints for the tamper thicknesses.

5. Dependence of F K, Spectra on Tracer Thickness

Figures 5(a) - 5(d) show how the K, spectra are predicted to vary as a function of the
tracer thickness. In each case the absorption spectrum, which could be observed if an x-ray
backlighter is used, is plotted on the top. The corresponding emission spectrum is shown on
the bottom. Note that the scales for both the x- and y-axes are not the same in all figures!
Note also that the spectra have not been corrected for instrumental broadening, which is

unknown at this time.

From the absorption spectra, it is clear that tracers much thicker than 1 pm produce
far too much absorption. The 10 um case (Fig. 5(d)) shows that most of the backlighter
photons will be absorbed by the tracer before reaching the detector. In addition, the emission
spectrum starts to become skewed to apparent higher ionization stage. That is, the intensities
of lines from less abundant ions increase as the thickness increases, but those from the
relatively abundant ions do not because of opacity effects. This again points out the

need to keep tracer thicknesses to = 1 um.




6. Dependence of F K, Spectra on Temperature and Density

Figures 6-10 show how the calculated absorption and emission spectra vary with
temperature and density. For each figure, plots (a), (b), (c¢), and (d) show results for plasma
temperatures of 2, 5, 10, and 20 eV, respectively. Lines are identified for the n = 10’ cm=3
series (Fig. 6(a)-(d)), and also in Table 1. Table 1 shows the upper and lower states of each
K, and Kp transition considered, its ionization stage, transition energy, wavelength, and
fluorescence yield.

To examine the temperature dependence, we focus our attention on the n = 10?° cm ™3

series (this corresponds roughly to the density at which the maximum plasma temperature
was attained in the PBFA-II Al K, experiments). The results are shown in Fig. 6. At
T = 2 eV, both absorption and emission K, lines from O-like fluorine (A ~ 18.2 A) are seen.
Ks (a 3p — 1s) transition from O-like F' (A = 17.4 A) is seen in absorption, but is extremely
weak in emission. This results from the fact that the absorption is a reflection of the lower
state population of the transition (of the type 1s%2s?2pt), while the emission is proportional
to the population of the upper state (for O-like Kz, this is 1s! 252 2p* 3p', which is produced
by thermal excitation of FI, followed by a proton impact ionization). Also seen in emission
is N-like F K, (A ~ 18.0 A). [Note that F-like K,, and Kz should also be seen in absorption,

but were not included in the present atomic models.]

As the tracer is heated to 7' = 5 eV, both K, and Kz from N-like F are seen in
absorption while C- and B-like F appear in emission. At T = 10 eV, C- and B-like F
are seen in absorption, while B-; Be-, and Li-like F are seen in emission. Note that the
strongest He-like resonance line (1s'2p''P — 1s2'S) (A = 16.8 A) begins to appear at
this temperature. The upper state of this transition is of course not an autoionizing level,
and therefore has a fluorescence yield of 1. Because of this, the intensity of this line can
be significantly stronger than the K, lines from the lower ionization stages, which typically
have fluorescence yields of ~ 1072 Figure 6(d) shows the results for ' = 20 eV. At this
temperature the He-like and Li-like lines dominate the emission spectrum. Note that the
intensity of the He-like line is almost 2 orders of magnitude higher than the K, intensities
at the lower temperatures. It is thought that measuring the intensity ratios of individual
K-shell lines from He-like and Li-like tracer ions may provide accurate determinations of
plasma temperatures and densities [12]. However, more work needs to be done in this area

to confirm this.
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FI K-shell ionization cross sections by proton impact
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Figure 1. Proton impact ionization cross section for K-shell electrons of neutral F as a

function of proton energy.

12



Dependence of Fluorine K, Flux on Tracer Thickness
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Figure 2. Dependence of F K, flux between 0.4 and 1.1 keV on tracer solid density thickness
for a 1.0 MeV, 0.3 TW /cm? proton beam. In each case, the tracer temperature and density
are 10 eV and 6 x 10?° cm ™3, respectively.
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Figure 4. Schematic illustration of plastic sandwich target with a thin F tracer for diagnosing
target temperatures and densities.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=10eV, n=6x10"cm”, L, =100A
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Figure 5(a). Fluorine K, absorption (top) and emission (bottom) spectra for T = 10 eV,
n=6x10%cm>, and L, = 100 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm? proton
beam.
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Fluorine K  Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=10eV, n=6x10"cm’, L, =1000 A
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Figure 5(b). Fluorine K, absorption (top) and emission (bottom) spectra for 7" = 10 eV,
n =6x102cm™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=10eV, n=6x10"cm”, L, =1um
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Figure 5(c). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 10 eV,
n=6x10*cm™3, and L, = 1 um. The calculation assumes a 1.0 MeV, 0.3 TW /cm? proton

beam.
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Fluorine K, Spectra -- 0. 3 TW/cm 1.0 MeV Protons
T—lOeV n=6x10"cm’ » Lygg =10 pm
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Figure 5(d). Fluorine K, absorption (top) and emission (bottom) spectra for 7" = 10 eV,
n =6x10cm™3, and L, = 10 um. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm”, 1.0 MeV Protons
T=2eV, n=1x10"cm’, L =1000A
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Figure 6(a). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 2 eV,
n=1x102cm™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=5eV, n=1x10"cm”, L, =1000A
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Figure 6(b). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 5 eV,
n=1x102cm™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=10eV, n=1x10"em”, L, = 1000 A
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Figure 6(c). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 10 eV,
n=1x102cm™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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Fluorine K, Spectra - 0.3 TW/cm’, 1.0 MeV Protons
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Figure 6(d). Fluorine K, absorption (top) and emission (bottom) spectra for 7" = 20 eV,
n=1x102cm™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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Fluorine K, Spectra -- 0. 3 TW/cm 1.0 MeV Protons
T= 2eV n=1x 10" cm’ » Logg = 1000 A
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Figure 7(a). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 2 eV,

n =1x102cm™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=5eV, n=1x10"cm”, L, = 1000 A
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Figure 7(b). Fluorine K, absorption (top) and emission (bottom) spectra for ' = 5 eV,
n =1x102cm™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=10eV, n=1x10%cm’, L, =1000 A
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Figure 7(c). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 10 eV,

n=1x102cm3, and L, = 1000 A.
proton beam.

The calculation assumes a 1.0 MeV, 0.3 TW/cm?
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Fluorine K, Spectra -- 0. 3 TW/cm 1.0 MeV Protons
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Figure 7(d). Fluorine K, absorption (top) and emission (bottom) spectra for 7" = 20 eV,
n =1x102cm™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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Fluorine K, Spectra -- 0. 3 TW/cm 1.0 MeV Protons
T= 2eV n=1x10" cm’ » Logg = 1000 A
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Figure 8(a). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 2 eV,
n =1x102"em™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=5eV, n=1x10"cm”, L, =1000 A
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Figure 8(b). Fluorine K, absorption (top) and emission (bottom) spectra for ' = 5 eV,
n =1x102"em™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=10eV, n=1x10"cm”, L, =1000 A
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Figure 8(c). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 10 eV,
n=1x102"em™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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Fluorine K , Spectra - 0. 3 TW/cm 1.0 MeV Protons
T= 20eV n=1x10"cm” , Ly = 1000 A
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Figure 8(d). Fluorine K, absorption (top) and emission (bottom) spectra for 7" = 20 eV,
n =1x102"em™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=2eV,n=1x10"cm’, L, =1000 A

1.0 ™ r—__r'—j (—
‘73 0.8 B -
€ el
g 04t ]
=1
e l-
=02t .
0.0-.x-.-...l ......... | S S M S SR Tt —
15.5 16.5 - 17.5 18.5
Wavelength (A)
8e+ll —————— A A S A R LA S S S A A
>
L
Q
£
L
20 e+l -
2
2
7
o
O
=
O +00 P R S I P L , P
© 15.5 16.5 17.5 18.5

Wavelength (A)

Figure 9(a). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 2 eV,
n=1x10%em™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=5eV,n=1x10"cm"”, L =1000 A
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Figure 9(b). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 5 eV,
n=1x10%em™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra - 0.3 TW/cm’, 1.0 MeV Protons
T=10eV, n=1x10"cm”, L, =1000 A
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Figure 9(c). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 10 eV,
n=1x10%em™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=20eV, n=1x10"cm’, L, =1000 A
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Figure 9(d). Fluorine K, absorption (top) and emission (bottom) spectra for 7" = 20 eV,
n=1x10%em™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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Fluorine K, Spectra -- 0. 3 TW/cm 1.0 MeV Protons
T= ZeV n=1x10"cm’ , Lygg = 1000 A
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Figure 10(a). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 2 eV,
n=1x10%cem™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=5eV,n=1x10"cm’, L, =1000A
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Figure 10(b). Fluorine K, absorption (top) and emission (bottom) spectra for 7" = 5 eV,
n=1x10%cem™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?
proton beam.
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Fluorine K, Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=10eV, n=1x10"cm”, L =1000A
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Figure 10(c). Fluorine K, absorption (top) and emission (bottom) spectra for 7" = 10 eV,
n=1x10%cem™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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Fluorine K  Spectra -- 0.3 TW/cm’, 1.0 MeV Protons
T=20eV, n=1x10"cm", L =1000 A
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Figure 10(d). Fluorine K, absorption (top) and emission (bottom) spectra for 7' = 20 eV,
n=1x10%cem™3, and L, = 1000 A. The calculation assumes a 1.0 MeV, 0.3 TW /cm?

proton beam.
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