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A non-LTE rate equation computer program was recently combined 
with a program devised by Or. Ray Kidder, which simulates the heating of 
laser-heated targets in plane geometry. The hydrodynamic program 
calculates the absorption of laser light, the electron and ion temperatures -
allowing for electron heat conduction - and the densities each time-step 
and feeds these values to the rate equation program. The rate equation 
program gives to the hydrodynamic program for each time-step a source-
sink term for each hot zone above 20 eV. representing the net emission 
and absorption of X-rays. Our calculations involve approximately ten 
"cool" and ten "hot" zones. 

Each state of an ion is designated by the number of bound 
electrons - i - and by the shell n (<10) of the excited electron, assuming 
single excitation only. We assume j-j coupling, so that the sublevels of 
the ten shells total 100. Each shell is assumed to be in statistical 
equilibrium, with the line transitions occurring between subshells according 
to the usual selection rules. An ionic chain can have up to twelve ions 
at any time, with additions or substractions occurring at the ends as 
required. Hence, up to 120 rate equations are solved simultaneously per 
zone. Dr. James Scofield supplies the energy levels and f-values of each 
element. For example, zirconium with Z=40 has 4000 energy levels. 

The physical processes involved in the rate equation solution 
include electron impact excitation and ionization, 3-body recombination, 
radiative recombination, and line emission and absorption. Continuous 
emission and absorption is treated by solving the equation of transfer 
analytically, ignoring time-retardation, for up to 200 energy points. 
Lines are treated by calculating a representative scale length for each 
line and by calculating the probability of line photons escaping without 
local reabsorption, using a Doppler profile. 

To convert from a two-dimensional laser light distribution on 
the target to a one-dimensional representation we assumed a Gaussian 
intensity distribution and approximated our one - 0 intensity by multiplying 
ln2 by the average intensity within the diameter of the circle where half 
the light energy falls. 



- 2 -

The experimental results for targets of aluminum, iron, and 
zirconium using a 1-5 joules, 300 ps glass laser were described by the 
previous speaker. Our calculations to simulate these experiments used 
a shorter pulse of 160 ps in order to compensate for 2-D effects which 
become increasingly more probably after 100 ps. A nominal light spot 
diameter of 100 microns was assumed, althrough the large experimental 
scatter suggests large variation of spot size from experiment to 
experiment. 

The first slide (#1) shows an example of the ionic population 
history for the hot zones for a zirconium target heated by laser light of 
5 X 1 0 1 3 watt/cm2. This is for ions with ten bound electrons. Zone 9 
is the outermost zone. 

This slide (#2) gives for a typical zone the various ionic 
population histories. At early times electrons are being stripped off ions 
with these sinusoidal set of curves. At 100 eV the zone switches from 
LTE to non-LTE, as indicated by the abrupt changes at 4 ps. There is a 
quick recovery and the ionization proceeds - at a slower rate. Re
combination starts when the laser light ends. 

This slide (#3) shows the ionic population history for the 
outermost zone. Because of the low density the ions appear to be 
"frozen" even after the laser light ceases. 

This slide (#4) shows the electron temperatures. The peak 
temperature is slightly over one kilovolt. Note the fall-off at the end 
of the laser light. 

This slide (#5) shows the continuous X-ray spectrum calculated 
for the zirconium target. 

This slide (#6) shows the line strengths for X-rays, where our 
calculations ignore inner shell transitions. The group of lines here 
are n = 2 to 3 transitions, and this group are n = 2 to n > 3. Both 
groups of lines are produced by ions with ten or less electrons. This 
group of lines is produced by all ions and there are several thousand lines. 
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In this slide (#7) the region of 2-3 KeV produced by ions with 
ten electrons show only seven lines, in j-j coupling for the n = 2 to 3 
transitions. 

The same region is shown in the next slide (#8) showing a 
microdensitometer tracing obtained experimentally by Dr. Warren Meade. 
Six lines indicated here are due to neon-like zirconium, and were first 
identified by Dr. James Scofield. The seventh line is probably here but 
too weak to show above these satellite lines, which are probably due to 
inner shell excitation of ions with eleven or more electrons. A calculation 
at the lower intensity of 2 X 1 0 1 3 watt/cm2 was run and its line pattern 
is shown in the next slide (#9). Rough agreement with experiment occurs, 
but the first pair of lines is too weak and the last pair of lines have 
their relative intensities in reverse order. 

13 2 The line strengths for iron for an intensity of 5 X 10 watt/cm 
is shown next (#10). These are K-shell lines, here are L-shell lines, and 
these are M and higher shell lines. The next slide (#11) shows the L-shell 
lines in more detail. Here are lines whose upper shell is n = 3 and here 
are lines with n > 3. Ions with ten electrons produce this set of lines 
and so forth up to these lines produced by ions with only four electrons. 
Comparing with experiment, the next slide (#12) shows lines produced by a 
16 joule 3 ns laser. The fall off of lines occurs for ions with eight 
electrons, indicating a cooler temperature. 

Since I don't have an experimental aluminum line spectrum to show, a 
silicon-lead target spectrum will have to suffice. The next slide (#13) was 
produced by a 10 joule, 100 ps glass laser. These are silicon lines due to 
hydrogen-like and helium-like ions. This "band" is probably due to n = 4 
to 3 lines of lead. Calculations for a silicon target indicate qualitative 
agreement. 
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The experimental X-ray efficiencies discussed by the previous 
speaker will now be compared with calculations. This slide (#14) shows 
the efficiencies for iron targets. Note the calculated values with Be 
absorbers are somewhat high. The next slide (#15) shows efficiencies 
for aluminum targets. The 1/2 mil Be experiment lies below the calculation, 
but there is a rapid fall-off with decreasing intensity. The next slide 
(#16) shows the zirconium targets, and a rather large discrepancy between 
calculation and experiment. 

13 2 By using an intensity of 1.3X10 watt/cm we obtain agreement 
with the aluminum experiment. Using this intensity and extrapolating the 
crosses in the next slide (#17) indicate the calculated values. We have 
now "explained" the observed efficiencies for Al, Fe, and Zr reasonably 
well. These higher Z cases have not yet been calculated. 

To conclude: one dimensional calculations appear to be adequate 
for laser pulses of less than 100 ps in calculating X-ray spectra and 
efficiencies. 
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