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Sub-keV X-Ray Emission at 5 x 1 0 t 4 H/cm2: 
Z Dependence or a Laser Intensity Threshold for 

Inhibited Electron Conduction* 

G. McClellan, P.H.Y. Lee, G. Caporaso 

University of California, Lawrence Llvermore Laboratory 
Liver-more, CA 94550 

ABSTRACT 

Temporally resolved sub-keV x-ray emission pulses have been 
obtained from disk targets Illuminated with 1.06 urn wavelength laser 
light at 5 x 10 K/cro . Systematic variations in the x-ray 
pulse shape from Be, Ti, Sn, Au, and U targets indicate the onset of 
strongly inhibited electron conduction during the rise of the laser 
intensity. The laser intensity threshold for inhibited conduction 
is found to increase with target atomic number Z. 

Numerical simulations of these targets have been done. The role 
of electron thermal conduction in the ablation and x-ray emission : 

process is discussed. Comparison is made between simulation and 
experiment for the time dependent and total sub-keV x-ray emissions. 

•Work performed under the auspices of the U.S. Department of Energy 
by the Lawrence Livermore Laboratory under contract number 
W-7405-ENG-48, 
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He present a systematic dependence on target atomic number 2 of 
the temporally resolved sub-keV x-ray emission from disk targets 
illuminated with 1 ns, t.06 (im wavelength laser pulses at a nominal 
intensity of 5 x 10 W/cm . Numerical simulations are 
discussed and compared with the data. He interpret the temporal 
behavior of the sub-keV x-ray emission as showing the onset of 
strongly inhibited electron thermal conduction during the rise of 
the laser intensity. As the 1 of the target material is reduced, 
this strong conduction inhibition occurs earlier, i.e., at lower 
laser intensity. 

There is substantial experimental evidence that electron 
heat conduction in plasmas produced by 1.06 pm laser intensities 

14 2 above 10 W/cm is inhibited. The existence of an intensity 
threshold for this effect nas been clearly demonstrated by Pearlman 
and Anthes with measurements of the front and rear plasma thermal 
expansion velocities from a thin polystyrene film. • We extend the 
idea of an intensity threshold for inhibited conduction to include a 
Z dependence of the threshold. 

Mechanisms that have been discussed which will inhibit electron 
thermal conduction in laser-irradiated targets include 
se7f-generated magnetic fields, ion acoustic turbulence, and 
electrostatic fields set up by suprathermal electrons. Data on 
the dependence of inhibition on parameters such as laser 
intensttyVpulse width, wavelength, spot size, target material, and 
beam uniformity should bring a better theoretical understanding of 
conduction inhibition and help determine th>: dominant mechanismfs). 
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We report on the Z dependence. 

Experiments 

The experiments were performed at 1.06 j»m wavelength with one 
beam of the Argus laser facility, operating with nominal 800 .7, 
1 ns full width at half max1mum(FMHM} gaussian pulses. The nominal 
intensity on the target was 5 x 10 W/cm with a 450 urn 
diameter spot. The targets were disks, 600-700 cm in diameter and 
13-25 jim thick. Target materials were Be, Ti, Sn, Au and U. The 
instrument used for the time-resolved low energy x-ray measurements 

it is the Dante-T system, wiiich is a ten-channel, filtered, x-ray 
diode detector system. The channel responses lie between 250 eV and 
1500 eV. The FWHM of the channel response times range from 170 ps 
to 700 ps, depending on the oscilloscope used on each channel. The 
targets were irradiated by f/2.2 focusing optics, the incidence 
angle was 30" for all cases, and the Dante-T viewed the x-ray 
emission at an angle of 60* from the target surface normal in the 
plane of incidence, away from the incident beam. The beam was 
linearly polarized l<f out of the plane of incidence. 

The Dante sub-kcV x-ray data has been described in a previous 
paper 6 and in the APS talk preceeding this one. 

Simulations 

The production of sub-keV x-rays by a laser illuminated target 
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has been shown to be a sensitive indicator of the inhibition of 
electron thermal conduction. The laser energy is deposited 1n 
the target plasma at and below the critical electron density 

21 3 (10 e"/cm for X = 1 fim) which moves out a distance of order 
100 itm from the original target surf-see for a laser intensity of 
1 0 1 4 - 1 0 1 5 H/cm2 and pulse length Of 1 ns. The sub-keV 
x-rays are produced mainly near the ablation layer where material is 
rapidly burned off the target and ionized. This emitting region is 
of order 10 urn from the original target surface for the above 
mentioned conditions. Energy is transported from the underdense 
plasma to the ablation layer predominately by electron thermal 
conduction. Hence, the rates of material ablation and sub-keV x-ray 
emission are strongly effected by the plasma electron thermal 
conductivity. 

Representative density, temperature, and laser deposition 
profiles at peak laser intensity for a Ti disk target are shown in 
Fig. 3. Individual atoms move through the ablation layer rapidly 
enough that local thermodynamic equilibrium (LTE) is not 
established. Thus, non-LTE calculations are required to correctly 
simulate the plasma ionization state and x-ray emission. 

Flux-limited diffusion is used to calculate the electron thermal 
energy flux in the numerical simulations. As illustrated in Fig. 4. 
the electron thermal flux is highest in the vicinity of the critical 
surface relative to the classical limit Q m,„ »nev. where n, B and 
v are the thermal electron density, temperature, and thermal 
velocity, respectively. An empirical flux limit f (i.e.. 
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let ( L a x = fn«v) first limits conduction near the critical surface 
as discussed in Fig. 5. The current model of 1on acoustic 
turbulence results in a time independent flux limit of f «©.02 in 
most of the plasma. Magnetic fields and a conductivity multiplier 
are also available in the numerical simulations. 

Two-dimensional numerical simulations have bean done for Be, Al, 
Ti, Ag. and U disk targets. An example of the Lagrangian mesh at 
peak laser Intensity is shown with incident laser rays 1n Fig. 6. 
Density, temperature, and ionization state are well-resolved with 7 
radial zones and 43 axial zones for classical electron thermal 
conduction. With inhibited conduction, the stronger gradients can 
still be resolved for Ti and lower Z targets. No attempt has been 
made to resolve the plasma blow-off from the (edge or back of the 
disk since that"blow-off should have little effect on the ablation 
from the large front surface. 

Laser Light Absorption 

Box calorimeter measurements of the time-integrated laser light 
absorption fraction for I ns pulses at 5 x 10 W/cm have been 
made for Ti and Au targets. This data Is plotted in F1g. 7 with 
earlier measurements at ZOO ps for parylene and tungsten glass. 
These data, although sparse, indicate that the absorption for long 
pulses varies quite slowly with Z. For the present analysis it is 
assumed that the absorption increases linearly with Z from 35* .at.Be. 
to 44X at U. 



The fraction of incident energy which goes into suprathermal 
electrons for 1 ns pulses at 5 x 10 WYcm is also plotted vs. 
Z in Fig. 7. These data are deduced from measurements of 
suprathermal x-rays emitted from the front of the target. The 
relation between the energy Ejgj deposited in suprathermal 
electrons and the obse-ved suprathemial x-rays for electrons in a 
thick target is 

-10 
E ^ f Joules) - t - Z ° 4 - - _ _ n ( ^ at e H O T ) M ) 

where $2 is the spectral intensity of x-rays at an energy equal to 
the temperature 9|JQT of the suprathermal x-ray tail. Since the 
targets are not necessarily thick and since the suprathennal 
electrons can loose energy hydrodynamically in the plasma blow-off. 
the production of suprathermal x-rays is not as efficient as implied 
by Eq. 1. The x-ray production relative to Eq. 1 from a series of 
2-D simulations is shown in Fig. 8. This correction has been used 
to obtain the data plotted in Fig. 7. For all Z's, suprjithennal 
electrons constitute only a few percent of the absorbed energy. 

Data was also obtained for gold illuminated with a 1 7 0 M 
diameter spot for 1 ns at 3 x 1 0 1 5 W/cm2. The fraction of 
incident laser energy into suprathermal elections was the same as at 
5 x 10' W/cnr.' For the present analysis we assume that the 
absorption fraction at 3 x 1 0 1 5 W/cm 2 is polarisation 
indepehdent and use the value 3 ^ taken from Reference 10. (The 

14 ? absorption fraction at 5'x 10 W/cm is polarization 
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independent.) 

X-Ray AnguTar Distributions from Simulations 

The sub-keV x-ray emission was measured with small solid angle 
detectors at only one angle (60* from the target normal). This 
measurement must be compared with theory by "looking at" a 2-D 
simulation from the same angle. The time dependent signals 
presented below have been analyzed in this way. 

To estimate total emitted x-ray energy from the experiments, 
some assumption must be made about the angular distribution. The 
angular distribution of 300-500 eV x-rays predicted by the 
simulations for various elements is shown in Fig. 9. Note that 
since 0= 60° is the mid-point in solid angle and the angular 
distributions are well-behaved, the total x-ray emission can be 
obtained within a few percent by assuming the target emits uniformly 
over 2* sterodians with the 9= 60° value. For the present 
analysis, this reasonable property will be assumed for the true 
angular distributions even through they have not yet been measured. 

Comparison of Experiment and Simulation 

The Dante T system used for the x-ray measurements covers the 
energy range from 0.1 to 1.8 keV. The fraction of the incident 
laser energy measured in this range for each element is listed in 
Table I. A correction factor for the finite energy acceptance has ; ; 
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been estimated using the x-ray spectral shape from simulations. The 
corrected values of observed x-ray energy and the values obtained 
from the simulations with classical electron conduction are listed 
in Table I and plotted in Fig. 10. The simulations overestimate the 
radiated x-rays by 305! to 80%. 

As noted in the past, reasonable agreement between the 
time-integrated x-ray emission from simulation and experiment can be 
obtained by using a reduced flux limit on electron thermal 
conduction. This fact is illustrated for titanium in Fig. 11. In 
the simulation, ion acoustic turbulence gives an effective flux 
limit of f » .02 and reduces the total x-ray energy to agree with 
experiment. 

Time Dependence of the X-ray Emission 

The agreement in total x-ray emission with conduction inhibition 
by the ion acoustic turbulence model was quite satisfactory until 
recent experiments with improved time resolution showed that there 
is actually strong disagreement on x-ray pulse sjhape between 
simulation and experiment. Simulations with or without conduction 
inhibition exhibit gaussian-like x-ray pulse shapes with FWHH from 
5% to 153! longe»- than the laser pulse. On the othe>- hand, many 
experiments show decidedly non-gaussian pulse shapes and most have 
FklHM from 50% to 100% longer than the laser pulse. Fig. 12 shows 
the pulse shapes for various elements illuminated at 5 X 1 0 
W/cm a n cj pig. 13 shovs the pulse shapes from gold at two 
different intensities. 
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Laser Intensity Threshold for Inhibited Conduction 

The experimental pulse shapes strongly suggest a laser intensity 
threshold effect and, as discussed In Fig. 14, bring to mind the 
work of Peariman and Anthes, in which they measure an Intensity 
threshold threshold of 10 W/cm for conduction Inhibition in 
polystyrene films illuminated with 90 ps pulses of 1 M light. From 
the positions of the breaks 1n the x-ray emission pulses in Figs. 12 
and 13, threshold intensities can be estimated for T1, Sn, Au and 
U. These intensity threshold values are plotted versus Z with the 
result of Ref. 3 in Fig. 15. The threshold Increases with Z. 

The role of electron thermal conduction in controlling ablation 
and sub-keV x-ray emission and the agreement of the threshold values 
of this experiment with that of Peariman and Authes strongly suggest 
that the effect is indeed a conduction Inhibition threshold. 
However, current models of conduction inhibition by ion acoustic 
turbulence, magnetic fields and electrostatic fields do not give a 
threshold effect and do not reproduce the observed x-ray pulse time 
dependences. 

Explanations other than conduction inhibition have been 
considered to explain the threshold effect. Foremost have been 
atomic physics effects and laser light absorption effects. 

There,are both theoretical and experimental reasons for 
believing that the variations 1n'pulse shape are not a consequence 
of atomic structure differences of the targets. Numerical 
simulations with classical electron thermal conduction and non-LTTE 
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ionization physics reproduce the qualitative features of the 
observed 0.2 to 1.5 keV" x-ray spectra for all of the elements, but 
show no deviations from a smooth, gaussian-like time dependence for 
the x-ray emission pulses. Experimentally, the data for gold disks 
above and helow the laser intensity threshold are decisive. In 
spite of a factor of 2.5 reduction in radiated energy for the higher 
intensity and a dramatic change in the x-ray emission pulse shape, 
only + 1555 changes in the 0.2-1.5 keV spectral shape were observed. 
Thus, there is no correlation between atomic structure (as indicated 
by x - n y spectra) and the temporal behavior of the x-<-ay emission. 
See Fig. 1.6 for a comparison of the measured gold spectra at the two 
intensities. 

Two absorption effects are of interest. First, the absorption 
fraction undoubtedly varies with time during the laser pulse. 
Second, the absorption mechanism may change with time. Fig. 1.1 
shows that the right total x-ray emission for titanium is obtained 
using conduction inhibition by ion acoustic turbulence. The right 
time dependence of the x-ray emission would be obtained if the time 
dependence of the absorption fraction were tailored correctly. This 
procedure would work since simulations show that the x-ray emission 
per unit absorbed energy depends only weakly on absorbed intensity. 
Unfortunately, the procedure fails with gold since Fig. 16 shows 
that the emission per unit absorbed energy is a strong function of 
intensity. A last resort would be to change the absorption 
mechanism as the threshold is crossed. The absorption must still be 
into thermal electrons, though, since the energy into suprathermals 
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does not change significantly for gold. It Is possible that a 
sudden Increase tn ion acoustic turbulence might cause anomalous 
absorption at lower plasma density, simultaneously shifting energy 
away from the ablation layer and increasing conduction 
inhibition.18 

A final point is that since more than one Inhibition mechanism 
may be operating, 1t should not be concluded that electron thermal 
conduction has the classical, colHslonal value below the threshold 
shown in Fig. 15. The threshold may just be the onset of one 
particularly strong inhibition mechanism. 

Theoretical work should be done to look for an appropriate 
threshold effect. Phenomenological analysis should be done to fit 
the observed x-ray signals. With existing absorption models, the 
plasma conductivity could be arbitrarily varied to give the observed 
time dependence. Alternatively, with existing inhibition models, 
variations in the absorption process might be tried. 

Conclusion 

In conclusion, a definite laser intensity threshold effect has 
been observed for the first time in the time dependence of the 
sub-keV x-ray emission from disk targets illuminated with I ns 
pulses. The intensity thresholo increases with 2. Although the 
atomic physics of the- ablation process and the time and intensity 
dependence of the laser light absorption process deserve more study. 
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t 
%. the mo', likely explanation of the threshold is a sudden decrease in 
I, ' the plasma election thermal conductivity between the laser 

deposition region and the target abUtion layer. 
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TABLE I 

I 

Assumed 
Laser* 

Absorption 

Eradiated/E . 
/ laser 

Element I 

Assumed 
Laser* 

Absorption 
txpenmetst 
(0.1-1.8 keV) 

Energy 
Acceptance* 

Experiment 
Corrected 

Simulation 
Classical 

Be 4 35% 093* .85 1.1% T.7JE 
Al 13 36X 2.2* .79 2.8% 4.9* 
T1 22 37** 5.4* .90 6.0* 9.8% 
Ag 47 40S — .95 — 20. OX 
Sn 50 40% 14.7% .95 15.5% — 
Au 79 43X* 17.3% .97 17.8* 30.5X 
U 92 44* 17.9* .97 18.5% 33.0X 

•Measured 
The ratio of the energy between 0.1 and 1.8 keV to the total radiated energy taken from simulation. 
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OUTLINE m 

I. Simulations of target illuminations for various Z's 
A. Features of electron thermal conduction 
B. Laser light absorption 
C. Sub-keV x-ray emission 

II. Comparison with experiment 

III. Laser intensity threshold effect 

IV. Interpretation as electron thermal conduction inhibition 
threshold 

•-? Figure 2 



ELECTRON THERMAL CONDUCTION CARRIES DEPOSITED 
LASER ENERGY TO THE ABLATION LAYER OF THE TARGET 

Profiles at peak laser intensity 
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Figure 3 



ELECTRON THERMAL CONDUCTION IS MOST NEARLY FLUX 
LIMITED AROUND THE LASER CRITICAL DENSITY [g 
• Profiles at peak laser intensity — classical conduction 
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MODIFICATIONS OF THE PLASMA ELECTRON THERMAL 
CONDUCTIVITY AT 5 X 10 1 4 W/cm2 __ 

Reduced flux limit Q m a x = f n 0 v 
-Weak (f>0.1) - No effect 
— Moderate (f ~ 0.05} — Limits flux near critical surface 
— Severe (f < 0.02) — Limits flux all the way to ablation layer 

Ion acoustic turbulence — Effective f «* 0.02 
< V d~C s ) 

Conductivity multiplier — Uniform reduction everywhere 

Magnetic fields — co r ^ 1 

50-60-1179-4604 

Figure 5 



2-D NUMERICAL SIMULATIONS HAVE BEEN DONE FOR Be, Al, 
Ti. Ag, Au, AND U TARGETS |gg 

' Lagrangian mesh at peak laser intensity 
• Well-resolved with classical electron thermal conduction 
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Figure 6 
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ABSORPTION FRACTION AT 5 X 1 0 1 4 W/cm2 INCREASES 
SLOWLY WITH Z 

Suprathermal electrons constitute only a few percent of the absorbed 
energy for 1 ns pulses 
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Figure 7 



THE THICK TARGET BREMSSTRAHLUNG FORMULA 
INCREASINGLY OVERESTIMATES SUPRATHERMAL 
X-RAY PRODUCTION AS Z INCREASES L5 

• Compare simulation and formula for given supratherma. electron deposition 
• £2 is the suprathermal x-ray intensity at 0 h o t 
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SUB-keV X-RAY ANGULAR DISTRIBUTIONS FROM NUMERICAL 
SIMULATIONS-300-500 eV CHANNEL _ y g 

Value at 0 = 60° extrapolated to 2ir steradians gives total radiated energy 
within a few percent 
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Figure 9 



X-RAY MEASUREMENTS ARE INCONSISTENT WITH NON-LTE 
SIMULATIONS USING CLASSICAL ELECTRON CONDUCTION 
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ELECTRON THERMAL CONDUCTION INHIBITION REDUCES 
X-RAY EMISSION FROM THE ABLATION LAYER m 
"radiated 

laser 

10.0% classical plasma conductivity 
5.7% conductivity with ion turbulence 
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Figure 11 



Z DEPENDENCE OF THE TIME-RESOLVED SUB-keV X-RAY EMISSION 
FROM LASER-PRODUCED PLASMAS 
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TIME-RESOLVED SUB-keV X-RAY EMISSION FOR Au-DISKS AT DIFFERENT 
LASER INTENSITIES (XRD: 940 eV CHANNEL, 170 ps RESOLUTION) [I 

I = 5 X 1 0 1 4 W/cm 2 

I = 3.3 X 1 0 1 5 W/cm 2 

20-50-0679-1865 
Laser pulse fiducial 

Figure 13 
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LASER INTENSITY THRESHOLD EFFECT 

• Current models do not reproduce the time dependence of the 
observed x-ray signals 

• There is an obvious laser intensity threshold effect in the x-ray 
signals 

• Pearlman and Anthes [AppI Phys Lett, 27,581 (1975)] claim an 
intensity threshold of 1 0 1 4 W/cm 2 for conduction inhibition 
— 1100 A polystyrene films 
— 90 ps pulses 
— Measured thermal expansion velocities from front and back 

of film 

50-90-1179-4601 



Z DEPENDENCE OF LASER INTENSITY THRESHOLD FOR INHIBITED 
ELECTRON CONDUCTION | g 

O LLLdata 

• Pearlman & Anthes 
Appl. Phys. Lett. 27 581 
(1975) 

20-90-0579-1848 

Figure 15 



SUB- ke V X-RAY EMISSION SPECTRA FROM GOLD AT 
DIFFERENT INTENSITIES 119 

There is substantially less x-ray emission per unit of absorbed energy above 
the laser intensity threshold of 10 1 5 W/cm2 
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Figure 16 
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ALTERNATIVE EXPLANATIONS OF THRESHOLD J" 

Atomic physics effect not likely 
— Al! DANTE channels show similar pulse shapes 
— Simulations reproduce spectra with smooth pulses 
— Au shows same spectrum above and below threshold 

Change of absorption mechanism could contribute 
— Must still produce "thermal" electrons 
— Must reduce transport to ablation layer 

50-90-1179-4599 
Figure 17 



CONCLUSION 

• Laser intensity threshold increasing with Z 

• Most likely a conduction inhibition threshold 
— More than one mechanism? 

• Absorption process(es) should be determined 

50-90-1179-4600 
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