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ABSTRACT

Modeling of x-ray emission from targets heated by an ultrashort-pulse high-intensity
optical laser is discussed. One application, using the emitted x rays, is pumping inner-shell

photo-ionized x-ray lasers. Short wavelength lasing (_, < 15 _) requires fast rise-time 1-3
keV x rays to ionize inner K-shell electrons. It has been shown that structured targets,
consisting of grooves on a solid material or a composite of clusters, have high absorption.
We model grooved targets as an ensemble of exploding foils finding that the rise time of x
rays is rapid enough for pumping inner-shell x-ray lasers. We show that simple atomic
models can overestimate the energy in x-ray emission bands. High-Z materials are found
to have the highest conversion efficiency but mid-Z materials can be used to provide a
band of emission at a particular energy. We show that the pondermotive inhibition of
expansion has only a small effect on the x-ray emission. The emission of a Au plasma is
found to be appropriate for pumping inner-shell lasing at. 14.6 _ in Ne. The required
optical laser intensity is of order 1017 W/cre 2 using a 100 fsec FWHM duration pulse. To
produce a laser with a gain-length product of order 10 requires 5-15 J of optical energy.

1. INTRODUCTION

A number of laboratories now have ultrashort-pulse (<100 fsec) optical lasers with
energy approaching or of order 1 j.1 An important use of these lasers is in the production
of intense pulses of incoherent x rays. One problem in producing x rays from flat targets
heated by ultrashort pulses is that the absorption and conversion efficiency decrease as the

intensity increases. 2 This is the result of creating a very reflective plasma on the surface of
the target. 3 This problem can be solved by using structured targets, consisting of grooves on
a solid material or a composite of clusters (e.g., gold-black), that have high absorption. 2
There are a number of applications for an intense pulse of x rays that require different
photon energies and different temporal properties. To obtain adequate time resolution of a
rapid dynamical process, the pulse duration must be short. A target such as gold-black
should give a short duration pulse because of the rapid expansion and cooling of the
clusters after heating. Fo, the application of pumping inner-shell x-ray lasers only the rise
time of the x rays is important, not the total duration of emission. For this application,
grooved targets can be used. They can be modeled more accurately than targets consisting
of clusters have a wide range of sizes. We discuss the modeling of grooved targets as an
ensemble of exploding foils. The time behavior of emission from solids and exploding

foils has been studied previously. 4 In addition to studying the time behavior, we
investigate the spectrum for high and mid-Z target materials. Modeling plays an important
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role because the desired rise time of emission (=200 fsec) is a factor of 10 faster than can be

measured using present streak cameras. 5

We provide some background on inner-sltell x-ray lasing and the requirements on the
ionizing x-ray pulse. We then discuss the modeling of grooved targets and the effect of
different atomic models for a Au target material. We give results for two mid-Z materials,
Cu and Se, and show the effect of including a pondermotive force. In the summary we
comment on the prospects of inner-she] 1 x-ray lasing.

2. REQUIREMENTS FOR INNER-SHELL X-RAY LASING

The prospect of lasing following inner-shell ionization is exciting because the
wavelengths are significantly shorter (<15 _ for K-shell ionization of Ne and higher Z
elements) that what can be obtained with conventional collisional x-ray lasers. 6 However,
the requirements on the x-ray source are quite severe. There are two aspects of the x-ray
scheme that affect the x-ray requirements. First, the main depopulation process of th_
upper-laser level is not the desired radiative transition, but a rapid Auger decay. To
establish a significant upper-level population, a very large x-ray flux is required. Second,
the lower-level population build up in time becaase its decay processes are very small.
This necessitates a very rapict rise of the x-ray pulse to achieve gain before the lower-level
population destroys the inversion. Some of the relevant rates and transition energies for
inner-shell lasing in Ne and Mg are given in Fig. 1. We use a hole notation where, for
example, LL denotes a doubly ionized electronic structure with two holes in the L shell.
This x-ray laser scheme has high quantum efficiency because the energy of the lasing
transition (849 eV for Ne) is comparable to the energy needed to create the electron hole in
the K shell (870 eV for Ne.
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Figure 1. Relevant transitions for inner-shell photo-ionization of Neon and Magnesium.
The Auger decay rates out of the upper and lower laser levels are given, as are the
ionization and. lasing transition energies.



Figure 2. Schematic of a complete inner-shell photo-ionized x-ray laser.

A complete x-ray laser target for inner-shell lasing would consist of a thin x-ray source,

a low energy filter, and a l_sant material.7, 8 A schematic for such a target is sl'town in Fig. 2.
In this geometry, the high-Z x-ray source must be thin enough to allow the x rays to pass
through. We assume that it has grooves to improve absorption. The x rays must be filtered
to reduce low energy photons that could ionize electrons out of the L shell but not the K
shell, since ionization of L-shell electrons directly populates the lower-lasing level. To
achieve a length of ionized material sufficient to have amplification of spontaneous
emission or lasing, the driving laser is line focused onto the high-Z material. For gain

coefficients of 5-15 per cm, lengths of 1-3 cm are desired.7, 8 Assuming a width of 5 _m, a
100 fsec pulse, and a laser intensity of order 1017 W/cm 2, one has energy requirements of 5-
15 J. Lasers with these energies are not currently available but should become available in
the near future given the rapid advances in recent years.

3. MODELING OF GROOVED TARGETS AS ENSEMBLE OF FOILS

It has been shown that the absorption for targets with grooved surfaces is high for
driving laser conditions comparable to those being considered in this paper. 2 Targets
consisting of a large number of small solid density clusters, with large voids giving an
average density of approximately 0.3% solid, are also observed to have high absorption.
We restrict our attention to grooved targets, in part, because the low density material is
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Figure 3. a) Spectrum of a 1000 A Au target at a time 100 fsec after peak of 100 fsec (FWHM)

pulse. The absorbed intensity on each side of the Au foil is 1017 W/cm 2. b) The spectrum
expressed in terms of an equivalent black body temperature, c) Time dependent equivalent
black body temperature used for K- and L-shell ionization. The peak of the heating pulse is
at 150 fsec.

more difficult to model given the large range of cluster sizes present. For grooved targets,
high absorption requires groove depths of order 2000 _ with a periodicity equal to
approximately one half the wavelength of the incident light. We consider a target with
grooves that are 2000/k wide with a period of 3000 ./_. We model this target as an ensemble
of 1000/k wide planar expanding exploding foils. The spacing between the foils (2000/k) is
assumed large enough that the expansion of one foil does not affect the expansion of
neighboring foils for the times of interest. Our calculations show that this is a reasonable
assumption. We do not address the issue of coupling of the incident laser light to the foil,
but just assume that it is absorbed in a skin depth. The conduction, hydrodynamics,
atomic kinetics, and the resulting emitted x-ray spectrum are calculated with the LASNEX
code. 9

High-Z materials have bands of emissions associated with the large number of
transitions between given pairs of principal quantum levelsl In addition, many different
ionization stages are present which also contribute to the width of the bands. For example,
in Au, the bands associated with n = 5 to n = 4 emission is at approximately 1 keV and the
n = 4 to n = 3 emission is around 2.7 keV. The width and the peak of the emission depend
on the incident laser intensity through the ionization balance and temperature. Figure 3a
gives the calculated spectrum for a 1000 /k thick Au target with an absorbed intensity of
1017 W/cm 2 on each side. The spectrum is shown for a time 100 fsec after the peak of the
100 fsec FWHM pulse. We also show the spectrum in terms of the equivalent black body
temperature Tbb in Fig. 3b. The emission from the Au target is appropriate for inner-shell
ionization of Ne. In Fig. 3c we show the time dependence of the radiation just above the K
edge of Ne and the time dependence of the radiation above the L edge. The harder x-rays
are observed to have a faster rise with the turn over at 200 fsec the result of the emission

band moving to higher energy.
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Figure 4. a)The time dependent temperature for edge, center, and the region midway
between the edge and center of foil that produced spectra shown in Fig. 3. b) The time
dependent density for the three regions.

The outside edges of the 1000 _ foil are calculated to reach temperatures greater than 2
keV and drop to densities approxin_ately 10% of solid density. The temperature at the
center of the foil increases to 1.2 keV and the center is compressed to a density about 50%
greater than solid density. Figure 4 gives the time dependent temperature and density for
edge, center, and the region midway between the edge and center. The conditions plotted
for the edge region corresponds to a zone in the calculation that is initially 56 ]_ from the
outside of the 1000 _ foil. The average density of the foil at the end of the pulse is
approximately 2/3 of solid density.

4. EFFECT OF ATOMIC MODELS ON CALCULATED X-RAY SPECTRUM

The calculated Auspectrum shown in Fig. 3 used an atomic kinetic model based on
the average-atom approximation. In this approximation, one does not treat individual
ionization stages, but works with an averaged ion with a fractional population of electrons
in each bound level. However, within this approximation there is a freedom in how many

quantum levels are included. Some of our earlier calculations 7 used an average-atom
model 10 based on a screened hydrogenic potential, but it ignores angular momentum and
spin. In this model, where only principal quantum numbers are included, the width of
each energy level is determined by accounting for overlapping lines due to the different
configurations of ions. Our current calculations use a more detailed average-atom model
which includes the effect of spin-orbit coupling and the effect that orbitals with different
angular momentum penetrate different distances inside the screening electrons. For
comparison, Fig. 5 shows the calculated spectrum using the simpler hydrogenic average-
atom model for the same conditions as used in Fig. 3. The use of the less detailed model
results in the two major emission bands being narrower with higher peak values. In
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Figure5.The calculatedspectrum for Au foilusing the hydrogenic average-atom model to
be compared with Fig.3b.

addition,structurein the spectrum seen with the more detailedmodel, Fig.3b, is not
presentusing thehydrogenic model.

The differencebetween the two average-atom atomic kinetic models provides
motivation to study even more detailed models that do not use the average-atom
approximation.However, forhigh-Z materials,the requirementsfor such models and the
computational coststo use them are very high.Detailedatomic models with hundreds of

levelshave been constructedfora few ionizationstagesaround Ni-likeW. 11 These model
are used to calculatedx-ray losingin Ni-likeW and Ta.12 In order to calculatethe time

dependent x-ray emission from a high-Z targetheated by shortpulse laser,atomic models
covering a wide range of ionizationstages are required.The constructionof a detailed
atomic model for a wide range of ionization stages is difficult.In addition, t!_e

computational costfor a complete time-dependent calculationusing atomic models with
thousands of levels,where a very largenumber of linescontributeto the spectrum, isvery
high. We propose that a relativelyinexpensive way to compare the average-atom
approximation to a more detailedmodel istopick an element and an electrondensityand

temperature where the plasma is primarily in ionizationstages where atomic models
alreadyexist.For theseconditions,one can calculatedsteady-stateemission with the two
models to see ifthe average-atom model isin reasonableagreement with a detailedmodel
thatincludesindividualionizationstages.

5.MID-Z TARGETS AND THE EFFECTS OF PONDERMOTIVE FORCE

The emission bands of Au and other high-Z materials can be shifted to higher or lower
energies to a limited extent by varying the intensity and thus the ionization stage of the
heated ions. However, to obtain a band of emission at a particular energy, mid-Z target



1.0 1.0 iii i, , ii.l 11i,l,[ i ii1 ,.ill,li i =l_l j =rlT.._.=
(h) Se -

0.8 _j 0.8 - -_
_

0.6

_"_0.4 J'- 0.4

0.2 0.2 ",t0 0 ,,,,,,,,, I,,,,,,,,,l,,,,,,,,,J,,J,,,,,
0 1 2 3 4 0 1 2 3 4

Energy (keV) Energy (keV)

Figure 6. a) The calculated spectrum for a 1000/k wide foil of Cu heated from both sides by
a 100 fsec pulse with an absorbed intensity of 1017 W/cm2. b) The same as for a) but using a
Se foil.

material can be useful. For example, inner-shell lasing in Mg and Si requires x rays with
photon energies above 1.3 and 1.8 keV, respectively. In Fig. 6 we show the calculated
spectrum for a 1000/k wide foils of Cu and Se heated from both sides by a 100 fsec pulse
with an absorbed intensity of 1017 W/cm 2. The calculated emission peaks for Cu and Se
overlay the maxima of the K-shell photo-ionization cross sections of Mg and Si,
respectively.

For a 1000 7k Au foil heated with the same pulse discussed above (spectrum shown in
Fig. 3), approximately 10% of the incident energy is radiated by the end of the pulse. For Cu
and Se, the corresponding amounts are 1.5 and 0.7%. This is explained, in part, by the
lower densities of Cu and Se compared to Au. The ratio of heated mass in Au, Cu, and Se

is 4:2:1, respectively. The remaining factor of approximately 3 shows the higher conversion
efficiency of high-Z materials. The optimum target material to pump a given inner-shell x-
ray lasers depends on details of the low energy filter and on the energy dependance of the

- K-shell photo-ionization cross section.

The expansion of the Au foil during the pulse is relatively small. However, for Cu and
Se there is a larger decrease in the density during the pulse. It has been observed that the

pondermotive force of the laser can inhibit the expansion of planar targets 13 and one
- would expect that similar effects inside a grooved target. The calculation of the

pondermotive force is outside the context of the simple model we use for absorption.
_ However, we can add an arbitrary pondermotive pressure in the hydrodynamic

calculations and determine the effect on the calculated emission. In Fig. 7a we show the
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Figure 7. a) The initial Cu density profile, profile with free expansion, and profile affected
by a specified pondermotive pressure, b) The calculated emission spectrum for the two
cases.

density profile at the end of the heating pulse for a Cu target with free expansion, and for
one where the expansion is significantly affected by the pondermotive pressure. The initial
profile is shown for comparison. The effect on the calculated emission for these two cases
is relatively small as shown in Fig. 7b.

6. SUMMARY AND PROSPECTS FOR INNER-SHELL X-RAY LASING

Calculations of the emission from both high and mid-Z grooved targets heated by an
ultrashort-pulse high-intensity laser show that an intense pulse of x rays with a rapid rise
time can be produced. The decrease of emission after the pulse is not as rapid, with the
higher density foil (Au) emitting for the longest time. For the application considered in
this paper, pumping inner-shell x-ray lasers, only the rapid rise of emission is important.
For applications that require a short duration of hard x-ray emission, it is expected that
structured targets, e.g., gold-black, consisting of a large number of small solid density
clusters would be more appropriate because of the rapid expansion of the clusters results in
faster cooling. We have shown the importance of using an atomic model that included the
effect of angular momentum in calculating the emission from a Au target. The use of mid-
Z materials results in lower overall conversion to x rays, but a band of emission can be
obtained at a desired energy. We find that including a pondermotive pressure to inhibit
the expansion of a Cu target has only a small effect on the x-ray emission. In general, the
calculated intensities of x rays from grooved targets (Tbb = 4 keV) is sufficient to achieve
significant population inversion and gain following inner-shell ionization. The

requirement of using a line focus to heat an area of the target that is of order 5 _tm wide by
1 to 3 cm long results in an absorbed energy of 5 to 15 J for the assumed intensity of
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1017 W/cre 2 and a 100 fsec pulse. These energies are approximately a factor of 10 higher
than what is currently available but such lasers should be available in the near future. If

high gain coefficients (> 10 cm -1) could be obtained, shorter lengths can be used with a
corresponding reduction in the energy requirement for the driving laser. Given the rapid
advances of ultrashort pulse optical lasers, the prospect for inner-shell x-ray lasing is quite
high.
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