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INVITED PAPER

X rays generated in the interaction of subpicosecond laser pulses with solid targets
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L. A. Jones, A. J. Taylor, D. E. Casperson, and J. A. Cobble

Los Alamos National Laboratory
P.O. Box 1663, MS E526
Los Alamos, NM 87545

(505) 667-7649

ABSTRACT

We are investigating the generation of short pulse short wavelength x-rays for pumping inner-sheU x-ray lasers by
photo-ionization. In contrast with previous proposals, we are looking at the use of a single line as an efficient means of
pumping these lasers. As a first step we are optimizing the flashlamp x-ray conversion efficiency and characterizing the x-ray
pulse length.

2. INTRODUCTION

Inner-shell photoionization-pumped x-ray lasers have been proposed since the early days of lasers. 1"8 Two schemes have
been proposed: the In'st utilizes inner shell vacancies in neutral atoms, 4 whereas the second utilizes a chain of inner shell

photoionization and Auger processes to produce excited helium-like and hydrogen-like ions. 5,6 The biggest hurdle to
achieving lasing has been the large pump irradiance requirement in the x-ray region of the spectrum. 4,7 For example, an x-ray
irradiance of 5x1016 W/cre 2 of a 1 KeV blackbody emission is required for the pumping of a boron laser 7 using a cascade
scheme, and 2x1016 W/cre 2 of x-ray emission at the sulfur k-edge is required to pump a s_tlfur Ka laser. 4,8 The large pump
powers required are mainly due to the short lifetime of the lower state of the laser [20 fsec for boron and 400 fsee for sulfur].
Thus, although one may be able to generate irradiances necessary to produce the inversion, lasing will occur only during the
leading edge of the pump pulse and for times shorter than the lower state lifetime. 9 Although these lasers have been
predicted to have large gains and large efficiencies in the quasi-stationary limit, only a small part of the pump energy is used
unless short x-ray pump pulses are generated.

The use of short-wavelength, short-pulse lasers provides a means of producing the required x-ray pulses. Necessarily,
the laser pulses must be short in order to reach the fluxes required to generate short wavelength x-ray pulses. Previous work

has shown that the length of the x-ray pulses can be comparable to the length of the laser pulse. 1°,11,12 In the present work,
we are trying to determine the absolute magnitude of the conversion efficiency and optimize the generation of

short-wavelength x-rays to pump short wavelength x-ray lasers.

3. LOW Z-SCHEME

Axelrod 7 has calculated inversions in helium- and hydrogen-like boron when a boron target is illuminated by filtered
x-rays from a 1 kev temperature blackbody source. The pump mechanism is due to a sequence of inner-shell
photoionizations and Auger processes that results predominantly in excited helium- and hydrogen-like excited ions. The
process works for ali low Z-materials with odd nuclear charge Z. The scheme is attractive because it requires pumping on
time scales of picoseconds, with the inversions lasting a picosecond. However, we observe that the spectrum that Axelrod
used was very wide and led to significant photoionization of the excited states, as well as heating of the lasant medium by
depositing the excess energy of the photoionized electrons. 13 These simple calculations suggested that, in general, these
effects can be reduced by using a line source of radiation, just above the required photoionization threshold. For the case of
a boron target, a carbon helium- or hydrogen-like line emitter has the best efficiency. The required irradiance is about
1015W/cm 2 at threshold. A sophisticated calculation 14 was performed that confirmed the simple guess, and found that

1015W/cm 2 would be sufficient to produce gain in hydrogen- and hdlium-like boron. This irradiance was less than that
required by the Axelrod pumping scheme.



We have investigated the suitability of using a laser generated carbon plasma source as a pump mechanism for this laser
scheme. 15 In order to generate a short x-ray pulse, we used a subpicosecond KrF laser at the Los Alamos Bright Source. The
laser has been described previously, 16 and a summary of the laser properties are shown in Table I. We have used thin
polypropylene (CH2) foils as targets at the laser focus. Thin targets were judged to be optimal pump media since they can
be used to separate the region of laser irradiation from the boron target and to carry a filter material as weil. The foil
thickness had to be adjusted so as not to burn through during the laser pulse, but thin enough as not to absorb the x rays
produced in the plasma at the irradiated surface.

Table I. LABS-I KrF System

Summary of Operating Conditions

Wavelength (nm) 248
Pulse Energy (mJ) 25
Energy Fluctuations 5 %
ASE (ml) <2
Pulse Width (fsec) 350

Spectral Bandwidth (nra) .25
Repetition Rate (Hz) 5
Irradiance (f/4) (W/cre 2) 7x1017

We have used f'dtered x-ray diodes to measure the x-ray conversion efficiency between 150 and 450 eV, a transmission
grating spectrometer to measure the x-ray spectrum near 300 eV, an x-ray streak camera to measure the time history of the
x-rays, and a pyroelectric energy meter to measure the transmission of the ultraviolet laser light through the foil.

A spectrum from the carbon target is shown in Figure 1 showing the narrow emission region. The x-ray emission
duration varies from a few 10's of ps up to 150 ps, and is sensitive to prepulse conditions. The conversion efficiency from
laser light to x-rays was in the neighborhood of a few percent depending upon the laser irradiance. A simple method of

changing the laser irradiance was attempted by changing the focal position of the target. Figure 2 shows a composite of the
averaged x-ray conversion efficiency as a function of focal position. The maximum x-ray radiance is approximately 1012
W/cm 2, which is too low to pump the boron laser. But the study points to future experiments where the radiance is increased

through reducing the pulse length by reducing the prepulse, and by increasing the power from the illuminating laser. Such
attempts will be carried out on a different laser system whose measured characteristics are shown in Table II and are
described elsewhe:-e. 17

2O

C V 2-1
lO
>
e

j¢ c vi 2-1

S cY3-1

"o
mm

e
,,,am

¢1
lm
I

X

0 _Jt , , o , o +
.28 .30 .32 .34 .36 .38 .40 .42 .kt

Energy (keV)

Fig. 1. Spectrum of a carbon target irradiated with 248 nm laser light recorded with a lead stearate crystal spectrometer.



Table II. High Intensity XeCI Laser System
Summary of Operating Conditions

l

Wavelength (nm) 308
Energy (J) 0.25+ 0.01

t Pulsewidth (ps) 0.275

Power (TW) 0.91

Spectral Width (nra) 0.87 (Au Ar = 0.76)

Spot Size _m 2) 3.4 x 4.1

-2_ .16o .na -so -_ 0 4o so tz0 lt_ zoo (f/3.7optics)

aa.,-_ m_,.-_ Intensity (W/cre 2) 5.6 x 1018
(f/3.7 optics)

7.ap.-cHzr.,, h_tensity (W/cm 2) 7.8 x 1019
(f/1.0 optics)

Repetition Rate (Hz) 1

•_ 4. MEDIUM Z STUDIES
"d

•' '/_ For medium Z, Arecchi 4 et al., calculated the irradiance

[ i for pumping an inner-shell laser and found that it varies with
.zoo -,6o -lzo -so .ao o 4o so lZO l_ zoo the sixth power of the nuclear charge. The lowest z where

aa_,_ m_c,,,=_ inversion occurs was for sulfur. Sulfur requires the lowest
pump flux for this scheme, 1016W/cre 2 of x rays at its k-edge.
We decided to examine whether we could reach such flux

Fig. 2. Samples of "z-scans", the measured production from hydrogenic ions using a laser plasma source. From our
of carbon x rays into an aluminum XRD filtered with previous studies we decided to look at aluminum as a target.
2000 A Sn on 800 A of collodion, as a function of foil While the aluminum lines can not pump these inner shell
position relative to the laser focus. Depending on the foil lasers, aluminum provides a well understood system from
thickness and prelase intensity, the foil can burn through which we can make scaling studies with the laser irradiance
to :,ubcritical density and not absorb short-pulse laser and prepulse. Later we will study titanium or chlorine targets,
energy, as in the top case. as they provide lines suitable to pump Sulfur.

We used the Los Alamos Bright Source XeCI laser17A 8 to irradiate a diamond-turned aluminum target. The laser
characteristics are summarized in Table II. The target condition was diagnosed with an array of instruments. A schematic

of the chamber and the diagnostics is shown in Figure 3. Examination of filtered Silicon Pin-diode x-ray detectors gave us a
measure of the hot electron temperature of 25 to 30 keV assuming a bremsstrahlung spectrum. The bremsstrahlung emission
from these electrons above few kilovolts come from an emission region a few microns in diameter. Examination of the atomic

line emission spectrum using a transmission grating showed that the major x-ray emission comes from hydrogen- and
helium-like ions, Figure 4. A more detailed look at the time integrated spectrum was obtained using a fiat crystal
spectrometer. A comparison of the crystal spectrometer data at a laser irradiance of 1018 W/cm 2 using a 308 nm laser and
4x1017 W/cm 2 using a 248 nm laser is shown in Figure 5. The higher irradiance spectrum shows a higher hydrogen-like
emission rate than that of the lower irradiation spectrum. The energy conversion efficiency from laser light to x-rays is
approximately 0.5 % per line. Using the shortest measured x-ray pulse length of 10 ps, the emitted power per line is 4x107
W. The x rays were emitted from a measured area of 4x10"7cm 2, resulting in an x-ray radiance of 1014 W/cm 2. Such radiance
shows a significant increase over the carbon spectrum radiance although the energy required to reach the hydrogen-like
aluminum is larger.
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Fig. 3. Diagnostics on the aluminum target at 5x1018 Fig. 4. Low resolution transmission grating spectrum from
W/cre2. an aluminum target.

27 L

AI Xli 1.1 LABS-I

J= ;8

4) AI Xll 3.1

"III , A"_" 09

E
AI Xll 4-1

0 ,

8 _ , _ , , _ __

AI XIII 2-1
- _"
o 6 LABS-II

-t4) AI XIII 3-1

AI XIII 4-I

o I
"5 "6 "7 ' 8 ' 9 2.0 21 2.2

Energy (keV)

Fig. 5. High resolution flat crystal spectrometer spectrum from an aluminum target. The top figure was from aluminum at
low irradiance (3x1017 W/cm 2, 248 nm), the lower one from the high irradiance (5x1018 W/cm z, 308 nra) system.



5. SUMMARY

We have measured the conversion efficiency for x-ray generation from the interaction of carbon and aluminum with
high-power subpicosecond-length excimer lasers. We found that the efficiency increases with the nuclear charge of the target,
the efficiency stays constant with irradiance, and the final charge state depends on the laser power density. The radiance of
the carbon target was not sufficient to pump the boron x-ray laser based on the chain ionization scheme. On the other hand,
the radiance from many lines of the aluminum target is close to the 1016 W/cm 2 required for the sulfur laser; their energies
are too low to photoionize the sulfur. Since the x-ray radiance appears to increase with the nuclear charge of the material,
the helium-like line of a chlorine target irradiated at higher laser flux, should be sufficient to pump the inner-shell x-ray lines
of sulfur.
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