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Abstract

Intense laser (>10°' W/cm2) sources using pulse compression techniques in
the sub-picosecond time frame have been used to create dynamic electric field
strengths in excess of 100 Megavolts/micron with associated magnetic field
strengths in the Gigagauss regime. We have begun a series of experiments using
the Petawatt Laser system at LLNL to determine the potential of these sources
for a variety of applications. Hot electron spectra from laser-target interactions
in Au have been measured with energies up to 100 MeV. Hot x-ray production
has been measured using filtered thermoluminescent dosimeters and threshold
nuclear activation (y,n) from giant resonance interactions. High resolution
radiographs through a pr > 165 gm/cm® have been obtained. Dose levels in the
x-ray band from 2-8 MeV have been measured at the level of several Rads at
one meter from the target for a single pulse. The physics of these sources and the
scaling relationships and laser technology required to provide high magnetic
fields will be discussed. Results of preliminary magnetic field calculations will
be presented along with potential applications of this technology and estimates
of the fundamental scaling limits for future development.

Introduction

The use of Petawatt class lasers for the production of copious amounts of
high energy x rays has been discussed for over a decade."” Intermediate energy
(0.1-1 MeV) x-ray production with table-top size terawatt class lasers is now a
subfield within the strong field interaction community. Numerous groups have
observed electrons or bremsstrahlung spectra extending beyond 1 MeV 3#38

Recent experiments on the Petawatt laser at the NOVA laser facility at
LLNL have demonstrated the short (<1 ps) laser pulses, when properly focussed
on high-z targets, can produce hard, intense x-ray spectra that can be used for
radiography. The outputs measured on these experiments imply very high
electron current densities and cwrrent driven magnetic field strengths on the
order of a gigagauss in extremely small volumes.



Experiments

Petawatt shots for the production of high energy x-rays for radiography
have been performed at the Lawrence Livermore National Laboratory’s NOVA
laser facility since September 1997. Typical laser data implies a pulse duration
of 460240 fs and a compressor throughput of 84%. Typical laser energy
measured before compression was 450 J in a 46.3 cm diameter beam. The laser
beam and diagnostic configuration for the shots is shown in Figure 1. Due to the
hole in the paraboloid, 7.4% of the incident energy is lost. The beam was
focused using a Cassegrain telescope. The primary mirror was a paraboloid
(=180 cm) overcoated with an HfO,/Si0, multilayer designed for high
reflectivity at normal incidence. The secondary mirror was a 5 cm diameter
fused silica flat which was overcoated with a Hf0,/Si0O, multilayer high
reflective coating for 1054 nm and placed 10 cm from the target. The beam size
on the secondary mirror is 2.6 cm corresponding to an irradiance of 1.67x10™
W/cm? for a nominal 400 J pulse incident on the mirror. At this irradiance, the
top SiO, layer is converted to a critical density plasma within the first 50 fs of
the pulse. As a result, the bulk of the laser pulse is reflected not by the
multilayer structure of the mirror but rather by the sharp gradient plasma
surface. Measurements of the reflectivity from this plasma surface suggest a
reflectivity of greater than 85% for the Petawatt pulse.
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Figure 1. Diagnostic layout for Petawatt radiography experiments.

A typical target is shown in Figure 2. The laser beam strikes the surface of
the gold target at near normal (5°) incidence producing a strong relativistic
electron current with a complicated angular distribution into the target. Electrons
greater than approximately 2 MeV can escape the large space potential created



within the target and penetrate the aluminum and CD, backing material. Electron
spectrometers are placed in the plane of incidence at 30° from the laser axis and
95° from the axis. These electron spectrometers consist of a permanent dipole
magnet with emulsion as the detector. The total electron energy range covered in
the spectrometer is 0.2-130 MeV, and the positron range is 0.2—40 MeV. The
emulsion tracks are analyzed by the NASA/Marshall Space Flight Center group
at Huntsville, Alabama.
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Figure 2. Petawatt radiography target.

An electron spectrum from a typical shot is shown in Figure 3. This shot
used a gold target of 0.5 mm thickness. Electrons were observed at energies
extending above 90 MeV, however the bulk of the distribution was in the range
of ~2-15 MeV where the emission was found to be forward directed with about
eight times more flux observed at 30°, with respect to the laser propagation
direction, as compared to the flux at 95°. Note that an integration of the electron
spectrum convolved with the bremsstrahlung cross section does not give an
accurate estimate of the total photon yield or laser coupling efficiency since this
electron spectrum is effected by the large space charge potential in the target and
the energy loss (dE/dx) through the target assembly. The energy loss through the
target for the electrons depicted in Figure 3 was approximately 2.5£0.5 MeV.
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Figure 3. Electron spectra acquired at 30° and 95° with respect to the laser axis.

Aside from the suppressed region below =5 MeV, the electron spectrum can
be well fit by a “two temperature” distribution. The spectrum observed at 30
degrees to the laser is shown in Figure 4 along with two quasi-Maxwellian
distributions given by,

N(E)dE=C(E"*/E,**)exp|-E/E )dE, ¢))

where C is the scaling parameter and, E, is the characteristic electron energy.
Detailed particle in cell (PIC) simulations suggest that this characteristic energy
is well approximated by the cycle averaged quiver energy of a free electron
within the intense field,

(E)=m,c*(1+2U/mc'?, (2)

where U,(eV)=9.33x107"* I(W/cm®)A* (um). The laser conditions for the
spectrum depicted in Figure 4 were such that =50% of the 300 J incident on the
target were focused within a 28x40 um spot. This corresponds to an average
irradiance of 8x10'* W/cny® for this shot. The average quiver energy for this
irradiance [from Equation (2)] is 2.95 MeV in agreement with the characteristic
electron energy for the bulk of the distribution of Figure 4. The incident laser
spot also contained substructure which would have seeded self-focusing in the
preformed plasma. This self-focusing is almost certainly responsible for the “hot
tail” of the distribution characterized by a second Maxwellian with a
characteristic electron energy of 11.5 MeV. This is consistent with PIC
simulations which show the incident béam undergoing filamentation in the
preformed plasma. "

High-energy bremsstrahlung x rays generated by these electrons in the gold
target produced substantial radioactivity in the target assembly following the



laser shot. This activity was from photonuclear reactions in both the gold and
surrounding copper target-holder producing transmutation to platinum and
nickel daughter isotopes. Positron emission was determined. by observation of
511 keV yrays resulting from annihilation radiation in the target assembly.
Positive identification of both copper radioisotopes was established by fitting the
decay curve with a two component decay with half-lives of 9.7 min and 12.7
min. The fit gives an identification probability of better than 99% for *Cu and
%Cu, respectively. The threshold gamma-ray energy for photo-activation of the
gold is 8.06 MeV, Cu is 9.91 MeV and 10.85 MeV for ®Cu, indicating a large
flux of high-energy bremsstrahlung.

High quality images of the far-field laser beam distribution are acquired on
these shots. Beam distortion resulting from both pump-induced and thermal
distortion in the Nova disk amplifiers has been corrected by the use of a
deformable mirror. The system now can typically produce a well focused laser
spot that is 94 in diameter (FWHM). As a result, in the absence of self focusing,
about 20% of the beam energy exceeds ~10*° W/cm?, This suggests that most of
the radiation generation is being produced by about 80 joules of the light
incident on the target. Only the central spot would have had sufficient irradiance
to produce the high energy electrons necessary to produce the hard (>1 MeV) x-
ray photons.
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Figure 4. Electron spectrum and calculated Maxwellian distributions [Equation (2)]. The
solid black curve is the sum of the two distributions.
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Multiple radiographs thru varying thicknesses of lead are routinely acquired
during shots. The resolution of the radiographs suggests that the spot size for
high energy photon production from bremsstrahlung is less than 100 microns in
diameter. These radiographs typically correspond to doses of >1 MeV photons
as measured on thermoluminescent dosimeters of 0.1-2.0 Rads, depending on
the parameters of the laser target interaction. Although the laser interaction is



over within a few hundred femtoseconds, the electron beam produced in the
target takes one or two picoseconds to complete its evolution and generate x-
rays from bremsstrahlung interactions. a4

Calculations

Calculations of conditions within the electron beam generation region have
been performed using the 2-D particle-in-cell code ZOHAR. The model
provides a fully kinetic and non-linear description of the laser-plasma interaction
that incorporates Ampere-Faraday-Maxwell fields, relativistic particle dynamics,
and self-consistent particle-in-cell coupling to the field equations. These
calculations have been performed for laser hole-boring in plasma slabs with
electron densities (#,) that are 5-50 times the critical density (z,). Individual
particle orbits are tracked to study the evolution of the static magnetic and
electric fields produced by the laser driven electrons.

A typical plot from a ZOHAR calculation of a I=10*W/cm® laser pulse of
L light interacting with a plasma slab at n,=50n, is shown in Figure 5. These
~ laser intensities are somewhat higher than those currently being achieved
experimentally. The highest intensity magnetic fields are shown in this plot to
exceed 500 megagauss over a region of approximately 50 g%, Fields in excess of
100 megagauss span a region approximately 1000 u’. Peak fields in this
calculation reached approximately 1.5 gigagauss. Analysis of a number of
calculations at laser intensities between 10 W/cm? and 10°' W/cm’suggest that
the static magnetic field intensity generated by the electron beam formed by the
laser reaches peak levels that are approximately 1/3 the dynamic magnetic field
level in the incident laser beam. The duration of the magnetic field is on the
order of picoseconds.
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Figure 5. Magnetic field intensity produced by laser-plasma interaction. The vertical
intensity scale is in units of 100 megagauss and is capped at 500 megagauss.



Future Work

Experiments with the Petawatt laser at the NOV A facility will continue to
examine the optimization of the electron beam generated by the laser-plasma
interaction for production of suitable x-ray sources for radiographic applications.
Laser improvements will be incorporated to increase the fraction of the laser
beam that is above the required intensity for the production of hot electrons.
Grating development is underway to produce dielectric iransmission gratings
that will be capable of handling a 5 kJ pulse. Such a pulse, properly formatted,
would increase the electron current by a factor of 50 over the present
experiments. Further improvements using tailored target design might be
possible. Measurements of the magnetic field intensity near the laser-plasma
interaction region may be attempted.
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