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Solid targets irradiated with 1019 watts/cm2 or greater of 1
micron light in picosecond pulses are found to be radioactive. The
strongest activities observed are the result of photonuclear
reactions in which an energetic photon excites the nucleus
sufficiently to produce particle emission leaving a radioactive
daughter. The photo reaction cross sections are known for a wide
range of nuclei and provide a quantitative measure of the photon flux
produced in the target. Both the delayed daughter activities and
measurements of the prompt particles emitted in the reaction can be
used as diagnostics . Examples of these techniques applied in
diagnosing experimenis at the Nova laser facility adapted to
generate petawatt pulses using chirped pulse amplification will be
presented. These results will be compared with bremsstrahlung
photon spectra calculated using electron spectra measured in a
magnetic spectrograph.

Diagnostic techniques are being developed to characterize hot
electrons produced by intense short pulse laser beams interacting
with various targets. The LLNL Petawatt laser [1] (PW) is presently
the world’'s highest power Chirped Pulse Amplification system, and
as such provides a new tool for studying ultra-relativistic laser-
plasma processes including ultra-high gradient acceleration of
electrons. Applications of this source of energetic electrons include
fast ignition of compressed ICF plasmas[2], flash radiography{3}, and
taser particle accelerators.[4] The Petawatt laser, at the Lawrence
Livermore National Laboratory NOVA facility, uses one arm of the
NOVA Nd:glass amplifier chain to amplify a stretched pulse from the
Ti:sapphire oscillator to ~500 J. The beam is quite large (46 cm
diameter) to avoid damage to the subsequent reflective optics, and
requires state-of-the-art 75 cm diameter gratings to recompress
the beam to ~450 fs. The final focus optic is an 80 cm diameter on-



axis parabola, with which a ~20 pm diameter focal spot has been
achieved.

Focused intensities in the range of 1021 wrem?2 produce
enormous electromagnetic fields at the laser focus (E @ 1014 V/m,

and B @ 3x10° Tesla, at 1021 chm2) and the motion of the
electrons in the target plasma is fully relativistic. Their cycle-
averaged oscillation or “quiver’ energy, <E>, can exceed 10 MeV,
where
(1) <E> = mc2[1+2Up/mc2]1/2

where Up = 9.38x10-141 (W/cm2) A2 (um) is the non-relativistic
ponderomotive potential. The resulting distribution of etectron
energies in the target resembles a Maxwellian,[3]

(2) N(E)E o (E/<E>)1/2 exp(-E/<E>)dE
with mean energy given by Eq. 1, which extends beyond the threshold
for nuclear activation. Characterization of the laser-target
interactions requires the measurement of the energy spectrum of
electrons and photons within the target and escaping from it. A
number of diagnostic techniques have been developed to obtain this
information. In this paper we describe techniques using electro- or
photonulcear processes to diagnose the high-energy electron
emission from laser-solid interactions and compare them with other
techniques and calculation.

Electromagnetic excitation of nuclei proceeds along two paths,
direct electroexcitation and photoexcitation. Electroexcitation is
reduced relative to photoexcitaion by the fine structure constant,
1/137, but photoexcitation requires the conversion of electron
energy to photons by the bremsstrahlung process which is
proportional to the path length in the material. The cross section
for this process is proportional to the square of the atomic number
of the material. A complication in the electroexcitation case is that
the scattered electron in the final state can carry away energy.
Therefore, the nucleus can be excited to any level up to the
electron’s total energy. For thin low Z targets electroexcitation can
be the dominant photoexcitation.

The nuclear response to electromagnetic excitation depends on
the energy and the nuclear mass of the target atom. At the lowest
energies isomeric states of the nucleus can be excited whose
lifetimes may permit detection by observing the gamma decay of the
excited state. At higher energies particle emission can be observed
first to individual states and then to an overlapping continuum of
states. This particle emission cross section typicaily peaks at the



giant resonance energy between 10 and 20 MeV.[5] For most nuclei
the spectrum of prompt particles for a monoenergetic excitation is
sufficiently complex that uniquely interpreting the spectrum of
excitation from the emission spectrum is not possible. The
exception is deuterium for which the emitted neutron and proton
energies are proportional to the excitation energy. This and the
known excitation cross section permit the extraction of the incident
spectrum. For heavy nuclei (A > 40) particle emission even at a
single energy of excitation is a complex continuum that may be
divided into direct, preequilibrium, and equilibrium regimes.[6]
Direct and preequilibium mechanisms produce the high energy tail
of the particle distribution with some asymmetry in angular
distribution. The equilibrium component is an isotropic maxwellian
distribution with a temperature of ~1 MeV.[7] Finally activation
measurements can be used to derive the excitation flux over an
energy interval corresponding to the width of the giant resonance.
By appropriate selection of targets with varying thresholds and
giant resonance energies the photon spectrum can be mapped out.
To maximize the bremsstrahlung production from the hot
electrons and measure its spectrum, a Au target backed with CD2
was desighed. LaNSA[8] is used to measure the photoneutron
emission spectra from the target by the time-of-flight technique.
LaNSA is an array of 960 scintillation detectors at 21.6 m from PW
target giving it excellent energy resolution. The defector is at an
angle of 69° or 111° depending on the direction of the laser beam
(Fig 1). For each detector the arrival time (when the signal exceeds
a certain threshold) and the length of time it remains above the
threshold are digitized and stored. Multiple threshold crossings can
be recorded for each detector. The neutron detection efficiency is
estimated from the intrinsic LaNSA efficiency, the flight path
transmission and solid angle. For neutrons at 2.456 MeV this

calculation gives 2.05x10-7 counts/channel/source neutron. A
problem for LaNSA in this application is its sensitivity to the
prompt y-flash from the target which can paralyze it during the
neutron arrival time.

Analysis of the photoneutron spectra from radiography targets
uses a Monte Carlo simulation (ITS[9]) to model the electron/photon
transport in the target. Electron spectra escaping from the PW
target, measured with a compact, permanent magnet electron
spectrometer using nuclear emulsion track detectors[10], constrain
this calculation., An iterative procedure achieves reasonable
agreement between the measured and calculated electron flux as



shown in Fig. 2 The calculated photon fluxes in the Au, Cu, and CD2

regions are weighted by their respective photonuclear cross
sections to give the expected neutron yield.

Sources (Gamma,N) Neutrons
Yield >1 MeV

Target
CD2 7.51x10° 2.44 x10°
Au 6.10 x10° 6.00 x10°
Cu 9.70 x10° 1.00 x10°

Chamber
Al 5.90 x10° 3.00 x10°
Total 3.44 x10°

The measured LaNSA vyield for E, > 1 MeV), 3.45x106 and the

calculated yield (E, > 1), 3.44x106 are in surprisingly good
agreement. The spectral shapes(fig 3) also maich well giving added
confidence in our knowledge of the electron spectra above 4 MeV.

The activation of PW targets also demonstrates the existence
of photonuclear processes with Ey > 10 MeV in the laser-target
interaction. Targets with Au and Cu and Au, Ni, In and Ti layers have
been studied. The target gamma ray activity is measured[11] to
identify and quantify the reactions induced by the PW laser beam.
Cu®3 (y,n) at a yield of 4.50 x 107 reactions and Ni58 (y,n) yield 9.08
x 109 reactions are observed in Cu and Ni target foils as well as
Au197 (yn). The photon flux required to reproduce the activity
observed in Cu and Ni components of the radiography and activation
targets is determined from the masses and geometry using the
measured photonuclear cross sections and assuming the photon
source is a point at the gold surface. The resultant flux is plotted at
the average energy determined by weighting the cross section with
the exponential spectral shape of the flux. These results are
compared with other measurements and calculation in fig 4.

Secondary activation by photoneutrons has also been observed
in the Au, Ni, In and Ti targets. This activation provides an
additional check on the flux of photoneutrons produced by photons
with energies above the photonuclear threshold in the targets. The
relative production of neutron activation in the target materials




was estimated using a neutron transport calculation (TARTI[12]). The
neutron source strength and spectrum in each zone is determined
using the measured photonuclear cross sections and neutron spectra
for its materials and the photon flux from an ITS calculation based
on the measured electron spectra as previously described.

Table of Neutron Activation Calculation versus
Measurement

Reactions Ni58(n,p) In(n,y) Im(n,n'y)  Al(n,p) Aul®7(y,n)
Au(n,y)

Calculated  2.53x103 4.21x103 1.16x104 3.77x104 3.09x101 4.67x106
Activity

Measured  §,12x104 not 1.58x104 3.17x103 not 3.97x106
Activity detected detected

half-life 3.88x103 1.02x105 5.44x101 9.46 8.90x103
dpm cale.  4,52x10-1 2.86x10-2 1.48x102 2.27 3.63x102
prompt

Calculation and measurement agree for In{(n,y) but not for Au (n,y).
Au may be a problem due to its low decay rate and background
interference. The ratio of Au activity due to (y,n) versus (n,y) is
noted to vary from target to target. Further simulations of these
targets may uncover the cause of this discrepancy. The discrepancy
for In(n,n',g) is due to contributions from photon and electron
inelastic scattering. The Au(g,n) difference is attributed to the loss
of activated Au due to vaporization by the laser beam.

Finally, targets to study buried layer heating consisting of a
thin 10 um CH foil, a 1pm Al foil and 500 um CD2 foil were fielded.
These thin low Z targets produce very little bremsstrahlung and the
electronuclear process

e+ A-> A1 +n + ¢
dominates the production of neutrons in the CD2. Fits to LaNSA data
assuming electrodisintegration of deuterium and two possible
shapes for the exponentially falling electron distribution is shown
in fig 5. Electron spectra are not available for these targets to
experimentally select between these distributions.




Hot electron production by short pulse, high intensity lasers
has been diagnosed. Energetic electrons, prompt photonsutrons, and
photonuclear activation have been observed consistent with
proposed mechanisms of intense, short-pulse laser- target
interactions. Photoreactions provide a quantitative diagnostic tool
to study hot electron production which complements measurements
of radiation dose and electron spectra. Prompt neutrons from
deuterium photoreactions can measure the photon flux at energies
important to the applications of this hot electron source.
Photoactivation measures the flux in the high energy tail of the hot
electron distribution and further verifies the photoneutron
production by neutron activation of target nuclei. Electronuclear
excitation is also a source of prompt particles and activation and
may be needed to diagnose thin targets of interest for fast ignition.
In the future clever target designs will extend these diagnostics to
give the angular variation of the electron source. As the PW laser is
improved detection techniques for prompt particles must be

developed which are not paralyzed by the strong prompt gamma
flash.
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Figure Captions

Figure 1 Schematic view of LaNSA - petawatt experiment

Figure 2 Comparison of ITS input electron spectrum with measured and calculated escaping electron

spectrum at 30°

Figure 3. Comparison of LaNSA measured neutron flux with calculation using ITS photon flux.

ITS calculation. The activation results sre plotted at the average energy determined by weighting the
cross section with the exponential spectral shape of the flux The horizontal bars indicate the giant
resonance width which contributes to the activation.

Figure 5. Comparison of LaNSA measured spectra from a thin buried layer target with calculations

assuming electroexcitation and exponentially falling electron spectra.







Fig. 1. T.W. Phillips, Review of Scientific Instruments
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Fig. 2.

T.W. Phillips, Review of Scientific Instruments
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Fig. 3. T.W. Phillips, Review of Sclentific Instruments
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Fig. 4. T.W. Phillips, Review of Scientific Instruments
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Fig. 5. T.W. Phillips, Review of Scientific Instruments
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