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Report Abstract

The extremely strong fields produced by focusing powerful laser pulses into minute volumes of
material enable relativistic effects to be used to generate radiation, to accelerate particles, and to
produce electrons and positrons from vacuum. From applications using existing high-repetition-
rate lasers to those projected for super intense systems, the individual and collective behavior of
electrons is the hub of both practical and theoretical directions. This report reviews work directed
toward the application of positron generation from laser interaction with matter and vacuum. It
spans funded original experimental research in laser-plasma interaction, where electrons
dominate energy transport and MeV/um fields are revealed, to theoretical collaborations
exploring the connection between present and foreseeable lasers to the quantum electrodynamics
of radiating electrons and electron-positron pair production from vacuum.

Statement of the problem studied

Means of converting the extreme intensities available in modern and foreseeable lasers into new
sources of particles and radiation for materials studies are studied. Particular interest is given to
the generation of electrons or gamma rays from which positrons may be produced from
interactions with heavy nuclei. An additional study related to direct electron-positron generation
from vacuum is brought in by way of collaboration.

Statement of key results

Experimental work with tightly focused milijoule-level pulses produces MeV-level electron and
proton beams from distinct microscopic TeVV/m (MeV/um) accelerating structures. Similar
experiments now link high-order harmonic generation to the plasma dynamics, showing the
potential for better interrogation of the dynamics of the laser matter interaction.

Collaboration with U. Texas Austin has yielded a clear analysis of energy transport in the
aftermath of the driving pulse interaction in the same configuration above-stated experiments.
Further collaborations have begun to address theoretical and computational aspects of extreme
light interactions where QED strong fields effects can give rise to electron-positron pair
production in the absence of heavy ion mechanisms.



Laser matter interaction in the relativistic regime

Energy transport in strongly driven plasmas (funded U. Texas collaboration Mike Downer with
Benjamin Bowes - PhD U. Texas Austin Winter 2007, further analyzed by Hans Langhoff,
Universitat Wirtzburg, Germany)

The immediate and dominating interaction of strongly focused, relativistically intense
laser pulses as they impinge upon a material and following the ionization of the material by the
fields leading the pulses is the exchange of energy from the light field to electrons in the newly
formed plasma. Allowing that energy is transferred from the incident light to electrons by
various mechanisms and tracking the expected transport of that energy through electron motion
and radiative coupling mechanisms, the results of femtosecond pump-probe microscopy studies
were analyzed. A summary of this work is included below and labeled as the U. Texas
contribution to this program. NSF sponsored aspects of this work that were directed coherent
processes.

Electron acceleration (Aghapi Mordovanakis - PhD U. Michigan Winter 2007, with assistance
of James Easter)

As we state in our Physical Review Letter of 4 December 2009: “We investigated the
production of electron beams from the interaction of relativistically-intense laser pulses with a
solid-density SiO? target in a regime where the laser pulse energy is ~mJ and the repetition rate
~kHz. The electron beam spatial distribution and spectrum were investigated as a function of the
plasma scale length, which was varied by deliberately introducing a moderate-intensity prepulse.
At the optimum scale length of A/2, the electrons are emitted in a collimated beam having a
quasimonoenergetic distribution th at peaked at 0.8 MeV. A highly reproducible structure in the
spatial distribution exhibits an evacuation of electrons along the laser specular direction and
suggests that the electron beam duration is comparable to that of the laser pulse.
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lon acceleration (Bixue Hou, U. Michigan partially funded Associate Research Scientist)

Following the report made in
Applied Physics Letters on 10
September 2009 we found that:
“Well-collimated proton beams are
generated from bulk glass along the
target normal direction by tightly
focused 55 fs, 3 mJ pulses from a
laser operating at 0.5 kHz repetition
rate. Proton beams with energies of
>265 keV have an emission angle of
about 16° full width at half
maximum. Spectral measurements
indicate proton energies exceeding
0.5 MeV with a flux of 3.2x10° s™*
sr ! and the flux of measured protons
with energies of greater than 90 keV

Proton spectra arising from irradiation of a glass target
with 55fs and 1 ps pulses. Water and oil adhering to the
target surface are the likely sources of protons driven by

TeV/m electric fields.

is 8.5x10™ s sr ! on center.”

This related work also exploits a
solid glass target to produce TeV/m
accelerating gradients and to launch

nearly MeV particles. However this

work also indicates that the ionized material gathered into a beam and accelerated along the
target normal direction is composed of foreign matter such as water and pump oil that had been
adhering to the target surface. Aspects of this work that were directed toward neutron production

were sponsored by the NRL.

High-order harmonic generation (James Easter-PhD U. Michigan Spring 2010 partially funded

student)
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Present experiments on the generation of harmonics from SiO, targets are directly related
to both of the preceding sections as they involve nearly the same target and irradiation conditions




and represent the integrated effect of radiation from those electrons involved in the most
dynamic motion. We note in our summary for The 2010 Conference on Lasers and Electro-
Optics that: “Harmonics up to the 15th order are produced from solid targets using 3 mJ, 30 fs
pulses focused to a spot size of 1.7 pm and 3x10*® W/cm?. Combined conversion efficiency to
the highest harmonics is >107°.” This work begins to draw on the measurement of the radiation
field collected from the driven electrons to determine the collective motion of those particles
during the laser interaction. A clear advantage of this approach is that the electromagnetic
signals have the capability to remain unperturbed over a longer range than do electrons which are
highly reactive to fields and charges. Harmonics can therefore port information about collective
electron behavior where and electron beam could not. This is exemplified in that the
acceleration mechanism viewed in 2- and 3-D PIC simulations indicates violent acceleration in
very short structures with electric field strength of several MeV/um along with weaker
acceleration in more extended fields. The former dynamic structures will radiate strongly due to
the strength of their acceleration, while the latter will continue to modify the electron
distribution, but with insignificant radiation. Thus the earlier phase of acceleration can be
viewed by its radiation, while the combined effect of the two phases is quantified by the
integrated effect on the electron beam. The NSF sponsored aspects of this work directed toward
coherent processes.

Electromagnetic radiation in the QED regime

Emission and its back-reaction accompanying electron motion in relativistically strong and
QED-strong pulsed laser fields, (Igor Sokolov, U. Michigan and Natalia Naumova, LOA,
France)

On the strength of Igor Sokolov’s theoretical development of radiating electrons in strong
laser fields a simulation was implemented by Natalia Maumova. In combination, these
accomplishments lead to the understanding stated in Physical Review E of 25 March 2010 that:
“The emission from an electron in the field of a relativistically strong laser pulse is analyzed. At
pulse intensities of J>2x10%2 W/cm? the emission from counterpropagating electrons is modified
by the effects of quantum electrodynamics (QED), as long as the electron energy is sufficiently
high: E>1 GeV. The radiation force experienced by an electron is for the first time derived from
the QED principles and its applicability range is extended toward the QED-strong fields.” Most
significant aspect of this work is the capability to compute and accumulate radiation produced
under conditions of violent acceleration in regimes where present-day lasers can drive electrons
into the their own radiation, producing a boosted frame where electric field reaches the
Schwinger limit for production of electron-positron pairs from vacuum. The theoretical
framework developed here allows one to obtain valuable results at much deeper into the domain
of quantum electrodynamics. DOE sponsored aspects of this work that were directed toward
radiative shock hydrodynamics.



Lowering the threshold for Schwinger electron-positron pair production (Stepan Bulanov, U.
Michigan)

Following the view that even stronger
lasers will be constructed in the next several
years the potential for generating electron-
positron pairs directly from vacuum was
investigated by Stepan Bulanov. In a paper
submitted for publication and available on
ArXiv it is noted that: “The scheme of
simultaneous multiple pulse focusing on one
spot naturally arises from the structural
features of projected new laser systems, such
as ELI and HIPER. It is shown that the
multiple pulse configuration is beneficial for

The evolution of invariant electric field Observing e+e' palr production from vacuum
components along X, y, and z axes for the cases under the action of sufficiently strong

of 2 and 24 pulses.

electromagnetic fields. The field of the focused

pulses is described using a realistic three-dimensional model based on an exact solution of the
Maxwell equations. The e*e” pair production threshold in terms of electromagnetic field energy
can be substantially lowered if, instead of one or even two colliding pulses, multiple pulses
focused on one spot are used. The multiple pulse interaction geometry gives rise to
subwavelength field features in the focal region. These features result in the production of
extremely short e*e” bunches.” NSF sponsored aspects of this work that were directed coherent
processes.
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Report on U. Texas contribution to ARO contract “Further development of an
electron-positron source”

Abstract: The U. Texas group led by Mike Downer performed and analyzed a series of experiments
investigating energy transport along the surface of an Al target following excitation at relativistic intensity.
After a ~1-micron Al target spot is excited at 3e18 W/cm?, a delayed probe detects isotropic surface heating
out to 12 pum radius. Analysis shows runaway electrons and strong magnetic fields govern fs surface
heating. The results demonstrate how close interplay among fs-time-resolved, pum-space-resolved
measurements, theory and PIC simulations can lead to improved physical understanding of complex laser-
target interactions that underlie production of relativistic charged particle beams.

U. Texas personnel: Prof. Mike Downer, project leader; Benjamin Bowes (Ph.D. 2007) performed
experiments at U. Michigan’s A* facility; Prof. Hans Langhoff (visiting U. Texas from U. Wiirzburg,
Germany) developed theoretical model of the experimental results.

Other collaborator: Prof. Y. Sentoku (U. Nevada, Reno) performed PIC simulations of the experiments.

1. Introduction. Relativistically intense ultrashort laser pulses can deposit as much as half their energy
collisionlessly into a solid target in the form of suprathermal electrons. Such fast electrons have been
extensively studied by observing them in the forward direction [1], because of their importance for fast
ignition of laser fusion and generation of charged particle beams. However, strong electric and magnetic
fields in the interaction region can also redirect hot electrons along the target surface, particularly with
obliquely incident laser pulses. This lateral energy spread is less extensively characterized. In 2006, we
performed and reported results of a fs microscopy experiment [2] in which a planar Al target was excited
by a 24 fs pump focused to intensity up to 1e18 W/cm? in a ~ 1 micron radius spot. Time-resolved images
of the surface obtained with a p-polarized, 400 nm ultrashort probe pulse showed sharply reduced
reflectivity within the directly heated area, which expanded to ~ 2.5 um radius within ~500 fs (Fig. 1a). At
the outer boundary of the reduced reflectivity region, probe reflectivity drops mainly because of increased
collisional absorption, and is sensitive to surface temperatures kTq,s ~ 40 eV, much lower than x-ray
diagnostics. No model of the lateral heat transport physics was presented in that work.

time-integrated
x-ray spectroscopy
and shadowgraphy

Probe "~~~ _ > \‘ B ) i
S or P-pol BN T
2m_ o) -;_‘j e/ s
[ - AIuminumTarg‘et i ]
S ——pe
At<0 At=0.17 ps

Fig. 1. Summary of measurements of surface heat transport for Al target excited at relativistic intensity. (a) Experimental setup
for femtosecond microscopy with selected images from [2] of the heated plasma using p-polarized probe at the indicated time
delays At and focused pump intensity lyump, =~ 1€18 W/cm? (bottom). (b) New probe image as in (a), but for At = 0.6 ps and loump
~ 3e18 W/cm?. The bright central spot is second-harmonic radiation generated by the focused pump that was scattered into the
probe imaging system. Reduced reflectivity region, outlined by dashed curve, is ~ 25 um in diameter,.

2. Follow-up experiments, theory and simulation results. We then obtained new experimental results, enabled by
a laser upgrade, in which the Al target was excited at 3e18 W/cm? in the same spot size. We observed the dark hot
region grew to more than four times larger (12 um radius) than observed at 1e18 W/cm2 on a similar time scale, but
remained approximately isotropic, as shown in Fig. 1b. In addition we developed a semi-empirical model [3] to
explain the lateral heat transport and its apparent isotropy in three steps. First, the pump drives hot electrons into the



pump

electrons are slowed by their space charge electric field, which we calculate reaches ~ 20 GVV/m over a depth of ~3
pm for lpum, = 3€18 W/em?. Second, the space charge field drives a return current that ohmically heats the target
and, as lpmp increases, includes more and more runaway electrons that reach the surface without colliding. We
calculations that ~ 1 keV runaway electrons comprising << 1% absorbed energy first appear at loymp = 0.5€18
W/cm?, then increase nonlinearly in energy to 70 keV and 10% of absorbed energy at loump = 3€18 W/cm? Third,
returning runaway electrons diffuse laterally, while oscillating across the target surface confined by space charge
and heating it collisionally. The solid curve in Fig. 2a shows our calculated diffusion diameter (achieved in ~ 500
fs) inside which surface temperature exceeds 40 eV detectable by probe reflectivity. The sharp increase in diameter
for lpump > 1e18 W/cm? reflects the nonlinear increase in runaway electron population and energy, and agrees
reasonably well with measurements. Isotropy of the observed expansion is consistent with dominance of resonance
absorption over jxB heating, indicating pre-pulse heating was important.

1/3
target via collisionless interactions according to the empirical rule KT oc(l AZ) of Beg [4]. These hot
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Fig. 2. Comparison of measurement, theoretical model and PIC simulation of intensity scaling of diameter of heated
region. (a) Data points: measured diameter of region of reduced probe reflectivity. Solid curve: estimated diameter
after stoppage of runaway electrons from model calculations [3]. Red circles: PIC simulations with no pre-plasma.
(b) Red crosses: intensity scaling of PIC-simulated diameter of surface region heated to kT, > 40 eV, compared to

I’_fmp curve. Solid circle: simulated diameter of kTs,¢> 40 eV area with a thin preformed plasma.

Two-dimensional particle-in-cell simulations using the code PICLS2d, which includes ionization and binary
collisions among charged particles, confirm the important role of pre-plasma in the experiment for l,m, > 1€18
W/cm? [5]. When pre-plasma was neglected, the simulations predicted the diameter of the surface region with KT

> 40 eV increased as ~ I’_fmp (Fig. 2b, red crosses and curve) and agreed reasonably well with measured diameter up

to lpump ~ 1€18 Wicm? (Fig. 2a, left two red circles). However, at loump = 3€18 W/cm?, they predicted strongly
anisotropic surface heating with major diameter (Fig. 2a, right-most red circle) ~2.5x smaller than observed. On
the hand, with a thin pre-plasma in front of the target, simulated pump absorption and heated diameter increased by
~ 50% (Fig. 2b, solid circle) and surface heating became nearly isotropic. An important factor in creating isotropy
was a strong (~ 10 MG) magnetic field in the pre-plasma, about 10% of the laser magnetic field, strong enough to
rotate sub-MeV electrons on a micron scale and thus spoil expansion anisotropy of surface-propagating electrons.

The results demonstrate how close interplay among fs-time-resolved, pm-space-resolved measurements,
theory and PIC simulations can lead to improved physical understanding of complex laser-target interactions that
underlie production of ultrashort x-rays, fast ignition of laser fusion and production of relativistic protons.
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