PARTICLE ACCELERATION IN LASER-INDUCED RELATIVISTIC PLASMAS
A NOVEL APPROACH FOR POLARIZED SOURCES?
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The physics of laser-plasma interactions has undergone dramatic advances in recent years. By directing a multi-TW,
ultrashort laser pulse onto a thin foil or a gas, it is now possible to produce multi-MeV proton, ion and electron beams.
Despite this progress, the question of whether the laser-generated beams are or can be spin-polarized and, thus, whether
laser-based polarized sources are conceivable, is still unexplored. One may either think of a selection of certain spin
states through the huge magnetic field gradients that are inherently generated in the laser-generated plasmas, or of prepolarized target particles which maintain their polarization during the rapid acceleration procedure.
We have developed a method to measure the degree of polarization of protons that have been accelerated at the 200 TW
laser facility Arcturus at Düsseldorf University. For establishing this method, first measurements have been carried out
with foil targets where typical proton energies of up to 10 MeV are achieved and, according to 1-d Monte-Carlo
simulations, no significant polarization effects are to be expected. As a next step, measurements with unpolarized H2 (for
proton acceleration) and 3He gas (for 3He ions) are planned and, finally, pre-polarized 3He will be used.

1.

Introduction

In recent years, the physics of laser-induced particle
acceleration has undergone an extremely rapid
development. Thanks to the CPA technique (e. g. [1]),
acceleration of heavy particles has already reached the
multi-MeV level and will likely see further
improvements into the GeV regime in the near future.
However, fundamental and technological challenges
still have to be mastered for the realization of reliable,
turn-key laser-plasma accelerators. The particle beams
typically are poly-energetic with a broad angular
distribution. Thus experimental research on the
properties of laser-induced particle beams is
instrumental to improving these sources.
Ti:sapphire laser systems, like the ARCturus Laser
at Heinrich Heine University Düsseldorf [2], operate at
a pulse energy of a few J, compressed to a pulse length
of around 25 fs, reaching a pulse power of 100 TW and
a focus intensity of approx. 1020 W/cm2. To give a vivid
impression of the light intensities in the focus point one
may imagine the average intensity of sunlight on the
surface of the earth, given by the solar constant of
1367 W/cm2, focused on the tip of a pencil (0.1 mm2).
By directing such a high-intensity laser beam on a foil
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or a gas jet it is possible to generate a plasma in the
focal region. At these laser intensities plasma electrons
are driven from the target directly by the
electromagnetic fields of the laser. The quasi-static
electric field produced by this charge separation
accelerates protons that are present in hydrocarbon
impurities on the foil target surface. This so called target
normal sheath acceleration (TNSA) works for foil
targets [3] but also for high-density gas targets. For
protons the maximum energy to date is 67.5 MeV,
produced at the Helmholtz-Zentrum Dresden
Rossendorf [4]. Typical values of the maximum energy
to date reached at the ARCturus facility is about
10 MeV for protons and 300 MeV for electrons [2].
While the development of laser-induced particle
accelerators continues to advance forward, one
completely unexplored issue is whether the lasergenerated ion beams are or can be spin-polarized. Such
polarized beams are be an indispensable tool for
fundamental research. For example, the disposability of
a source for polarized 3He ions is one of the
preconditions in the search for nuclear electric dipole
moments.

Through coupling to magnetic moments of the
particles, magnetic fields influence the particle spins.
This can either be accomplished by a spin flip or by a
spatial separation of different spin states, thus providing
a tool for the investigation of magnetic fields.

Figure 1. Magnetic fields in and around a foil target of 3 m
thickness. The incident angle of the laser pulse is 45º to the target
normal (from the left). Colors: magn. field strength in units of B0.

2.

Search for polarization effects

In our experiments high magnetic fields are generated in
the laser-generated plasmas mainly by the current of
escaping hot electrons and the return currents in the foil
target. These fields usually have values in the order of
104 T in the center of the focus and decrease over 10 or
20 m radially away from the beam axis of the laser
pulse, producing very high field gradients of the order
of 1010 T/m. This is illustrated in Figure 1, which show
the quasi-static magnetic field distributions simulated
with the Particle-in-Cell code PSC [5].
By analogy with the effect in a Stern-Gerlach
apparatus one might expect the particles to encounter
forces that are quantized according to their spin
orientation. However, in the past restreservations have
been aired about the quantitative effect on the proton
trajectories. A fundamental concern is Bohr's
hypothesis (described by Pauli [6]), who stated that,
due to the uncertainty principle, spin states of electrons
or any other charged particle, cannot be separated by a
magnetic force on the electron dipole moment. Bohr's
argument holds for protons as well, since it is based on
the uncertainty in the Lorentz force, over the beam
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width that acts on the particle. However, in 2002
Garraway and Stenholm showed that it is in principle
possible to achieve spin-separation for charged particles
under certain conditions in which a particle beam of
small diameter passes through the field region and
remains a sufficiently long time in an interaction free
region afterwards [8] - conditions that maybe fulfilled in
laser-plasma experiments.
On the other hand, if there exists no separation
according to the particle spins by self-generated
magnetic fields, this clears the way for a second
scenario, which is to use polarized targets. If the
polarization of the particles is preserved during the
laser-induced acceleration, the produced beams would
carry a polarization of the same order as the initial target
polarization. Since the high electric-field strengths of
the laser pulse lead to a rapid ionization of the material,
the prospects are good that the nuclear spin is
maintained during the process of ionization and
acceleration.
To date there has been no investigation - neither
theoretical nor experimental - whether the conditions
during laser-induced acceleration meet the requirements leading to an observable spin-separation.
3.

Setup for the measurement
of the polarization of protons

For the measurement of the degree of polarization of
laser-accelerated protons a method has been developed
which is based on the spin dependence of nuclear
scattering reactions [7].
A measurement was carried out using a setup
consisting of a beam monitor, a set of aluminum and
lead collimators, the secondary scattering target and
CR-39 detectors. As rate monitor a stack of
RadioChromic Films (RCF) was used. An aluminum
collimator with an aperture of 1 mm a part of the beam
is selected, thus defining the emission angle of the
protons that are used for the polarization measurement.
For the scattering of the protons a silicon target of
24 m thickness was used. Cross sections and analyzing
power of the Si(p, p´)Si reaction was provided by
measurements at the Tandem accelerator at the
University of Cologne [9]. The data are shown in
Figure 2.
The beam to be analyzed has an angular divergence
of approx. 1º behind the collimator and hits the target

Figure 2. Analyzing power of the Si(p, p´)Si reaction.

in an area of 2 mm in diameter. Behind the scattering
target solid state nuclear track detectors of CR-39 are
placed. Because of the dependence of the differential
cross section on polarization P and analyzing power A
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an asymmetry in the distribution of the scattered
particles in
is expected.
The setup was optimized during a first
measurement in Spring 2010. An experiment with
higher statistics, that should allow us to draw
unambiguous conclusions about the degree of
polarization of protons accelerated in foil targets was
carried out in Nov. 2010. These data are currently being
analyzed.
4.

Figure 3. Spatial distributation of He ions at 1 ps after the laser pulse.
The lower figure shows the development of the electrons at the same
times. The calculation was carried out in a 1300 x 1300 grid with the
EPOCH PIC-code [11]. The simulation parameters were: Laser
intensity at the maximum I0 = 2.08 x 1020 W/cm2, a FWHM at the
focus point of d0 = 8 m and a FWHM pulse length of 0 = 500 fs. The
target density was ne = 0.05 · nc for electrons and n He = 0.025 · nc for
He, where nc is the critical density.

Planed measurements and outlook

As a next step, an He-gas experiment is planned for prepolarized 3He gas as target material. Acceleration of
particles from 4He gas jet targets has already been
observed at VULCAN [10], which is expected to work
just as well for 3He. Field ionization removes electrons
consecutively from the atom. The single ionized 3He has
a very short relaxation time of the nuclear spinpolarization, which is presumably the reason why
currently, no polarized sources for 3He ions are
available.
The strong electric fields of a high intense laser,
however, might be able to remove the two electrons
within a fs or less, sustaining the nuclear spin during the
ionization process.
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Preparation measurements for this experiment have
been carried out to define the neccesary parameters.
Also a PIC-code simulation of the accelerated electrons
and He ions on the rear side of the gas target was carried
out with the aim of optimizing the acceleration
parameters for the He ions. In a first step the results of
Ref. [10] could be reproduced and the simulation
parameters are then adapted to the special conditions of
the ARCturus laser (Figures 3, 4).
Already 1 ps after the laser pulse a complete
channel has been formed and the electrons from the
ionization start to build the electric field that leads to
acceleration of the ions. A saturation of the field
development has been reached 3.5 ps after the laser
pulse. This is expected be short enough to preserve the
spin orientation.

We find the major direction of momentum in the
longitudinal, which satisfies the conditions for
observation of a Stern-Gerlach effect given in Ref. [8]
and outlined in Section 2.
Based on these preliming studies, preparations for a
3
He-gas experiment are underway.

Figure 4. Spatial distributation of He ions and electrons at 3.5 ps after
the laser pulse.
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