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Creating magnetized relativistic pair plasma in the laboratory would enable the exploration
of unique plasma physics relevant to some of the most energetic events in the universe.
As a step towards a laboratory pair plasma, we have demonstrated effective confinement
of multi-MeV electrons inside a pulsed-power-driven 13 T magnetic mirror field with a
mirror ratio of 2.6. The confinement is diagnosed by measuring the axial and radial losses
with magnetic spectrometers. The loss spectra are consistent with < 2.5 MeV electrons
confined in the mirror with confinement time of ~ 1 ns. With a source of 10'? electron-
positron pairs at comparable energies, this magnetic mirror would confine a relativistic pair

plasma with Lorentz factor ¥ ~ 6 and magnetization o ~ 40.
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I. INTRODUCTION

Pair plasma of positrons and electrons behave drastically different from ion-electron plasmas
due to their unity mass ratio!. The unity mass ratio alters the waves? and unstable modes® in a pair
plasma. In addition, due to their lower mass electron-positron plasma can achieve relativistic and
magnetized conditions relevant to energetic astrophysical phenomena with 1/1000 of the kinetic

energy and 1/30 of the magnetic field of electron-proton plasmas.

Relativistic plasmas are found in energetic astrophysical systems abundant in antimatter, such
as supernova remnants, gamma-ray bursts, and active galactic nuclei*>. The jets of active galatic
nuclei® as well as the magnetospheres of pulsars’ contain magnetically dominated plasma where
particles may be energized through relativistic magnetic reconnection® and kink instabilities’.
In all these systems intense non-thermal radiation is thought to result from collisionless shocks
formed by magnetic field amplification or generation in Weibel-like instabilities'®. These Weibel-
like instabilities are electromagnetic instabilities in plasmas with momentum anistropy!!. Elec-
tromagnetic instabilities generally dominate over electrostatic modes (e.g. the two-stream insta-
bility) when the plasma has relativistic energies!?. Which electromagnetic instability dominates
the mode spectrum has been the subject of recent theoretical work investigating the effects of ratio
of thermal to directed momentum'®, magnetization!* and mass ratios'?. The unity mass ratio of
electron-positron plasma is predicted to lead to 100x faster growth rates than in electron-proton

plasmal?.

Although laboratory positron-electron plasma reduce the particle energy and magnetic field
needed to achieve these relativistic and magnetically dominated regimes, the difficulty in produc-
ing a large number of positrons and in containing them for long lifetimes has so far precluded
their use. In recent decades much progress has been made in producing reliable positron sources.
Positrons with energies of tens to hundreds of eV can be harnessed with continuous fluxes of 10°
s~! through capture of fission neutrons and moderation'> and in ps pulses of 1.5 x 10° with 40 Hz
repetition rates through electron-target interactions and moderation at radio frequency accelerator
facilities'®. Short pulse (~ 10 ps) laser-target interactions generate large numbers of multi-MeV
positrons!”, up to a 10'2. This favors laser-matter interactions as source for relativistic pair plasma

experiments’.

A plasma is relativistic when the Lorentz factor ¥ > 2, i.e. the kinetic energy of particles ex-

ceeds their rest mass, 511 KeV for electrons and positrons. To study electromagnetic instabilities
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with these relativistic pairs it is necessary for the plasma to be dense enough to attenuate electro-
magnetic waves. This means that the scale length of the plasma must be larger than the skin depth
As=c¢/ \/W , ¢ is the speed of light, n is the number density of electrons and positrons
as both respond quickly to perturbations?, e the elementary charge, m, the electron (and positron)
mass, and & the permittivity of free space. In addition, the lifetime of the plasma needs to be
greater than the instability growth rate 7, which is related to the inverse of the plasma frequency
(Toc 1/ wp)”. This can be achieved in either beams of pairs dense enough to result in instability
growth during the time of flight'®!? or in less dense magnetically confined pairs.

Here, we focus on developing magnetic traps in order to study magnetized and relativis-

tic pair plasma’

. A (relativistic) pair plasma is considered magnetically dominated when the
magnetization factor - the ratio of magnetic energy density over particle energy density ¢ =
(B?/up)/ (nym.c?) - exceeds unity, where B is the magnetic field, o the permeability of free
space, and ¢ the speed of light. Magnetic configurations can trap pairs with magnetic mirroring ef-

fects. This has been successfully demonstrated with lower-energy positrons: a magnetic mirror??

trapped eV positrons for > 70 ms, the magnetic dipole field of a permanent magnet?!

has trapped
eV positrons for > 1 s, and the dipole field of a levitating superconductor?? has trapped 100 KeV
positrons for 100 pus. Here, we report on the design of a magnetic mirror for confinement of
laser-generated MeV pairs in a cm-sized mirror and demonstrate its confinement properties by

injecting laser-target generated relativistic electrons.

II. MIRROR DESIGN

Inhomogenous magnetic fields exert a force on pairs opposite to the field gradient®’, F =
—UVB, where 4 = ymeui /(2B) is the magnetic moment of the particle with perpendicular ve-
locity u | . A magnetic mirror traps charged particles between two maxima of the magnetic field.
The trapped particles complete three motions in a magnetic mirror: they gyrate around the mag-
netic field lines, they bounce back and forth between the maxima and they drift azimuthally around
the mirror axis®. Each of these motions is associated with an adiabatic invariant which is conserved
if the magnetic field varies slowly spatial and temporally over a cycle of the motion. The invari-
ants can be derived from action integrals of the canonical momentum associated with the three
motions: gyration perpendicular to the field P, bounce parallel to the field P, and drift in the

azimuthal direction Py along the respective path dI?*. The relativistic adiabatic invariant of the
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FIG. 1. Numerically integrated path ofa 2.5 MeV electron launched with pitch angle 51° from the mirror
center. The electron is lost after 0.92 ns. a) View perpendicular to mirror axis shows gyro and bounce

motion, b) View along mirror axis shows drift.

gyromotion Mr differs from the magnetic moment used to calculate the mirror force by an ad-
ditional factor of gamma, Mr = P dl = Jf1. The longitudinal invariant .J constrains the bounce
motion u\l ,/ = P dl = ju dl. The azimuthal magnetic vector potential 40 dominates the electron
momentum jmel( in the azimuthal canonical momentum so that the third invariant reduces to the
magnetic flux enclosed by the drift motion ¢ = JPgdl = J(qAg + ymeUg)dl ~ JB1dS. To con-
serve the first two adiabatic invariants the Larmor radius ig = ymu _j(gB) of particles needs to be
much smaller than the scale length of the magnetic field. For a simple magnetic mirror generated
by two solenoids the scale length can be approximated as the solenoid radius. Yet, conservation of
all adiabatic invariants is not a necessary condition to trap particles for several bounce periods22.
For example, keeping the Larmor radius of 2.5 MeV electrons and positrons a factor of 10 shorter
than a coil radius of 0.5 cm would require a 20 T field in the center of the mirror. Integrating the
relativistic equation of motion, d/dt{ymeu) = qu x B, reveals that a 2.5 MeV electron is trapped in
a mirror field with 5 / in the mirror center and 13 T in the coil centers for several bounce periods
with a chaotic path (fig. 1 a). Despite the chaotic path the drift is still axis encircling, tracing a
circular surface of constant flux (fig. | b). As the mirror field is axisymmetric angular canoni-
cal momentum of charged particles and correspondingly the magnetic flux their drifts enclose is

conserved even over strongly varying fields25.



FIG. 2. a) Laser-target interaction generates electrons in mirror field generated by two MIFEDS coils
(orange). Target (gold) is centered between coils. Two EPPS magnetic spectrometers measure axial and
radial losses. The electron divergence is characterized by the polar angle 6 with respect to the mirror axis

(dashed), b) Magnetic field along mirror axis, z = 0 is the mirror center.

The magneto-inertial fusion discharge system (MIFEDS)26™9 at the Omega EP short pulse
laser facility can store ~ 500 J. This is enough to produce the magnetic field as used in the
particle tracing in fig. | between two 10 mm coils spaced 14 mm apart with a 28 kA current
pulse lasting /is. The mirror MIFEDS coil can be arranged so that the mirror is centered at target
chamber center where a target is placed to generate pairs through laser-matter interaction. The
trapping of electrons and positrons in this mirror will depend on the pitch angles of perpendicular
velocity to parallel velocity the particles are injected into the mirror. A previous characterization3(
of electrons and positrons leaving a 1-mm Au target have found angular distributions with full
widths at half maximum (FWHM) of 50° == 10° . The divergence can be characterized in terms of
the polar angle 6 with respect to the mirror axis (fig. 2). If a target were placed in the center of the
mirror with the target normal perpendicular to the mirror axis, the angular distribution of particles

would be centered along the target normal, at 90° to the mirror axis.

To evaluate the confinement properties the MIFEDS mirror we numerically integrate the paths
of 100 electrons with 2.5 MeV kinetic energy launched with this angular divergence from the
center of the mirror. Fig. 3 shows the time evolution of the number of 2.5 MeV electrons in the
13 MeV mirror (blue). The e-folding time of the number of confined electrons is ~ 2 ns. The
losses are due to axial outflows of electrons, including from initially trapped electrons that move

non-adiabatically into the loss cone. As the mirror is a closed system the phase space of electrons
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FIG. 3. Trapped 2.5 MeV electrons (blue) in the 13 T magnetic mirror. The trapping time is limited by axial

outflows (red).

can be described with Liouville’s theorem and all trapped electron paths, even chaotic ones, will
eventually cross their origin, the target. Collisions with the target scatter the electrons, perhaps
shifting their pitch angle into the loss cone. Even with the pessimistic assumption that all target
collisions are losses, for a 20 jim thick and 0.5 mm electrons are still trapped for several bounces

with e-folding time of | ns.

We can diagnose losses from the mirror with magnetic spectrometers placed outside the mir-
ror. Fig. 4 shows the trajectories of 2, 3, 5, and 13 MeV electrons in the mirror, without any
collective effects. 2 MeV electrons are only lost axially and only for shallow launching angles
with respect to the mirror axis, while at higher energies electrons are also lost radially. At higher
energies an increasing portion of electrons is not trapped at all. Instead they exit the mirror in less
than one gyro-orbit. The trajectories of 3, 5 and 13 MeV electrons exhibit non-axisymmetry, as
the electrons sweep a radial loss angle corresponding to the portion of the gyro-orbit they com-
plete before leaving the mirror field. There is also a gap in losses at polar angles intersecting the
coils. That is, an electron cannot escape by penetrating the coil due to a strong field near the wire
surface. Two orthogonal magnetic electron-positron-proton spectrometers (EPPS)31 can validate
these calculated loss spectra. Ratios of the flux j/ of simulated electrons launching from the target
with no magnetic field applied and the magnetic field applied i//(S = 13 T)/tff(B = 0 T) quantify
the effect of the magnetic mirror without requiring knowledge of the angular dependence of the
electron number (fig.5). The magnetic field increases the number of < 2.5 MeV electrons exiting

the mirror radially (ratio < 1) and corresponding increases the number exiting axially (ratio > 1).



FIG. 4. Trajectories of 2, 3, 5, 13 MeV electrons exiting magnetic mirror formed by two 13 T coils (coils
shown in pink). 2 MeV electrons are only lost axially and only for shallow launching angles with respect to
the mirror axis, while at higher energies electrons are also lost radially. 3 MeV, 5 MeV, and 13 MeV radial
electron losses are non-axisymmetric, the electrons sweep a radial loss angle with increasing energy. The
color of the trajectories corresponds to sin(0), where 9 is the polar angle with respect to the mirror axis at

which the electron is launched.

At higher energies the effect of the magnetic field becomes negligible (ratio ~ 1); however, the

ratios do not very monotonically with energy.

III. EXPERIMENT SETUP

We conduct experiments at Omega EP to demonstrate the confinement properties of the high
field mirror for relativistic electrons. The target dimensions, 20 /is thick and 0.5 mm, are optimized
for electron production the short 20 /im thickness of the target limits the production of positrons
through the Bethe-Heitler process32 to levels just above the noise floor. The relativistic electrons
are generated by interaction of an Omega EP 10 ps pulse33 with wavelength A = 1054 nm with
the target. A background shot is taken with no applied magnetic field. The magnetic mirror field
is applied for five shots; three with 13 T and two with 9 T at the coil center. The laser energies is
900 £ 20 J, corresponding to an intensity in the first two shots. However, after the first magnetized
shot MIFEDS debris and copper disposition on the laser optics reduces the laser energy to 770 £40
J. With 80% ofthe laser energy contained within a 16 42 /im radius the laser energies correspond
to intensities of / = 9=+ 1 x 101§ W/cm2 and / =7 £ 1 x 1018 W/cm2, respectively. The laser
power contrast is about 10§ — 109. At such laser conditions, the radially escaping spectrum (fig.

6) fits a Maxwellian-like exponential with temperature 7= 5.8 == | MeV, close to the expected
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FIG. 5. Ratio of 6 = 13Tto6 = OT simulated a) axial and b) radial electron loss fluxes.
value according to Pukhov scaling34, 4.7 MeV, and within previous measured range35 for the
unmagnetized shot laser intensity 9+ 1018,
IV. RESULTS & ANALYSIS

Two electron-positron-proton spectrometers (EPPS) are positioned to sample the electron losses
placed parallel to the MIFEDS magnetic mirror axis and normal to the mirror axis, radial with

respect to the mirror geometry (fig. 2). Each EPPS accepts particles through a 0.95 x 0.96 mm?



slit. The radial EPPS is 48 cm and the axial EPPS is 57 cm from the center of the mirror which is
also the target chamber center. After each shot the image plates from the two EPPS are scanned
after 25 minutes and adjusted for fading with a factor of 0.67 as derived from Tanaka et al.>®. Two
super-Gaussians are fitted to the background and signal on each image plate in order to remove
the background and determine the projected slit width?”. Calibrations of the absolute dose®® and
dispersion with measurements in the expected trapped particle energies®”, 3 — 15 MeV, provide
absolute electron energy spectra. Without the magnetic field the electrons exit mostly radially,
normal to the target surface. The electron energy distribution is determined by the laser-plasma

acceleration processes in the preformed plasma on the surface of the target*®-4!

. Refluxing of
electrons in the target may broaden the energy distribution. The axial loss spectrum corresponds
to the angular divergence of electrons leaving the target. In shots with applied magnetic field the
radial electron loss spectra have three characteristic differences to the baseline no-magnetic-field
shot (fig. 6): 1) the radial EPPS measures a significantly lower number of electrons, 2) the energy
spectrum has a steep drop at 3.7 MeV, 3) followed by a steady increase until 14 MeV (18 MeV) for
the 9 T (13 T) field. The energy spectrum of axial losses is shifted upward in shots with a magnetic
field and there are several narrow spikes with energies below 5 MeV followed by a broad spike at
10 MeV (13 MeV) for 9 T (13 T). The spikes in the axial electron spectra can be explained by
magnetic lensing effects*2. Each solenoid acts as a lens for charged particles with a focal length
f that can be approximated by f ~ 3.4p2 /a, where pe = ymeu/(q.Bo) is the electron gyroradius
where By the magnetic field at the coil center, g, is the charge with sign, and a the coil diameter.
The energy of the broad peaks in the axial spectrum corresponds to the electron energy for which
the focal length is the coil-to-target distance 7.5 mm, i.e. the energy of electrons that should be
collimated*. The thin spikes have been noted in magnetic focusing experiments®? and correspond
to complicated trajectories of specific energy electrons which focus and subsequently re-collimate
upon exiting the coil. To relate the measured losses to the calculated particle trajectories we
compare the numerical electron flux y(B = 13 T)/y(B = 0 T) from the calculated trajectories
to the ratios of the measured spectra (fig.7). The simulated flux ratios are consistent with the
characteristics observed in the measured fluxes: 1) the radial flux is significantly reduced and the
axial flux is correspondingly enhanced, 2) the radial flux sharply drops off for energies above
3.7 MeV and 3) followed by a steady increase until 18 MeV for the 13 T. The reduction in the
radially lost electrons and corresponding increase in axially lost electrons agrees with the path

integrations of trapped electrons lost along the axial loss cones. The drop and steady increase are
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FIG. 6. EPPS measured spectra of escaping electrons. Spectra of a) radially and b) axially escaping elec-
trons with no magnetic field (dashed back), 3 shots with 13 T magnetic field at the coil centers (light blue;
average of shots thick blue), and 2 shots with 9 T magnetic field at coil centers (light orange; average of

shots thick dark orange).

due to electrons completing only one or even less than one gyro-orbit before leaving the magnetic
mirror and are at first deflected away from the radial EPPS and as their energy increases they are

deflected less.
As the mirror force is independent of the sign of'the charge, this mirror should be able to confine
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FIG. 7. Ratio of B 13 1 i0o B 0 T simulated a) axial and b) radial electron loss fluxes (blue) plotted

together with respective ratio of measured loss spectra (orange).

positrons and electrons simultaneously. Positrons and electrons could be generated outside of the
mirror with thicker targets optimized for positron production. The pairs could then be magnetically
transported to the mirror with a solenoid acting as collimating lens. The lens would select particle
energy and if'tilted select charge43 so that a unity charge ratio pair beam could be injected into the
mirror. A thin foil placed inside the mirror could scatter the injected pairs out of the loss cone5.
The coils could also be arranged in a cusp configuration with a magnetic null at the center, this

may simplify injection from an outside target as the magnetic null would allow pairs to transition
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non-adiabatically to trapped particles**.

V. CONCLUSION

Measurements of the axial and radial losses from the magnetic mirror are consistent with nu-
merically calculated electron losses and confinement of < 2.5 MeV. This 13 7" magnetic mirror
formed by two pulsed power coils can trap relativistic electrons and/or positrons for nanoseconds.
The largest positron yield achieved with intense laser-matter interaction!” is 10'2. In the mirror
discussed here that would correspond to a density of 10'2 cm—3 which with Debye length and skin
depth on the order of the mirror would approach the plasma conditions for supporting electrostatic
and electromagnetic instabilities>. The pairs would be relativistic with ¥ ~ 6 and magnetized with
o ~ 40. Increases in the magnetic field could increase the energy of pairs that can be trapped. For
example, the upgrade of the pulsed power supply at OMEGA from MIFEDS-2 to MIFEDS-3 will
increase the stored electric energy from 200 J to 2 kJ, enabling higher currents and corresponding

magnetic fields to be driven in the coils?.
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