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Detailed angle and energy resolved measurements of positrons ejected from the back of a gold target

that was irradiated with an intense picosecond duration laser pulse reveal that the positrons are ejected in a

collimated relativistic jet. The laser-positron energy conversion efficiency is �2� 10�4. The jets have

�20 degree angular divergence and the energy distributions are quasimonoenergetic with energy of 4 to

20 MeVand a beam temperature of�1 MeV. The sheath electric field on the surface of the target is shown

to determine the positron energy. The positron angular and energy distribution is controlled by varying the

sheath field, through the laser conditions and target geometry.
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Relativistic positrons and positron jets are believed to
exist in many astrophysical objects and are invoked to
explain energetic phenomena related to gamma ray bursts
and black holes [1–4]. On Earth, positrons from radioactive
isotopes or accelerators are used extensively at low ener-
gies (sub-MeV) in areas related to surface science [5–8],
positron emission tomography [9], basic antimatter science
such as antihydrogen experiments [10,11], Bose-Einstein
condensed positronium [12], and basic plasma physics
[13]. Experimental platforms capable of producing the
high-temperature positrons and high-flux positron jets
[14] required to simulate astrophysical positron conditions
have so far been absent. MeV temperature jets of positrons
and electrons produced in these experiments provide a first
step towards evaluating the physics models used to explain
some of the most energetic phenomena in the Universe.

The pair producing mechanisms in intense laser-plasma
interactions have been studied theoretically [15] and dem-
onstrated experimentally in previous ‘‘proof-of-principle’’
experiments [16–18]. When intense lasers interact with
solid targets a large number of fast electrons (>MeV)
are created. These electrons create MeV bremsstrahlung
photons in the target that, in turn, produce electron-
positron pairs through the Bethe-Heitler process
[15,19,20], unlike the direct laser pair production in vac-
uum which occurs via multiphoton absorption [21]. To date
the angular distribution of the positrons ejected from the
rear of the target and the source of the quasimonoenergetic
nature of the observed positron energy distribution has
been unknown. Here we present the first observations
that the positrons are ejected in a well-defined cone from
the back of the target, accelerated by several MeV due to
the sheath field on the rear of the target. We demonstrate
this by varying the transverse size of the target and the

energy of the laser, both of which change the sheath field
and influence the jet energies.
The electron-positron pair creation experiments reported

here were performed using 1–10 picosecond laser pulses of
1:054 �m wavelength from the Titan laser [22] at the
Lawrence Livermore National Laboratory and the
OMEGA EP laser [23] at the University of Rochester’s
Laboratory for Laser Energetics. Laser energies from 100
to 850 J were focused into 8 (on Titan) to 50 (on OMEGA
EP) micrometer diameter spots producing peak laser in-
tensities from 1� 1019 to 5� 1020 W=cm2. All targets
were 1 mm thick solid gold with diameters between 1
and 20 mm. The experimental configuration is shown in
Fig. 1. The positrons, electrons, and protons produced
during the laser-target interaction were measured simulta-
neously using three absolutely calibrated electron-posi-
tron-proton spectrometers (EPPS) [24]. They were placed
�20 cm from the target at various angles to measure the
energy spectrum of the electrons and positrons.
In the experiments, quasimonoenergetic, beamlike posi-

tron jets were observed. The positron energy spectra are
shown in Fig. 2 for six shots with different laser and target
conditions that controlled the positron peak energy. The
energy of the peak (Epeak) of the positron distribution

varied from 3 to 19 MeV, with an energy spread from
57% to 15%, equivalent to Epeak=EFWHM ¼ 1:8 to 6.9.

The shot conditions are summarized in Table I.
The peak energy shift and the beamlike nature of the

positron spectra arise due to sheath field effects from the
rear of the target. The sheath field is established by the
initial escaping electrons and the resulting electron cloud
that forms around the target. It has been confirmed by
proton or ion acceleration [25–27]. Since there are several
orders of magnitude more electrons than positrons, the
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positrons play no role in the sheath formation. As the hot
electrons that are responsible for the potential leave the
target, it takes less than a few tens of fs to build up a
MV=�m field on the rear target surface. The majority of
the positrons pass through this sheath field as they leave the
target, gaining an energy equal to the potential of the
sheath. This results in a shift of positron energy distribution
to higher energies. This process is confirmed by two-
dimensional hybrid particle simulations which show that
the sheath is quickly set up for the positrons to go through,

even if the electrons and positrons are launched at the same
time. To verify this effect experimentally, we decreased the
sheath strength at the back of the target by increasing the
scale length of the plasma at the rear of the target [25,26].
This was accomplished by irradiating the rear side of the
target with a second, long (ns) laser pulse (in shot C), a
technique that has been demonstrated in [28]. This resulted
in a �3 MeV decrease in the peak energy of positron
distribution. (Shot C vs shot E in Table I.)
The target size affects the positron acceleration field.

Larger targets reduce the acceleration field so that the
observed positron distribution approaches that inside the
target. This ‘‘low-energy’’ distribution is determined by the
Bethe-Heitler process [18], as shown in Fig. 3. The posi-
tron ‘‘birth’’ distribution was simulated using the
Monte Carlo code EGSNRC [29] that calculates the Bethe-
Heitler pair production and self-consistently treats the
attenuation of electrons, photons, and positrons as they
propagate through a cold solid target. It does not include
the sheath potential effect that causes the additional accel-
eration of positrons at the rear target surface. The experi-
mental data using a 20 mm diameter target have the lowest
peak energy (�4 MeV) and are the closest to the simulated
positron distribution peaked at about 2.5 MeV.
The positron beam (jet) energy scales approximately

inversely with the surface area of the target for constant
laser conditions and target thickness, as shown in the inset
of Fig. 3. As the target diameter increases from 1 to 20 mm,
the peak positron energy decreases from 18 to 4 MeV. The
measured maximum proton energy also decreases from
greater than 15 MeV to less than 0.5 MeV as the target
diameter increases, consistent with the positron data. Since
the electron source is the same for each target, the charge
density is reduced as the target area increases, reducing the
accelerating field as shown by the shift in the peak of
positron energy to lower energies and the decrease in the
maximum observed proton energy. This is consistent with
the understanding of how the sheath field is generated, as
described above.
The jet nature of these quasimonoenergetic positrons is

established by measuring the beam angular divergence of
electrons and positrons emitted from the rear surface of the
target. The divergence half-angles ranged from 17� to 25�,
with the smaller angles corresponding to the higher beam
energies. Figure 4 shows measurements (for shot B in
Fig. 2) of the normalized total positron number as a func-
tion of angle with the laser propagation direction at 0� and
the target normal direction being �18�. A Gaussian func-
tion fit to the data shows a half-width of �20� 5� cen-
tered at�10� 5�. Fast electrons measured with the EPPS
and radiochromic film show (in the inset of Fig. 4) a jetlike
distribution similar to the positrons, with half-width of
�25� 5� centered at �12� 5�.
The physics that determines the electron directionality is

different from that of the positrons. Fast electrons accel-
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A - 20 mm target; 312J, 10 ps
B - 6.4 mm target; 130J, 1ps
C - 2 mm target; 305 J, 10 ps
D - 2 mm target; 280 J, 10 ps
E - 2 mm target; 323 J, 10 ps
F - 2 mm target; 812 J, 10ps    
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FIG. 2 (color). Positron energy distributions for six laser shots
labeled from A to F. The target and laser conditions are listed.
Shots A–E were from the Titan laser and shot F from the
OMEGA EP laser. All spectra were obtained with the EPPS
normal to the back of the target. Shot C had a 7 J, 3 ns long-pulse
shot at the rear of the target prior the short pulse laser.
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FIG. 1 (color). Experimental setup. The short pulse irradiates
the target at 18� relative to target normal. The long-pulse (3 ns
square pulse) laser irradiates the rear of the target at 45� for
some shots. The long pulse was shot 2 ns before the short-pulse
laser. The long-pulse focal spot was about 600 �m diameter
centered on the short-pulse focal spot. The laser produced
electrons establish a sheath field at the rear of the target that ac-
celerates the positrons. This field can be controlled by the long-
pulse laser injection as well as the target surface area variation.
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erated in front of the target are directed primarily along the
laser axis, driven by the J� B forces along the laser
propagation direction as well as by the resonant and
Brunel absorption mechanisms that drive electrons along
the target normal direction. Positrons are born deep inside
the target predominantly from the most energetic electrons.
These positrons carry some of the forward momentum of
the ‘‘parent’’ fast electrons forming an anisotropic distri-
bution [18]. Once outside the target, these positrons are
accelerated by the sheath electric field reshaping the posi-
tron distribution. This is verified by experiments with 18�
and 55� laser incidence relative to target normal direction.
It was found that nearer to normal incidence the laser
produced less divergent positron beams because there the
acceleration direction is better aligned with the original

positron momentum gained at birth pointing in the laser
propagation direction.
The total number (N) of positrons in the jet is estimated

to be on the order of 1010 to 1011 by integration over the
angular spread of the jet. N scales approximately linearly
with laser energy as N � ð1:5� 1011Þ � ElaserðkJÞ. The
total energy conversion efficiency from laser energy to
positrons in the jet is �2� 10�4. The positron jet current
(�100 A) is far below the Alfvén beam current limit

TABLE I. Summary of shot conditions and the ejected positrons for shots A–F. The short-pulse duration for all shots was 10 ps
except shot B, which was 1 ps. Columns 2 and 3 are laser parameters: column 2 is the laser energies on target; column 3 the target
diameter. Columns 4–8 are the quasimonoenergetic positron jet parameters: column 4 is the total number of positrons in the jet;
column 5 is the energy of the peak of the distribution; column 6 is the energy for the full width at half maximum of the distribution;
column 7 is the energy spread in percentage; column 8 is the half-angle of the divergence. Columns 9–11 are the derived positron
properties: column 9 is the energy conversion efficiency from laser to ejected positrons. Columns 10 and 11 are the derived positron jet
temperatures: column 10 is the temperature in the jet longitudinal direction; column 11 is the temperature in the transverse direction.
Numbers in parentheses are the best estimated errors to the attached number.

Laser parameters Positron jet parameters Derived quantities

Shots ELaser (J) � (mm) Ntotal eþ Epeak (MeV) EFWHM (MeV) Spread (%) �b (Degree) �energy (%) Tk (MeV) T? (MeV)

A 312 20 1.8e10 4.0 (0.1) 2.3 (0.3) 57 (6) 25 0.01 2.9 (0.2) 0.4

B 130 6.4 2.0e10 8.5 (0.2) 3.3 (0.3) 39 (6) 20 (5) 0.03 6.5 (0.6) 1.6

Ca 305 2 3.0e10 10.8 (0.1) 3.1 (0.1) 29 (2) 18 0.02 4.2 (0.2) 0.8

D 280 2 2.3e10 12.8 (0.1) 1.9 (0.2) 15 (4) 17 0.02 2.5 (0.3) 1.0

E 323 2 2.6e10 13.7 (0.1) 2.8 (0.2) 21 (3) 20 0.04 4.1 (0.2) 1.2

F 812 2 1.8e11 18.7 (0.1) 3.6 (0.2) 19 (2) 17 0.04 4.2 (0.2) 2.0

aA 7 J, 3 ns long-pulse injection was shot at the rear of the target before the short pulse to increase the plasma scale length.
bDerived from measurements shown in Fig. 4 for shot B. It is derived from two-point measurements from the rest of the shots.
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FIG. 3 (color). Positron spectra from 1 mm thick Au target
with diameter of 20 mm (red) and from EGS code (blue). The
simulation is linearly scaled with an arbitrary factor in the y axis
to show its peak energy. The inset shows the peak energy of
positrons as a function of the inverse of target surface area. The
relation is fitted with a linear function E / 1=S. The dashed line
(blue) represents the peak energy without the acceleration field,
calculated from the EGS simulation.
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FIG. 4 (color). Normalized total positron number ejected from
the back of targets at various angles for 1 mm thick, 6.4 mm
diameter targets shot by 1 ps, 130 J laser (shot B in Fig. 2). The
data (red dots with error bars) are fit (black) with a Gaussian
function. The two arrows mark the laser propagation direction
and the target normal direction. The result for the electrons is
shown in the inset which includes both EPPS data (red squares)
and data from radiochromic film (green dots). It was not possible
to measure positrons for angles between �60� and �20� due to
the laser beam layout.
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(�10 000 A) [30]. The jet is charge-neutralized by the
copropagating electrons. The electrons and positrons travel
at nearly the velocity of light in the direction of the jet,
ahead of the protons and ions that are accelerated by the
sheath electric field, forming a non-neutral electron-
positron plasma. For the duration of 10 picoseconds (laser
duration), these relativistic electrons and positrons occupy
a volume of �3� 10�3 cm3, from which a positron den-
sity of �1013=cm3 and electron density of �1015=cm3 are
inferred. EGS simulations show a positron density of
�1016 cm�3 inside of the target.

The positron temperature is determined from the width
of the energy spectrum in the jet, longitudinal, direction
and from the angular divergence of the jets in the trans-
verse direction. In the longitudinal direction, the tempera-
tures (Tk) are between 2 and 6 MeV. In the transverse di-

rection, the temperatures (T?) are between 0.4 and 2 MeV.
The temperatures obtained in the EGS simulations (for shot
A, Fig. 3) are 3.4 and 1.4 MeV in the longitudinal and
transverse directions, respectively, supporting the experi-
mental data. The copropagating hot electron tempera-
tures are about 3 to 9 MeV with a quasi-Maxwellian
distribution [18].

In summary, this is the first description of the funda-
mental properties of laser-generated positron jets, includ-
ing the angular distribution, the conversion efficiency, the
number, the peak energies, and the temperatures. This
Letter clearly demonstrates that the sheath field determines
the positron beam energy. The power in these electron-
positron jets is about 1019 erg=s, i.e., far less than that of
astrophysical sources [1–4]. However, the energy flux is of
the order of 1021 erg=s=cm2 and sufficient to permit future
scaled experiments [31] of astrophysical phenomena. In
addition, if the jets can be trapped, for example, in a
‘‘mirror-type’’ magnetic field, a stationary high-
temperature electron-positron plasma may be created
[15]. With the positron beam intensity of about
1012 W=cm2, these positrons may find new applications
such as diagnosing high energy density plasmas and pro-
viding a source of pulsed, monoenergetic gamma rays for
radiography of dynamic processes in materials, as well as
provide a platform for the studying the physics of some of
the most energetic phenomena in the Universe.
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