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Generating positrons with femtosecond-laser pulses
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Utilizing a femtosecond table-top laser system, we have succeeded in converting via electron
acceleration in a plasma channel, low-energy photons into antiparticles, namely positrons. The
average intensity of this source of positrons is estimated to be equivalent to 23108 Bq and it
exhibits a very favorable scaling for higher laser intensities. The advent of positron production
utilizing femtosecond laser pulses may be the forerunner to a table-top positron source appropriate
for applications in material science, and fundamental physics research like positronium
spectroscopy. ©2000 American Institute of Physics.@S0003-6951~00!00143-1#
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The evolvement of multiterawatt short pulse lasers
given impetus to a new regime of laser matter interact
identified as high-intensity physics.1 Presently, compac
high-repetition-rate table-top systems deliver focused int
sities approaching 1020W/cm2 while large-scale petawat
class lasers pledge intensities beyond 1021W/cm2 in the near
future. Interestingly, the moderate size table-top laser s
tems hold out the promise to cut the ‘‘umbilical cord’’ to a
accelerator facility for a series of applications. Indeed, us
10 Hz, TW table-top lasers the generation of MeVg rays in
the interaction of solid targets with femtosecond laser pu
has been reported.2,3 Generation of extreme ultraviolet radia
tion in the form of harmonics of the fundamental has a
been demonstrated.4–6 Furthermore, fusion neutrons using e
ther deuterated planar targets7 or deuterium clusters8 heated
with femtosecond laser pulses have been observed. Rece
1010 electrons per laser pulse were produced in a low em
tance beam with average energies of 3 MeV and maxim
extending to over 12 MeV.9 We report here an addition t
this list, the generation of antiparticles.

We describe measurements of positrons produced
MeV electrons from a relativistically self-focused laser cha
nel in underdense plasma. The scheme we have employ
analogous to the one used for the generation of positr
from high-Z moderators in linear electron accelerators
consists of two steps: First, using laser pulses from
ATLAS laser facility at Max-Planck-Institut fu¨r Quantenop-
tik ~790 nm, 220 mJ, 130 fs, 10 Hz!, a beam of electrons wa
generated in a gas-jet target. In the second step, the elec
were converted in a 2-mm-thick Pb slab to positrons. W
were able to produce 106 positrons (e1) per laser pulse with
a mean energy of;2 MeV. Although for radiation safety
reasons the measurements were performed using single
pulses, there are no technical constraints hindering the op
tion at the laser repetition rate, i.e., 10 Hz. Under these
cumstances, this experiment represents ane1 source with an
activity of 107 Bq. Positron emission has also been repor

a!Electronic mail: get@mpq.mpg.de
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from the direct interaction of petawatt laser pulses with so
Au targets.10 However, petawatt lasers operating at hig
repetition rate are not yet available and such experiments
currently restricted to large-scale facilities.

The generation mechanism of fast electrons emplo
here has been the topic of a previous study where most o
pertinent physics and the experimental realization
described.9 The method is simple: The laser is focused in
the exit of a helium gas jet where it undergoes relativis
self-focusing when the laser power exceeds the thresh
value for this process followed by plasma channel format
and direct laser acceleration of electrons to multi-MeV en
gies. As long as the electron beam produced in the gas
comprises electrons with kinetic energiesE>1.022 MeV,
there is a finite probability to generate electron–positr
pairs in a high-Z converter. For few-MeV electrons intera
ing with a high-Z material, the most efficient processes
pair production are:~a! indirectly via bremsstrahlung pho
tons and~b! directly in electron–nucleus collisions~the tri-
dent process!.11 An estimate of the fraction of primary elec
trons converted into positrons,Ne1 /Ne2 as a function of the
electron primary energy can be obtained if one assumesEg

'E/21mec
2 for the energy of thoseg photons appropriate

for pair production.11 Using expressions for the cross se
tions valid in the relevant energy range ofE<12 MeV,11–13

one finds that~i! the indirect process is dominant and~ii ! for
an l 52-mm-thick lead converter and for 3 MeV electrons
fraction of 1023 will be converted into positrons. It has bee
assumed here thatl !Re ,m21, where Re is the electron
range andm the absorption coefficient forg’s in the con-
verter material. The electron energy distribution was ca
fully characterized at the beginning of the experiment w
the help of a multichannel electron spectrometer14 and its
reproducibility was established. The spectrum is given
Fig. 1 and it can be fitted by a Boltzmann distribution wi
an effective temperature ofTeff52.760.1 MeV. Applying
the appropriate cross sections for pair production to this e
tron distribution and taking into account the converter ch
acteristics, an estimate of the expected positron spectrum
be deduced. With the approximation that the positro
2 © 2000 American Institute of Physics
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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Down
electron pair shares the energy of theg photon or primary
electron, the positron number per MeV is calculated a
shown in Fig. 1.

The experimental setup had to be carefully chosen
suppress the background signal due to strayg’s to a mini-
mum on account of the weak positron signal. After so
iterations the arrangement depicted in Fig. 2 was deem
satisfactory. The primary electrons were collimated in a pl
tic block with a 1-cm-diam hole. The low-Z material stop
electrons without producing undue bremsstrahlung. The c
verter was a 2-mm-thick lead disk positioned inside the c
limator at a distance of 16 cm from the gas jet where
laser beam was focused. The collimation of the beam res
in reducing the number of MeV electrons to (861.7)3108

~from a total of 231010) for performing a clean demonstra
tion experiment. The positrons emanating from the conve
have a quasi-isotropic distribution.13 Those traveling in the
laser direction are collimated by another 2 cm in the pla
collimator before they enter the region where a magn
field of B'150 mT from two permanent magnets is prese
Due to the magnetic field, positrons are separated from
mary and secondary electrons and after they describe a
orbit are detected by a light tight, 1.5-cm-thick plastic sc
tillator coupled to a photomultiplier tube. The absolute
calibrated detector covers the positron energy range o
60.08 MeV and subtends a solid angle ofDVe157 msr to
the converter.

First, the level of the background signal was carefu

FIG. 1. Measured energy distribution of the primary electrons~closed-
circles, exponential fit as dashed line! used to produce positrons~expected
spectrum as solid line!. The line-shaded stripe gives the energy range c
ered by the detector. It encompasses;5% of the total number of positrons

FIG. 2. Experimental setup.
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determined under different conditions. It was found th
when the collimator is totally blocked with a plastic rod, th
detector produces a signal corresponding to 400 MeV dep
ited energy despite the 5 cm lead shielding surrounding
With the collimator open but with the channel of the 2 Me
positrons blocked with a plastic block~see Fig. 2!, the signal
was doubled to 800 MeV. This was also the level of t
signal with the 2 MeV positron channel open, but with theB
field ‘‘switched off.’’ i.e., with the plates holding the perma
nent magnets replaced by surrogate unmagnetized
plates. This means that the background signal is produce
g’s seeping through the shielding and not by scattered e
trons org’s coming via the open positron channel. As can
inferred from Fig. 1, the number of expected positrons in
260.08 MeV channel is;25 per laser pulse, which mean
that the positron signal would amount to 50 MeV, i.e., 6%
the background signal. It is apparent that under these circ
stances, statistical sampling and precise data analysis
necessary for decidedly extracting the positron signal fr
the background. Such analysis was actually performed a
the signal fromN5100 laser pulses and was recorded in tw
cases.Case I: with the positron path to the detector blocke
~see Fig. 2!. This measurement yielded the background s
nal level. Case II: with positron path to the detector ope
The signal obtained in this way consists of background p
positron signal. The difference in the average value of
signal in these two cases represents the signal due to p
trons that have struck the detector. This is depicted in Fig
where the fraction of laser pulsesP(«) ~out of 100 total! that
gave rise to a signal corresponding to a deposited energy
than « is plotted as a function of« for the two cases. The
experimental data have an energy binning ofD«565 MeV,
which matches the accuracy of the energy reading. This
sentation of the experimental data best illustrates the su
but significant difference between the two cases. In fact,
clearly discernible displacement of the curve in caseII with
respect to caseI along the deposited energy axis is indicati
of the positron existence. Using the two sets of experime

-

FIG. 3. The number of laser pulsesP(«) that deposited an energy at th
detector less than« for case I~background only, dark shaded area! and case
II (background1signal, light shaded area!. The experimental data are draw
as integrated histograms. The dashed lines represent the probability int
for the mean valuem and standard deviations calculated from the experi-
mental data for both cases.
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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data, we have calculated the mean valuem and the corre-
sponding standard deviations for both cases. Under the as
sumption that the data points follow a Gaussian distributi
the probability integral corresponding to a given set ofm, s
can be evaluated. This is also shown in Fig. 3 as das
curves. The positron signal follows from«e15mII2mI

560.3 MeV and its uncertainty is given bys«

5As I
21s II

2/AN527.8 MeV. This unequivocally shows tha
each laser pulse produced an average 30614 positrons.

In order to further substantiate our experimental res
we have performed detailed Monte Carlo-type simulatio
using the codeGEANT.15 This code allows the user to exact
simulate the experimental setup, i.e., collimator, conver
shielding, magnet, vacuum chamber wall, and detector
addition to the exact geometry,GEANT requires as input the
electron energy distribution. Individual electrons are relea
in the direction of the laser axis in such a way as to coll
with the converter. Moreover, the direction of motion is ra
domly assigned so that the whole converter area is unifor
covered. Their energy is likewise randomly chosen as to c
respond to a Boltzmann distribution. A total number of 19

electrons ensure sufficient statistical accuracy of the res
The output is the total energy that is deposited at the dete
irrespective of origin, hence the simulation result includ
not only the actual positron signal, but also the signal due
overallg background. Finally, the detector response is sca
to the actual number of electrons produced. Both cases w
simulated, i.e., case I: with the positron channel blocked
case II: with the positron channel open.

The simulations confirmed the experimental result
cording to which with open collimator but blocked positro
channel the background level is increased by;400 MeV and
endorsed the finding that strayg-ray flux is responsible for
the observed background signal. Additionally, two syste
atic variations were undertaken. First, for a fixed elect
temperature ofTeff53 MeV, the converter thickness was va
ied leading to an optimuml opt52 mm. Second, for fixed
converter thicknessl opt, the primary electron temperatur
was varied betweenTeff52 and 4 MeV. The results are de
tailed in Fig. 4 where the number of positrons expec
within the 260.08 MeV channel is given. The simulation

FIG. 4. Number of positrons seen by the detector as a function of
effective electron temperature:~i! simulation ~circles!, ~ii ! measurement
~square!. The shaded area indicates the uncertaintysNe

associated with the
fluctuation in the total number of measured electrons.
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reproduce the experimentally measured number of positr
and the electrons from the gas jet having an effective te
perature ofTeff52.7 MeV.

Scaling the number of positrons detected within the 0
MeV energy range and 7.0 msr solid angle to full ener
spread~see Fig. 1! and solid angle, one obtains a total num
ber of 106 positrons per laser pulse. Using the full uncol
mated electron beam gives a positron number of;23107,
which corresponds to an activity of 23108 Bq. Given the
prodigious technological advances in laser technology, i
almost certain that in the near future there will be laser s
tems delivering pulsed power of 100 TW or more at hi
repetition rates. Then, at these higher attainable laser in
sities an increase in theTeff of the primary electrons would
lead to a sharp rise on the output as manifested by Fig
Under these circumstances, it is quite realistic to contemp
a compact, high-flux positron source suitable for a variety
envisaged applications like, e.g., positron-annihilation a
Doppler-broadening spectroscopy in material science,16 but
also in diverse fields of fundamental research such as p
tronium spectroscopy17 where a high intensity positron
source is a requisite.

The technical assistance of H. Haas, A. Bo¨swald, and P.
Sachsenmeier is greatly appreciated. This research was
tially supported by the Commission of the EC within th
framework of the Association Euratom–Max-Planck-Insti
für Plasmaphysik.
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