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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 equivalenk 18°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 Physids$S0003-695(00)00143-1]

The evolvement of multiterawatt short pulse lasers hasrom the direct interaction of petawatt laser pulses with solid
given impetus to a new regime of laser matter interactiorAu targets'® However, petawatt lasers operating at high-
identified as high-intensity physié¢s.Presently, compact repetition rate are not yet available and such experiments are
high-repetition-rate table-top systems deliver focused intencurrently restricted to large-scale facilities.
sities approaching £®w/cn? while large-scale petawatt The generation mechanism of fast electrons employed
class lasers pledge intensities beyond ¥@/cn? in the near  here has been the topic of a previous study where most of the
future. Interestingly, the moderate size table-top laser syspertinent physics and the experimental realization are
tems hold out the promise to cut the “umbilical cord” to an described. The method is simple: The laser is focused into
accelerator facility for a series of applications. Indeed, usinghe exit of a helium gas jet where it undergoes relativistic
10 Hz, TW table-top lasers the generation of MgVays in  self-focusing when the laser power exceeds the threshold
the interaction of solid targets with femtosecond laser pulse¥alue for this process followed by plasma channel formation
has been reportedf Generation of extreme ultraviolet radia- and direct laser acceleration of electrons to multi-MeV ener-
tion in the form of harmonics of the fundamental has alsodies- As long as the electron beam produced in the gas jet
been demonstratéd® Furthermore, fusion neutrons using ei- COMprises electrons with kinetic energigs=1.022 MeV,
ther deuterated planar targets deuterium clustefsheated thgre_ls a .f|n|te probability to generate eIectron—.posnron
with femtosecond laser pulses have been observed. RecentR2irs in & high-Z converter. For few-MeV electrons interact-
1010 electrons per laser pulse were produced in a low emitind with a hl.gh-Z mate'naI., the mqst efficient processes for
tance beam with average energies of 3 MeV and maximur@ production are(a) indirectly via bremsstrahlung pho-
extending to over 12 MeV.We report here an addition to NS and(b) dllrectly in electron—nucleus collisiorighe tri-
this list, the generation of antiparticles. dent process' An estimate of the fraction of primary elec-

We describe measurements of positrons produced b ons converted into positrontl.+ /N- as a function of the

MeV electrons from a relativistically self-focused laser chan- lectron primary energy can be obtained if one assufes

A~ 2 .
nel in underdense plasma. The scheme we have employedfisElzJ.r MeC dfort_thrileggrgy of thosgx phoftonfhapproprlate
analogous to the one used for the generation of positronégr pair l%rc_) l:ﬁ 10 .I S'Tg expressmns@glzac\r/olsls_lgec-
from high-Z moderators in linear electron accelerators. t'ons vaid In Ine relevant energy range o= eV,

. - ) one finds thati) the indirect process is dominant aid for
consists of two steps: First, using laser pulses from the

ATLAS laser facility at Max-Planck-Institut fuQuantenop- anl - 2-mm-th3|ck'lead converter gnd for 3 MeV electrons, a
tik (790 nm, 220 mJ, 130 fs, 10 hza beam of electrons was fraction of 10 ° will be converted into positrons. It has been
’ ’ ’ assumed here thdt<R,,u !, where R, is the electron

generated in a gas-jet target. In the second step, the electrornasnge andy the absorption coefficient fop's in the con-

were converted in a 2—mm_-th|ck Fib slab to positrons. W&o ter material. The electron energy distribution was care-
were able to produce §@ositrons &%) per laser pulse with

- fully characterized at the beginning of the experiment with
a mean energy of-2 MeV. Although for radiation safety the help of a multichannel electron spectrométemd its

reasons the measurement.s were performeq using single Ia%‘ébroducibility was established. The spectrum is given in
pulses, there are no technical constraints hindering the operglg_ 1 and it can be fitted by a Boltzmann distribution with
tion at the laser repetition rate, i.e., 10 Hz. Under these ciry " ottactive temperature of ;«=2.7+0.1 MeV. Applying
cumstances, this experiment r(.epr.esente*alsource with an e anpropriate cross sections for pair production to this elec-
activity of 10'Bq. Positron emission has also been reportedy o, distribution and taking into account the converter char-
acteristics, an estimate of the expected positron spectrum can
¥Electronic mail: get@mpg.mpg.de be deduced. With the approximation that the positron—
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FIG. 1. Measured energy distribution of the primary electroclesed- ol : ; . .
circles, exponential fit as dashed linesed to produce positroriexpected 200 400 600 800 1000 1200 1400 1600

spectrum as solid line The line-shaded stripe gives the energy range cov-

_ deposited energy € (MeV)
ered by the detector. It encompasse5% of the total number of positrons.

FIG. 3. The number of laser puls&{¢) that deposited an energy at the
detector less thaa for case I(background only, dark shaded aread case

electron pair shares the energy of thephoton or primary (backgroundrsignal, light shaded argarhe experimental data are drawn

electron, the positron number per MeV is calculated an(gs integrated histograms. The dashed lines represent the probability integral

shown in Fig. 1. for the mean valuen and standard deviatiom calculated from the experi-
The experimental setup had to be carefully chosen tdnental data for both cases.

suppress the background signal due to styayto a mini-

mum on account of the weak positron signal. After some

iterations the arrangement depicted in Fig. 2 was deeme

s_atisfactory. The primary electrons were coIIimated_in a plasaetector produces a signal corresponding to 400 MeV depos-
tic block with a 1-cm-diam hole. The low-Z material Stops ;. energy despite the 5 cm lead shielding surrounding it.

electrons without producing undue bremsstrahlung. The CONWith the collimator open but with the channel of the 2 MeV

?(ert?r wats aj—rtnm—thmIf( I1e6ad d|s]:k posélr?oned ms;ldehthe Ctﬁl' ositrons blocked with a plastic blo¢kee Fig. 2, the signal
imator at a distance o cm from the gas Jet where as doubled to 800 MeV. This was also the level of the

:ﬁsreer dzi%m \':\r/]aesrjzzjt?:rdb;rrl\]/lees/ogllr;ci:f:sotfot;zg t;‘;i?égesu“é:‘lgnal with the 2 MeV positron channel open, but with Bhe
9 ‘ field “switched off.” i.e., with the plates holding the perma-

(from a total of 2< 10'% for performing a clean demonstra- . .

. . ) ) nent magnets replaced by surrogate unmagnetized iron
tion experiment. The positrons emanating from the converterIates This means that the backaround sianal is produced b
have a quasi-isotropic distributid.Those traveling in the P ) g g b y

y's seeping through the shielding and not by scattered elec-

laser direction are collimated by another 2 cm in the plastiq[ \ . . .
. : .frons orvy's coming via the open positron channel. As can be
collimator before they enter the region where a magnetic

field of B~150 mT from two permanent magnets is present.mferred from Fig. 1, the number of expected positrons in the

Due to the magnetic field, positrons are separated from rigio'08 MeV channel is-25 per laser pulse, which means
9 ' P P P at the positron signal would amount to 50 MeV, i.e., 6% of

mary an ndary electrons and after th ribe a 1 . ) .
ary and secondary electrons and after they describe a 18 he background signal. It is apparent that under these circum-

orbit are detected by a light tight, 1.5-cm-thick plastic scin-, oo < % ictical sampling and precise data analysis are
tillator coupled to a photomultiplier tube. The absolutely ' for decidedl P tg " Fih it . ylf
calibrated detector covers the positron energy range of tec%ss?(ry or deg eh y e>|< facting etpoil ron fS|gnad ritm
+0.08 MeV and subtends a solid angle ®€).+ =7 msr to € background. such analysis was actualy periormed atter
the converter. the signal frorﬂ\_lz 100 IaS(_ar pulses and was recorded in two
First, the level of the background signal was Carefu"ycases(_:ase ! W_'th the positron pa_th to the detector blocke_d
(see Fig. 2 This measurement yielded the background sig-
nal level. Case It with positron path to the detector open.

etermined under different conditions. It was found that
hen the collimator is totally blocked with a plastic rod, the

lead shiclding removable block The signal obtained in this way consists of background plus
plastic beam dump scintillator positron signal. The difference in the average value of the
l'g'm signal in these two cases represents the signal due to posi-

trons that have struck the detector. This is depicted in Fig. 3,
where the fraction of laser puls®{¢) (out of 100 tota) that
gave rise to a signal corresponding to a deposited energy less
than e is plotted as a function of for the two cases. The
experimental data have an energy binningAef=65 MeV,
which matches the accuracy of the energy reading. This pre-
sentation of the experimental data best illustrates the subtle
but significant difference between the two cases. In fact, the
clearly discernible displacement of the curve in cHswith
respect to caskalong the deposited energy axis is indicative
of the positron existence. Using the two sets of experimental

electron beam

laser »o—}

gas jet

high-Z target (Pb)

FIG. 2. Experimental setup.
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——T T reproduce the experimentally measured number of positrons
[ : - 1 and the electrons from the gas jet having an effective tem-
[ @ GEANT-AIulERGh I perature ofTo4=2.7 MeV. ) ’
- O measurement ® - Scaling the number of positrons detected within the 0.16
100 - ] MeV energy range and 7.0 msr solid angle to full energy
: 20y . spread(see Fig. 1 and solid angle, one obtains a total num-
\ ] ber of 1¢ positrons per laser pulse. Using the full uncolli-
® - mated electron beam gives a positron number-@x 10/,
i . which corresponds to an activity of>X210° Bg. Given the
5 ° % ] prodigious technological advances in laser technology, it is
: . almost certain that in the near future there will be laser sys-
0 2'0' — '2'5' — '3'0' — '3'5' — '4'0 tems delivering pulsed power of 100 TW or more at high
) ) : : : repetition rates. Then, at these higher attainable laser inten-
electron temperature T, (MeV) sities an increase in thEy of the primary electrons would
lead to a sharp rise on the output as manifested by Fig. 4.
Qg&i‘te '\gllg(‘:?& Ogeaoitr;‘)tﬂfeis)egﬁnﬁéggﬁ (‘iﬁtjg;or (ﬁ‘)s ;’; J;;‘S:E;e?]ft theynder these circumstances, it is quite realistic to contemplate
(squarg. The shaded a?ea indicates the uncertaingy ’associated with the & cc_)mpact, hlgh'-ﬂU?( p05|'tron source Sqltable for_ a Va,mety of
fluctuation in the total number of measured electrons. envisaged applications like, e.g., positron-annihilation and
Doppler-broadening spectroscopy in material sciefidayt
also in diverse fields of fundamental research such as posi-
data, we have calculated the mean vameand the corre-  oniym spectroscopy where a high intensity positron
spond!ng standard dewatl_cmfor both cases. l_Jnde_r the as- source is a requisite.
sumption that the data points follow a Gaussian distribution,
the probability integral corresponding to a given setmfo The technical assistance of H. Haas, AsBald, and P.
can be evaluated. This is also shown in Fig. 3 as dasheSachsenmeier is greatly appreciated. This research was par-
curves. The positron signal follows fromag+=m;—m, tially supported by the Commission of the EC within the
=60.3MeV and its uncertainty is given byo, framework of the Association Euratom—Max-Planck-Institut
=JoZ+ o2/ ]N=27.8 MeV. This unequivocally shows that fiir Plasmaphysik.
each laser pulse produced an averaget3@d positrons.
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we have performed detailed Monte Carlo-type simulations'G. A. Mourou, P. J. Barty, and M. D. Perry, Phys. Toddy 22 (January
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. . . . J. D. Kmetec, C. L. Gordon Ill, J. J. Macklin, B. E. Lemoff, G. S. Brown,
simulate the experimental setup, i.e., collimator, converter, ,.4's £ Harris, Phys. Rev. Le@8, 1527(1992.
shielding, magnet, vacuum chamber wall, and detector. Infc. Gahn, G. Pretzler, A. Saemann, G. D. Tsakiris, K. J. Witte, D. Gas-
addition to the exact geometrgeANT requires as input the smann, T. Scha, U. Schramm, P. Thirolf, and D. Habs, Appl. Phys. Lett.
.e'eCtron. ene.rgy distribution. In(jlyldual electrons are relea.sed‘?’sgﬁ\?vgfjéé. D. Tsakiris, C.-G. Wahlstm C. Tillman, and 1. Mer-
in the direction of the laser axis in such a way as to collide ce; opt. Commun177, 431(1995.
with the converter. Moreover, the direction of motion is ran- °p. von der Linde, Phys. Rev. A2, R25(1995.
domly assigned so that the whole converter area is uniformly’M. Zepf, G. D. Tsakiris, G. Pretzler, I. Watts, D. M. Chambers, P. A.
covered. Their energy is likewise randomly chosen as to cor- Noeys, U. Andiel, A. E. Dangor, K. Eidmann, C. Gahn, A. Machacek, J.
L. . S. Wark, and K. Witte, Phys. Rev. &8, R5253(1998.
respond to a Boltzmann distribution. A total number of 10 7G. Pretzler, A. Saemann, A. Pukhov, D. Rudolph, T. Schd. Schramm,
electrons ensure sufficient statistical accuracy of the result. P. Thirolf, D. Habs, K. Eidmann, G. D. Tsakiris, J. Meyer-ter-Vehn, and
The output is the total energy that is deposited at the detectorK- J- Witte, Phys. Rev. 58, 1165(1998.
irrespective of origin, hence_the simulation resglt includes ;'_ \?V';rg'{;’nf'Nivtﬁ;’E‘SﬁaZﬁ)'Z'géazggfgé;i - conan, . Hays, and i
not only the actual positron signal, but also the signal due to°c. Gahn, G. D. Tsakiris, A. Pukhov, J. Meyer-ter-Vehn, G. Pretzler, P.
overall y background. Finally, the detector response is scaled Thirolf, D. Habs, and K. J. Witte, Phys. Rev. Le#8, 4772(1999.
to the actual number of electrons produced. Both cases werél- E- Cowan, M. D. Perry, M. H. Key, T. R. Ditmire, S. P. Hatchett, E. A.

. . Lo . Henry, J. D. Moody, M. J. Moran, D. M. Pennington, T. W. Phillips, T. C.
simulated, i.e., case I: with the positron channel blocked and Sangster, J. A. Sefcik, M. S. Singh, R. A. Snavely, M. A. Stoyer, S. C.

case II: with the positron channel open. Wilks, P. E. Young, Y. Takahashi, B. Dong, W. Fountain, T. Parnell, J.
The simulations confirmed the experimental result ac- Johnson, A. W. Hunt, and T. Kil, Laser Part. Beamt7, 773 (1999.

. . . . . 11 H H
cording to which with open collimator but blocked positron (Pl-ng-?)Shko'”'kOV and A. E. Kaplan, J. Nonlinear Opt. Phys. Maied.61
channel the background level is increased-b§00 MeV and 12\, Heitler, The Quantum Theory of Radiati¢Blarendon, Oxford, 1954

endorsed the finding that strayray flux is responsible for  pp. 256-268.
the observed background signal. Additionally, two system-°R. B. Evans,The Atomic NucleugMcGraw—Hill, New York, 1995,

; P ; ; pp. 701-710.
atic VarlatlonSTW(?‘e undertsken' First, f?]r E fixed eIec'[ronl“c. Gahn, G. D. Tsakiris, K. J. Witte, P. Thirolf, and D. Habs, Rev. Sci.
Fempera?ure ol =3 MgV, the converter thickness Was Var-  |nsirum.71, 1642(2000.
ied leading to an optimunh,,=2 mm. Second, for fixed *Application Software Group, Computing and Networks Division,
converter thiCkI’leS$0pt, the primary electron temperature Geant—Detector Description and Simulation TodCERN Program Li-
was varied betweefo=2 and 4 MeV. The results are de- 2/ Long Writeup5013 (1993. _ _ o

. . . . C. Szeles and K. G. Lynn, iEncyclopedia of Applied Physicsdited by
tailed in Fig. 4 where the number of positrons expected g, | Trigg (VCH, New York, 1996, Vol. 14, pp. 607—632.

within the 2+0.08 MeV channel is given. The simulations *7A. Rich, Rev. Mod. Phys53, 127 (1981.
Downloaded 05 Jul 2011 to 130.235.188.41. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

W
=)
T

number of 2-MeV positrons in 7 msr



