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With a Petawatt class CPA laser of the LLNL Livermore or the proposed GSI~Darmstadt! type
laser, interactions with matter can be studied in the upper 1020 W0cm2 regime. With such a
laser focused into an underdense plasma, strong electron bursts with energies up to several
100 MeV are ejected in a forward direction. This leads to a comparable burst of bremsstrahlung
radiation in the presence of high-Z material. Here, we discuss the correspondingg-induced
nuclear reactions including secondary particle production, including pions. Due to the thresh-
old behavior in the production, and the advantage of delayed detection, we propose to employ
these reactions for probing the initial plasma conditions.

1. Introduction

The development of high power CPA lasers within the last decade presently culminates in
focal intensities above 1020 W0cm2 ~Perry & Mourou 1994! and corresponding electric field
strengths of 331013 V0m, implying a fully relativistic electron quiver motion. In this regime,
the refractive index of an underdense plasman~r ! 5 1 2 vp

2~g, r !0v2{@ne~r !0n0# , r being the
distance from the beam center, will be influenced in two ways. By ponderomotive expulsion
the electron densityne~r ! will be reduced compared to the background densityn0, locally
increasingn~r !. Furthermore, the plasma frequencyvp~g, r ! 5 %4pe2n00g~r !me is reduced
due to the relativistic mass increaseg~r ! me, also raising the refractive index. If the laser power
now exceeds the critical power ofPc 5 17~v0vp!2 GW ~Sunet al.1987!, this focusing effect
balances diffraction, keeping the beam focused over many Rayleigh lengths, a process which
is referred to as ponderomotive–relativistic self focusing~Monot et al. 1995; Pukhovet al.
1996; Borghesiet al.1997; Wagneret al.1997; Malkaet al.1997!.

Moreover, a burst of relativistic electrons is ejected predominantly in laser direction, form-
ing a plasma waveguide~channel! for the co-propagating laser beam~Monot et al. 1995;
Pukhovet al. 1996; Borghesiet al. 1997; Wagneret al. 1997; Malkaet al. 1997; Gahn
et al. 1998!. The currents involved reach a strength in the order of the Alfven current
IA 5 ~mc30e!bg 5 17 kA bg, assuming up to 53 1012 electrons in a pulse of about the laser
pulse length of 400 fs~Pukhov & Meyer-ter-Vehn 1997!. They are surrounded by self-
generated circular magnetic fields of the order of 100 MG. Several acceleration mechanisms
have been proposed, such as wakefield acceleration~Tajimaet al.1979; Wagneret al.1997;
Malka 1997! and plasma wave-breaking~Sheng & Meyer-ter-Vehn 1997!, or resonant energy
transfer to the quivering electrons in an inverse FEL~free electron laser! process~Pukhov &
Meyer-ter-Vehn 1998!. Nevertheless, the acceleration scheme is not yet fully understood. More-
over, ions are driven out of the channel due to the large space charge generated by the electron
density depression.
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The large fluxes of high energy electrons and ions give rise to the production of various types
of secondary particles~figure 1!, which due to their threshold behavior in the production, are
optimally suited to probe the conditions inside the channel. We propose to concentrate espe-
cially on the delayed reactions and the slow particles that reach particle detectors after a tem-
poral delay, because the tremendous flux ofg rays produced causes severe pile-up in particle
detectors. Furthermore, the ultrafast temporal characteristics of the particle radiation and themm
scale source size could open up new fields of applied research.

2. Expected yield of primary electrons

Relativistic 3D PIC simulations using the VLPL code~Pukhov & Meyer-ter-Vehn 1996!
calculations of the laser plasma interaction were carried out for focal intensities of 1018 W0cm2

~1 TW, 150 fs!, 1019 W0cm2 ~10 TW, 150 fs!, 1020 W0cm2 and 1021 W0cm2 ~1 PW, 330 fs!,
corresponding to the presently available intensity at the MPQ~Max Planck Institut für Quan-
tenoptik!ATLAS laser, the ongoing upgrade of this system, and a realistically~spot size 30mm!,
and ideally~9 mm! focused petawatt system.

The laser was assumed to be focused into a preformed plasma with an exponential density
profile ~scale length 30mm! reaching from vacuum to 6nc, with nc being the critical density. In
figures 2 and 3, the calculated spectra are shown, which can be parametrized by a suprathermal
distribution with temperatures of 0.8 MeV, 5 MeV, 12 MeV and 50 MeV, respectively. Com-
pared to experimental data~Gahnet al. 1998; Cowanet al. 1998!, the shape of the spectra
matches well in the high energy part. However, for the 1018 W0cm2 case~Gahnet al.1998!, the
experimental yield was found to be one order of magnitude lower than the calculated one.

3. Secondary particle production processes

We now focus on the nuclear physics processes which can occur in a solid target following
the plasma region as partially suggested by Shkolnikovet al.~1997!. Representing the primary
energy loss mechanism for the electron beam, bremsstrahlung is generated with an energy

Figure 1. Particle production processes triggered by the large electron, ion, andg fluxes which result
from a petawatt laser shot focused into underdense plasma, followed by a solid target. Notice the different
scales of plasma and the solid region.
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range of nearly the maximum electron energy. In figure 3, the calculated bremsstrahlung spec-
trum in 8 mm of tungsten for 1021 W0cm2 is shown. The spectrum was calculated numerically
using the code GEANT~GEANT Users Guide! and nearly follows the shape of the electron
spectrum at an intensity level of 0.1%. Various processes arise from the presence of this large
g flux. In figure 1 the main production reactions are shown. One can easily distinguish the
different mechanisms, the one with the lowest threshold being electromagnetic pair produc-
tion. At somewhat higher energies~g,n! reactions will occur, corresponding to the excitation
of nuclei in the target. At the highest energies above 320 MeV pion production is expected with
a large cross-section, due to the formation of theD-resonance in the nucleons. Furthermore,
Coulomb explosion of the laser channel drives ions of several MeV into radial direction, al-
lowing, for example, fusion reactions in deuterium gas.

Figure 2. Expected electron spectra for laser powers of 1 TW, 10 TW and 1000 TW assuming corre-
sponding intensities of 1018 W0cm2, 1019 W0cm2 and 1.4{1020 W0cm2. The dashed curves show the
neutron yields described in the text for different target materials as a function of the electron energy
~Cierjacks 1983!. The right curve shows the overall neutron yield0shot in dependence of the laser intensity.

Figure 3. Predicted primary electron spectrum~T. 50 MeV! for the 1 PW case with stronger focusing
~1021 W0cm2!. The lower curves show the calculated~GEANT simulation! bremsstrahlungg-yield and
the electron and positron distribution after 8 mm of tungsten foil, representing about two radiation lengths.
Also, a still relevant production of several thousand pions per shot is sketched in the two lowest curves.
~right! The cross section for photopion production via theD~1232!-spinflip resonance of the nucleon, at
an energy of 294 MeV. Due to kinematics, the resonance is shifted to 310 MeV in the laboratory frame-
work ~Metag 1998!.
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3.1.Neutron productionvia ~g,n! reactions with nuclei

For g-energies as low as 1.67 MeV, the cross-section for9Be~g,n!8Be shows a narrow
resonance of 1.3 mbarn, followed by a broad resonance of 2.7 mbarn centered at energies of
20 MeV with a FWHM of 10 MeV~Nuclear Physics Data Center!. For the 1018 W0cm2 case the
expected neutron yield of 531040shot already represents a significant amount of neutrons at
comparably low intensities.

For heavy nuclei,~g,n!- and~g, f !-giant resonances with a peak cross section of the order
of 0.1–1 barn are centered around 15 MeV with a FWHM of 5 MeV. These resonances corre-
spond to a collective dipole oscillation of the protons against the neutrons in the nucleus, as
outlined in figure 1. Since the excitation energy lies well beyond the evaporization energy for
a single nucleon of 8 MeV, the resonance primarily decays by emission of one or two nucleons.
~g,n! and~g, f ! reactions in heavy targets can be employed for diagnostics especially at in-
tensities of 1019 W0cm2 to 1020 W0cm2 due to their threshold behavior depicted in figure 2. In
the 1021 W0cm2 case, one expects about 1010 n0shot with very sharp temporal characteristics,
offering a unique tool for time resolved neutron physics. These neutrons are emitted at energies
of a few MeV ~b . 0.1 c! and therefore by means of a time-of-flight technique are easily
distinguishable from the much faster bremsstrahlungg rays.

3.2.Pion productionvia theD-resonance

At 1021 W0cm2, the electron and also theg-spectrum is predicted to have a temperature of
50 MeV, so that further processes will be allowed. The lowest excited state of the nucleon, the
D~1232! spin flip resonance of the valence quarks in the nucleon, is located around ag-energy
of 310 MeV. The resonance is observed independent of charge in protons~D1! as well as in
neutrons~D0! at nearly the same energy. The maximum cross section amounts to 0.3 mbarn. It
can be excited byg rays of appropriate energy and decays primarily into a nucleon and a pion,
which can be detected. In the right part of figure 3, the cross section for~g,p!-production
~Metag 1998! via D1,0 is shown for different pion channels. The calculated pion yield, together
with primary and secondary electron andg-radiation, is shown in the left part of figure 3 for the
1021 W0cm2, 1 PW case, indicating an overall number of several thousand pions per shot.
However, since the half-life of the charged pions for the decay into a muon and its neutrino is
only 2.63 1028 s, ~.5 3 1028 s in the laboratory framework!, it is difficult to measure the
pions directly in the vicinity of theg-flash. The neutral pion decays into 2 photons after
8 3 10217 s, so it will not contribute to a measurable signal, and most negative pions are
captured by target nuclei. A promising approach is to look for the decay of the stopped muons
into positrons after 2.23 1026 s. A possible target geometry may consist of a lowZ-electron
production target combined with a highZbremsstrahlung radiator, enclosed in a highZ-cylinder
for production and stopping of pions. The muon should then be stopped inside a scintillator,
placed around the cylinder in a nearly 4p geometry. The signature of ap1 will be a delayed
high energy positron and, if stopped in the scintillator, two 512 keV photons. This experimental
approach could therefore be used to probe the highest energy part of the electron spectrum
without being affected by the highg background.

3.3.Production of leptonic showers

At g-energies beyond 1 MeV, pair production in the vicinity of nuclei takes place. The
production cross section scales likesp @ Z2 ln Eg for Eg between 2.5 and 25 MeV and with a
slower increase withEg at higher energies. If the pairs produced have sufficient energy, they
will again produce bremsstrahlung above 1 MeV, so that depending on the primary energy, a
shower is created~Amaldi 1981!. The shower spectrum as plotted in figure 3 was calculated
numerically using the GEANT code, amounting to about 10% of theg yield.
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3.4.Production of neutronsvia d~d,n!3He fusion reactions

As shown in figure 1, by the space charge of the low electron density in the channel, ions of
several MeV are driven into radial direction. In order to investigate the initial ion distribution,
it is convenient to determine the neutron energy spectrum from thed~d,n!3He fusion reaction.
Its cross section is shown in figure 4, together with calculated ion distributions. For the total
yield depicted in the right part of figure 4 the same preplasma conditions as in Pretzleret al.
~1998! was used. The fusion neutrons are monoenergetic~2.45 MeV! in the center-of-mass
system, but due to kinematics, one observes a shifted and broadened spectrum, from which the
initial ion spectrum can be deduced. First measurements~Norreyset al. 1998; Pretzleret al.
1998! were performed at the ATLAS laser, focused into a preformedd-plasma with an expo-
nential density profile of 30mm, yielding 130 neutrons0shot. With a petawatt class laser, one
would expect 107 neutrons0shot from the predicted ion spectra. Employing this mechanism
and~g,n! reactions, a source of neutrons with extreme brilliance~small source volume! and
ultrafast temporal characteristics can be envisioned for a new class of experiments.

R E F E R E N C E S
Amaldi, U. 1981Physica Scripta23, 409.
Borghesi, M. et al.1997Phys. Rev. Lett.78, 879.
Cowan, T.E. et al.1998Proc. of Int. Conf. on Lasers 1997~Soc. Opt. and Quant. Electron, McClean, VA!

and private communication.
Edge, R.O. et al.1957Nucl. Phys.2, 485.
Fujiehiro et al.1982Can. J. Phys.60, 1672.
Gahn, C. et al. 1998Appl. Phys. Lett.~in press!.
GEANT Users guide, R. Brunet al.ed. CERN Report No. DD0EE082 ~unpublished!.
Knievel, V. et al.1975Nucl. Phys. A, 247, 91.
Malka, G. et al.1997Phys. Rev. Lett.79, 2053.
Momot, P. et al.1995Phys. Rev. Lett.74, 2953.
Neutron Sources for Basic Physics and Application, 1983, 81ff S. Cierjacks, ed.~Pergamon Press, Oxford!.
Norreys, P.A. et al.1998Plasma Phys. Controlled Fusion40, 175.
Nuclear Physics Data Center, Brookhaven Nat. Lab.
Perry, M.D. & Mourou, G. 1994Science264, 917.

Figure 4. Calculated~with VLPL code! deuteron ion spectra for the 1 TW, 10 TW and 1000 TW cases
discussed above. The dashed line represents the deuteron fusion cross section. The right curve shows the
expected fusion neutron yield0shot for different focal intensities. The preplasma region was asumed to
have a homogeneous density of 1020 d0cm3 over a length of 20mm according to Pretzler~1998!.

Particle physics with petawatt class lasers 569



Pretzler, G. et al.1998Phys. Rev. E58, 1165.
Pukhov, A. et al.1996Phys. Rev Lett.76, 3975.
Pukhov, A. & Meyer-ter-Vehn, J. 1996APS Bull.41, 1502.
Pukhov, A. & Meyer-ter-Vehn, J. 1997Phys. Rev. Lett.79, 2686.
Pukhov, A. & Meyer-ter-Vehn, J. 1998Phys. Plasmas5, 1880.
Sheng, Zh.M. & Meyer-ter-Vehn, J. 1997Phys. Plasmas4, 493.
Shkolnikov, P.L. et al.1997aJ. Nonl. Optic. Phys. Mat.161.
Shkolnikov, P.L. et al.1997bAppl. Phys. Lett.71, 3471.
Sun, G.Z. et al.1987Phys. Fluids30, 526.
Tajima, T. et al.1979Phys. Rev. Lett.43, 267.
Wagner, R. et al.1997Phys. Rev. Lett.78, 3125.

570 S. Karsch et al.


