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We study impact of QED effects on relativistically induced transparency in plasma. The relativictic induced
transparency is the key phenomenon in the fast igntion schemes for Inertial Confinement Fusion. We have simulated
propagation of 100 kJ, 15 fs in a compressed ICF target. The y quanta generation appears to be the main mechanism
of laser energy absorption while the positrons carry less than a percent of the laser energy. The laser pulse
propagates 50 xm distance in the dense plasma and an empty channel has been created.
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The laser technology has experienced a tremendous
development over the last decades. The ever higher
laser peak powers and focused intensities have been
achieved that revolutionized science. The revolution
begann in 1985 with the invention of CPA (Chirped
Pulse Amplification) Today, it is the workhorse of most
laser amplification systems. Later, the OPCPA (Optical
Parametric Chirped Pulse Amplification) has been
introduced. Being based on CPA, it employs nonlinear
crystals to transfer energy from a long pump pulse to the
seed. It is now used for broadband, few cycles pulse
amplification. Finally, about 15 years ago, a new
compression technique based on Backwards Raman
Scattering (BRA) and Backwards Compton Scattering
Amplification (BCSA) were proposed. These two do not
require expensive gratings, and thus eliminate the major
hurdle in ultrahigh high peak power pulse amplification.
The laser pulse can be amplified in plasma — a medium
that can survive extremely high intensities. Extremely
high energy fluencies can be achieved, many orders of
magnitude above the limitation set up by solid density
gratings. This opens the path beyond the exawatt,
towards the zettawatt in the laser power.

The C' (Cascaded Conversion Compression)
concept has been recently put forward within the
European iZEST project (International Center for
Zettawatt-Exawatt Science and Technology) that targets
possible efficient compression of 10 kJ to MJ, ns pulses
delivered by NIF or LMJ-like laser, into fs pulses of the
highest quality. This technique employs CPA to produce
a first-stage compression, followed by BRA for a
second-stage compression, together with OPCPA to
produce a strong seed pulse. The combination of the
three is optimized over the joint compression
technologies of both compression stages.

If successfull, the C* technology will result in ultimate
laser power and intensity. Assuming, we succeed
compressing 100 kJ energy in a focal spot of o= 10 um
and pulse duration of 7 =10 fs, the peak intensity would
be as high as /, = 3-10** W/em?. If the laser pulse has
the wavelength of A=1xm, the normalized laser
amplitude a, = eE/mcaw, would be a, >1000 . Because

of the huge amplitude, any solid state material would
become transparent to these ultra-intense laser pulses.
Plasmas with densities above the critical one
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are opaque for linear elecromagnetic waves with the

frequency @,. However, when the plasma particles

become relativistic and acquire large relativistic j-
factor, the critical density must be renormalized:
el =M% )
‘ 477e*

Due to the relativistic mass correction of the
electrons, the ultra-intense laser pulse can propagate
much deeper into the dense material.

According to the similarity theory [7], the relativistic
laser-plasma interaction is governed by the main
similarity parameter

s=-"_. (3)
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The S —number can be roughly interpreted as a
relativistically corrected critical density ratio. Yet, it
does not mean that media with S >1 are always opaque
and media with S<1 are always transparent. The
particular interaction depends also on other details like
the laser polarization, focal spot radius, density gradient,
etc. However, the similarity theory claims that if a
plasma with the density n, is transparent for a laser

with g, >1, then a plasma with the density 7, will be

transparent for a laser pulse with the amplitude
a, = aogn/n, . In this sense, the S =1 indeed marks the

boundary of relativistic transparency.

One of the potential applications for the
relativistically induced transparency mught be the fast
igntion in ICF (Inertial Confinement Fusion). The
original fast ignition scheme [8] suggests two laser
pulses. The first laser pulse should drill a channel
through overdense plasma corona and was intended to
be some 100 ps long. The second shorter and intenser
pulse, the igniting one, would propagate through the
preform channel and deliver enough energy to the
compressed target core for the ignition. However, it is
unclear whether the channel boring can be completed by
a low intensity long laser pulse as the plasma
surrounding the channel is heated continously by the
same laser pulse and at some point the kinetic plasma
pressure may overcome the light pressure of the drilling
laser. This would stop the channel boring.
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If one succeeds compressing an ICF laser into 10 fs
and focus it down to the amplitude ay> 1000, the
compressed ICF target may become relativistically
transparent very close to the core. Such a laser pulse
would propagate through the corona shoveling the
plasma aside and open an empty channel, in which a
lower intensity ignition laser pulse can freely propagate.
In this work, we try to simulate this scenario using the
full three dimensional code VLPL (Virtual Laser
Plasma Laboratory) [9].
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Fig. 1. Laser pulse at 70 i m before the center of the
compressed target. (a) Normalized laser intensity
1= (eE/mca)O )2 + (eB/mca)0 )2 ; (b) plasma density in

critical densities n/n.; (c) normalized energy density
of y-quanta n, = Winmc*; (d) normalized density

of positrons ny/n.

At the laser intensities 7 =10% W/cm?® and above,
QED (quantum electrodynamics) effects must be taken
into account. The emission of j~quanta and the
correspoding momentum recoil must be incorporated
into the electron equation of motion. Also, the
electromagnetic fields are so huge that the j~quanta start
producing abundand electron-positron pairs. All these
effects were introduced into the VLPL code. In our
simulations, we took a compressed ICF target consisting
of pure deuterium with the density profile
n(r)=n, exp(— r2/0'2) with »n, =10%cm™ and =30 pm.
The laser pulse was a circularly polarized Gaussian one
with the envelope 4(r,r)=q, exp(— p’lo?} )exp(— t2/12) with
the peak amplitude ay=2000, the focal spot radius
0,=5um and the pulse duration 7 =14fs. The laser
was focused to converge exactly at the center of the
target. The first laser pulse harmonic at the wavelength
of A=1pm was assumed. In this configuration, the
similarity parameter at the target center is S=5.

Fig. 1 shows the simulation results when the laser
pulse is about 70 pum away from the target center. We
see a shock wave formed at the sharp laser-plasma
interface. Abundand production of pphotons and
positrons begins at this point. The energy density of the
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y7-quanta becomes comparable with the laser energy
density and the peak positron density is higher than
10* cm™ here that is above the solid density.

Finally, the laser pulse stops some 50 um before the
geometrical center of the compressed core as is shown
in Fig.2. The background plasma density here was
about 1 ~ 6-10%cm™. About 40% of the laser energy has
been converted into energetic particles at this point.
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Fig. 2. Laser pulse is completely absorbed at about
50 pm before the geometrical center of the compressed
target. (a) Normalized laser intensity
I=(eE/mcay ) +(eBimca, ), (b) plasma density in critical

densities n/n,; (c) normalized energy density
of y-quanta n ,= Win.mc* ; (d) normalized density
of positrons n,/n,

Fig. 3 shows the energy spectra. Apparently, the
deuterons acquire the highest energies per particle via
the relativistic shock wave acceleration [10]. The laser
energy has been deposited into different particles as
shown in Fig. 4. Surprizingly, most of the laser energy
has been spent to generate radiation. About 60% has
been converted into y~quanta. Some 35% percent remain
in deuterons, and only 5% carry the electrons. Less than
1% of the laser energy is converted into positrons. It is
the radiation damping that prevented electrons from
acquiring too much energy. As soon as the electrons
became energetic enough, they radiated their energy
away. Thus, plasma at these extreme intensities is an

efficient convertor of laser energy into hard
electromagnetic radiation.
In conclusion, we have simulated relativistic

transparency of a compressed ICF target irradiated by a
100 kJ, 15 fs laser pulse of amplitude ay=2000. We
have shown that laser-plasma interaction at these
intensities is dominated by QED effects. Our PIC
simulations have included generation of j~quanta and
electron-positron pairs in the strong laser fields. The -
quanta generation appears to be the main mechanism of
laser energy absorption. We also observe dense bunches
of positrons. Yet, the positrons carry less than a percent
of the laser energy.
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Fig. 4. Percentage of energy deposited into particles
of different species
The laser was able to propagate up to 50 pm
distance from the target geometric center. An empty
channel has been created up to the plasma density of

about 6-10%cm™. This channel can be used to send an
igniting beam of lower intensity to the compressed core.
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PEJISTUBUCTCKASA UHIYIIUPOBAHHAS IIPO3PAYHOCTD U OBKATHUE JA3EPHOM
MUIINEHU JJI51 UTC

A.M. Ilyxoe, U.10. Kocmiokog

Uccrenorano Bimsane KO/I-3¢dexkToB Ha penITHBICTCKYIO HHAYIIMPOBAHHYIO MPO3PavHOCTh B TUazMe. Pes-
THUBHCTCKAs HHAYIUPOBAHHASA MTPO3PAYHOCTH — KIFOUEBOE SIBICHNE B PA3IMYHBIX CXEMaX «OBICTPOTO MOIKUTa» IS
peanuzanyy WHEPIHUAIBLHOTO TEPMOSIEpPHOT0 cuHTe3a. IIpoBeneHo uKcIeHHOE MOAEINPOBAHUE PACIIPOCTPAHEHUS
nazepHoro ummnyibca ¢ sHepruer 100 k/[k u umTenpHOCTBIO 15 (¢ B CKOMIIpEcCHpPOBaHHOIM JTa3epHON MulieHH. 13
pE3yJIbTaTOB MOJEIUPOBAHUS CIEIyeT, YTO TeHepalus raMMa-KBaHTOB SBIISETCS, IO-BHIMMOMY, OCHOBHBIM
MEXaHU3MOM MOTJIOIIEHHs Jla3epHoM sHepruu. [lokazaHo, 4TO Na3epHBIH UMIyNbC pacmpocTpaHsercs 50 MKM B
IUIOTHOM IIJIa3Me, 00pa3ys IUIa3MEeHHbIH KaHal.

PEJISITUBICTCBKA THIIYKOBAHA ITPO30OPICTH TA CTUCKAHHS JIASEPHOI MIIIEHI JIJIA ITC
AM. Ilyxoe, I.FO. Kocmiokos

Hocnimxeno BrumB KEJ[-eekTiB Ha pelsTHUBICTCHKY 1HIYKOBaHY MPO30pICTh y Iuia3Mi. PensTuBicTchbka iHIY-
KOBaHa IPO30PICTh — KIFOUYOBE SBUIIE y PI3ZHUX CXeMax «IIBUAKOTO MiANany» JUIs peanizaiil iHepLiaibHOro TepMo-
AfepHoro cuHTe3y. IIpoBeneHo YncioBe MOAENIOBAHHS MOIIMPEHHS JIa3epHOro iMImyiscy 3 eHeprieto 100 kIx Ta
TpuBaiictTio 15 ¢c y ckommpecoBaniii jga3epHiii MilieHi. 3 pe3yNbTaTiB MOAEITIOBAHHS BUXOIUTH, IO TEHEPaLlis
raMa-KBaHTIB € HAalleBHO OCHOBHUM MEXaHi3MOM TOTJIMHAHHS Jla3epHOi eHeprii. [loka3aHo, 1110 ia3epHuUil iMITyJIbC
NOMUPIOETHCs SO0 MKM y IIUJIBHIHN MJ1a3Mi, CTBOPIOIOYH TUIA3MOBHUH KaHaJl.
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