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Abstract. The technique of chirped pulse amplification has
revolutionized our ability to produce high-peak-power pulses

Towards more compact CPA laser systems 6)

Ti:sapphire

It is possible to produce with tabletop systems pulses in th Vour = 0.6 Jem?
10-TW range and peak intensities in the'® to 107%-W/cn? Tm3pe
range. With some refinements and with superior energy sto : &
age materials, even higher peak power in the petawatt rang J =..h_'2 Nd:glass
should be possible from tabletop systems. In this paper w .- Jm;”kmz
show the ultimate achievable power and intensity, as well a ©=400 ps
their applications in science and technology. Their applica (Drawings are scaled to the
tions cover a wide variety of fields, such as precision surger ol iy e g Yb:silica
micromachining, coherent and incoherent X-ray generatior Rhodamine 6G Dye Vase'™ 32 Jbcm?
thermonuclear ignition, particle acceleration, and nonlinea Uy = 0:002 o’ sl
guantum electrodynamics. g <
Alexandrite
Jyu = 26 Jicm?
PACS: 42.65 =260 s

Fig. 1. Representation to scale of different amplifying media, for a given

. e r nergy. Besi he vi ifferen in size, n he lar ifferen
Un.tll 1985, the amphﬂqaﬂon of u_Itr'ashort pulses was re._;sr:ostecﬁ:i;eet?n);er.elfoc:?isttaicgftﬂ?e IearZngfS Yb:ssiliiid r?lfkgseitapﬂsngatjee ces
stricted to dye and excimer amplifying media, due to theily inexpensive, free-running laser diodes
ultrawide gain bandwidth and low saturation fluence. In 1985,
this state of affairs was drastically changed by the technique
of chirped pulse amplification (CPA) [1], which made pos-gigabar range and by the generation of nonlinearities due to
sible the amplification of ultrashort pulses to unprecedentthe relativistic character of the electron motion.
ed power levels by using solid-state amplifying media with  With some refinements in the stretching and compression
vastly superior energy storage capability. The very large difscheme, we will soon be capable of amplifying these short
ference in storage capacity between amplifying media capulses up to their theoretical peak power limit [3]. For superi-
be appreciated if we look at Fig. 1, comparing, for the samer energy-storage media, such¥dsglass or alexandrite, this
amount of stored energy, the size of different amplifying sysdimit, as indicated in Fig. 3, is at the petawatt level for a beam
tems, such as dye, excim@i;sapphireCr:LiSAF, Nd:glass,  cross section of cn? (tabletop). The diffraction-limited, fo-
andYb:glass. Optical nonlinearities, notably small-scale self-cused intensity corresponding to this limit is of the order of
focusing, prevented efficient energy extraction. They werd 0?3 W/cné.
avoided, with the technique of CPA, by stretching the pulse The CPA technique has been demonstrated with a variety
in time prior to the amplification and then compressing it, aof systems, from the small-size, doped-fiber amplifier sys-
shown in Fig. 2. This technique, in parallel with the recenttem delivering microjoules [4] to building-size systems such
progress in ultrashort pulse generation [2], led to an exploas the ones existing at Limeil, France [5], at the Rutherford-
sion in laser peak power (see Fig. 3) by a factor of ttD10*  Appleton Laboratory [6], or at the Fusion Facility at Osa-
and, as in the 1960s, has dramatically extended the range kd [7], delivering pulses with energy df00 to 1000J It
the optical field to new scientific and technological territo-is at Lawrence Livermore National Laboratory (LLNL) that
ries. When these ultraintense pulses are focused over a sybé record power, exceeding a petawatt, was demonstrat-
size limited by the diffraction, ultrahigh intensities can beed [8]. The technique has been demonstrated with a variety
produced, characterized by large ponderomotive forces in thaf materials — first withiNd:glass [1, 2] then alexandrite [9],
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Fig. 2. Chirped-pulse amplification con-
1 x103-105 . N 10" +10%10%| AL cegpt, showiﬁg thpe extensi\ﬁa pulse manipu-

- - lation — stretching 1Htimes, amplification
oscillator stretcher amplifier compressor 101, and recompression by 40
Ti:sapphire [10, 12[Cr:LiSAF [13], or a combination [14]. 10% Noniinear QED E - e- 2= 2m,c?

Because of their small size, CPA terawatt systems have an

average power and repetition rate 10 to 100 times greater g

than dye or excimer femtosecond systems and their energies Laser intensity limit 7 = h_‘,f A
can be concentrated over a diffraction-limited spot. This is  1¢23 ¢ °
not generally the case for large-scale lasers with a spot size

several times the diffraction limit. Figure 4 illustrates the evo<C c

lution of the peak intensityW//cm?) as a function of years, S 102 |

along with the different laser techniques. z

CPA-type lasers have begun to have a profound impact i Vose ~ € Nonjinear relativistic optics
laser—matter interaction. This has dramatically extended thg “““““ VA
field of optical science. But perhaps its most important virtueg Bound eledtron E=£°
has been to bring back to universities a science that had onlg /L Z
been possible in large facilities. % 10'5 - / -

3 ?
CPA
theoretical limit 1010 T mode-locking
-------------------------- 7------ _ . .
W ’,, Q swnchlr}g | |
R 1960 1970 1980 1990
™ /’ Fig. 4. Laser-focused intensity versus years
chirped
<€— pulse
= amplification . . . . .
g aw 1 The chirped pulse amplification technique: cheating
g <— mode locking mother nature by 10* times
[+
& mw Within the five years that followed the inception of lasers
<«—Q switching in 1960, Iase.r peak power increased rapidly from the .kilo—
watt to the gigawatt by steps of three orders of magnitude
Kw (Fig. 3). These steps resulted because the stored energy in the
'\f _ amplifying medium could be released in a shorter and short-
ree running . . .
er pulse duration: microseconds for the free-running [15],
L ' L nanoseconds for the Q-switched (QS) [16], and picoseconds
1960 1970 1980 1990 for the mode-locked (ML) laser [17]. Once the intensities

gached gigawatt power pem? of beam, they could not

Fig. 3. Peak power versus years, showing the different laser techniques th%
led to increased power e increased further because of nonlinear effects, such as



207

an intensity-dependent index of refraction=no+nzl (ng  nary quality in both the spatial and the temporal domains —
is the index of refractionny is the nonlinear index of re- that is, clean over 8 to 10 orders of magnitude and with a
fraction, andl is the intensity), in laser components suchwave front better thain/10. Any prepulses will create a pre-
as Pockels cells and amplifiers, windows, etc. This nonformed plasma, so the laser will interact with the target in an
linear effect leads mainly to wave-front deterioration [18]unknown state. The generation of this “perfect” pulse could
and small-scale self-focusing [19] leading to beam filamenenly be accomplished with the invention of the conjugated
tation and irreversible damage. It impels the laser amplifistretcher-compressor-amplifier system [23].

er to be run at intensities less thanGW/cn?. Conflict-

ing with this condition is the requirement that for efficient

energy extraction, the input pulse energy per unit area (fluz Conjugate stretching compression: the key to efficient
ence),Fin (J/cmP) has to be as high as possible and of the gng perfect CPA systems

order of the saturation fluence. This condition leads to an in-

put intensity condition of the order ofs/Tp, whereTp is  Itis essential in CPA to use a large stretching-to-compression
the pulse duration anB the saturation fluencd=s = hv/o,  ratio for efficient extraction. The larger the ratio, the better the
whereh is the Planck constant, the transition frequency, energy storage materials we can use, leading to more compact
and o the emission cross section. The last condition saysystems for the same peak power. To reach this goal, we must
that for shortT, in the picosecond—femtosecond range, onlyfulfill the condition that the sum of the phase functions of the
inferior (small Fs, i.e., mJ/cn?) energy-storage materials, stretcher, amplifier, and compressor be equal to zero over the
such as dyes and excimers, are acceptable. It excludes esatire frequency range of the amplified pulse. The first CPA
cellent energy storage media with large in the J/cm?  system used fiber for stretching — using the positive group ve-
range, which would require totally unacceptable input in-locity dispersion of the fiber at.06 mm— and gratings for
tensities in thelO-TW/cn? range for picosecond pulses, compression, as demonstrated by B. Treacy [24]. In this em-
i.e., 10% to 10* times larger than the onset of nonlinear ef-bodiment, the stretcher and compressor were matched over a
fects. very limited spectral rangelQA) leading to a stretching-to-

We showed that we could circumvent these seeminglgompression ratio of only 100. The real breakthrough was the
unreconcilable conditions — the simultaneous need for higldiscovery of the matched stretcher-compressor demonstrat-
input energy and low input intensity — by, prior to amplifica- ed in 1987 [23]. In this configuration the stretcher, originally
tion, stretching the short pulse. In doing that, we could loweproposed for optical communications by O. Martinez [25] as
the intensity by a factor equal to the inverse of the stretcha compressor for pulses with a negative chirp, is composed of
ing ratio, without changing the input fluence necessary t@ telescope with a magnification of 1 between a pair of anti-
efficient energy extraction. After being stretched, the pulsearallel gratings. Pessot et al. [23] showed that this “compres-
can be amplified safely in a high-energy-storage amplifyingor”, used as a stretcher, not only exhibited positive group ve-
medium. Once the amplifier energy is efficiently extracted|ocity dispersion but also was matched over all orders with the
the stretched pulse is recompressed, ideally close to its initistandard Treacy compressor made of two parallel gratings,
value. and consequently it could be used to amplify femtosecond

We realized after the fact that this CPA technique, likepulses. This grating-based stretcher-compressor today con-
most of the laser techniques — Q-switching, mode-lockingstitutes the basic architecture of all high-peak-power laser
and the laser itself — was a transposition in the optical domaisystems.
of the technique of chirped radar in the microwave regime. For ultrashort pulses, the phase conjugation among
Researchers in radar also faced the same dilemma of reconalkretcher, amplifier, and compressor has to be accomplished
ing the need for large pulse energy for long distance rangingxactly. The simplest approach, taken by Kapteyn et al., min-
with the short pulses required for ranging accuracy. Themizes the stretching ratio by keeping the amount of material
main difference is that they do not recompress the chirpeth the amplifier to a minimum. They succeeded in amplify-
pulse after amplification but recompress the echo, insteaihg 30 fsto the multiterawatt level [26]. A different system,
avoiding the nonlinear propagation effect in the atmospherehampioned by Barty et al. [27], involves low grooves-per-
Chirped radar uses an impressive stretching/compressionm gratings, a cylindrical mirror, etc., and a careful posi-
ratio of 200000. The complete analog of chirped radar irtioning of all the components. This system has produced sub-
optics was demonstrated by A. Braun et al. [20], when thep0-s, 50-TW pulses. Finally, Chambaret et al. [22], first, and
showed that via the recompression of the echo, optical rang. Watanabe [28] demonstrated an aberration-free stretcher of
ing could be increased a thousand times with submillimete®ffner type and have clearly shown [22] the importance of
accuracy retained. the surface quality of optics in the generation of high-quality

Today the optical manipulations involved in CPA are al-pulses. They produced pulses at 8&TW level with 30-fs
most as spectacular as the one in radar and show how robugiration.
and general is this concept. Maybe the most sophisticated
one has been demonstrated by Barty et al. [21] and Cham-
baret et al. [22] The initial pulse is as short 48 fs with 3 How h|gh can we go? Toward the theoretical
subnanojoule energy. It is stretched alm@&® times and peak-power and intensity limits
amplified by a factor up ta0'* to the joule level, then recom-
pressed byl0® to 10° close to the initial pulse duration. The After the dramatic increase obtained recently in peak power,
main difference with chirped radar, chiefly concerned withthe logical question that we need to answer is how high can
energy and pulse duration, is that laser—matter interaction ate go? This question can be answered quite simply by say-
ultrahigh intensity demands that the pulse be of extraordiing that the maximum energy that can be extracted from an
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Table 1. Theoretical peak power pesm? of

Beam (in the amplifying medium) Laser type Cross section Av Tp Py  Storage Timer
/1x 1020 cn? /nm /fs /TWem—2 /ns

Nd:glass phosphate 4 22 80 60 300
Nd:glass silicate 2.3 28 60 100 300
Ti:sapphire 30 120 ~8 120 3
Alexandrite 1 100 10 2000 200
CrLiSAF 3 50 15 300 70
Yhb:silica 0.5 200 8 3000 800

amplifier, is of the order of the saturation flueneg=hv/o,  of coherent control and, as we will show later, to drive a wake
and the shortest pulse duratidp, is limited by the gain field efficiently.
bandwidth of the amplifying mediumAv. The theoretical
peak power per cm2 of beam is therefore given simply by
P =hv Av/o. It is worth noting that this intensity corre- 5 Laser-matter interaction at ultrahigh intensities
sponds to the Rabi intensity of a p pulse, necessary to flip
the population of the excited state during the dephasing timBigure 4 shows the achievable focused intensities over the
of the material. The maximum focusable intensity will thenyears and the rapid progress that we have had and are ex-
be lth = hv3Av/c?o. The highest peak power will therefore periencing at this moment, due to the combination of ultra-
be obtained with the smallest transition cross section anghort pulse generation and our ability to amplify pulses using
the largest bandwidth amplifying materials (see TableP).  chirped pulse amplification. Very much as with nonlinear op-
varies from60 TW for Ti:sapphire ta3000 TWfor Yb:glass. tics in the early 1960s, new scientific thresholds are being
By usingYb:glass, a material that can be obtained in large dicrossed. At intensities greater thBt> W /cn?, we leave the
mensions, a system with a beam sizd@tmby 10 cmcould  regime of nonlinear optics of the bound electrons to penetrate
produce peak power &5 EW (an exawatt il0'8W). This  into new physical territories characterized by electric fields
power, focused over a diffraction-limited spot sizelahn?,  much larger than the coulombic field. Under these conditions,
could produce on-target intensities in thé?> /cn? range.  the electron quiver velocity is close to the speed of light, pro-
From Table 1 we can see that the storage time (fluorescegticing large light pressures and, due to the short duration,
lifetime) varies over many orders of magnitude. Because ofio hydrodynamic motion. These fundamentally new features
their very large storage timbld:glass andrb:glass are good open up a new regime in laser—matter interaction. We will
candidates for diode pumping. review them by giving some examples of the new physics
and applications that become accessible: high harmonic gen-
eration, ultra-accurate micromachining and surgery, nonlinear
4 Average power and pulse shaping of the CPA systems  relativistic effects, laser acceleration, thermonuclear ignition,
and nonlinear QED.
The largest average power is necessary for most applications
in order to increase the signal-to-noise ratio. CPA systems
have not only increased the peak power of lasers by three ® 1014 W, cm? nonlinear optics of the bound electron —
four orders of magnitude, but have also contributed to im- muyltiphoton effects and optical breakdown
proving the average power of femtosecond systems by at least
two orders of magnitude. This is largely due to the small didn this regime of intensities we differentiate the collisionless
mensions of the laser amplifier and, in the cas@ifapphire, regime occurring in gases and the highly collisional regime
to the excellent heat conduction. With previous femtosececcurring in solids, in particular during the dielectric break-
ond systems, based on dyes or excimers, the average poveeawn of material preceding laser damage. The collisionless
was typically around 0 mW. With CPATi:sapphire systems, regime has been extremely active over the past 15 years.
the average power was raised &V [10]. This power has The main physical effects are known as multiphoton absorp-
since been increased to tBeW level [29] by cooling the tion [34—36] above-threshold ionization [37—44], and high
Ti:sapphire material to liquid-nitrogen temperature. At thisharmonic generation [45]. The latter has a real practical appli-
temperature the heat conduction becomes exceptionally higiation with its possibility of providing the short, xuv, coherent
and equivalent to that of copper [30]. In the future, withpulses important for time-resolved spectroscopy in this spec-
the use of materials with small quantum defects between thieal range. By shortening the pulse duration to minimize ion-
absorption and the emission wavelengths, suclktaglass, ization and increase the intensity, very high harmonics have
pumped by laser diodes, and with rotation of the laser medbeen produced [46—-48] reaching the water window. The col-
um [31], the average powers of petawatt systems could readisional regime, leading to optical breakdown [49], has been
the kilowatt level. much less studied in the picosecond—femtosecond time scale,
Finally, one of the interesting features of CPA is the posbut it has important technological consequences. In transpar-
sibility of performing pulse shaping. In the pulse stretcherent solids, at these intensities the material is first transformed
all of the frequency components are spatially spread so ihto an absorbing plasma. The subsequent absorption by the
is easy, by using a simple phase and/or amplitude mask iplasma causes heating, leading to irreversible damage. The
the Fourier plane, to spatially filter some frequency compoelectron generation process in solids is very different from the
nents [32, 33] and to obtain, after pulse compression, a pulsane in gases. For long pulses, electron generation is strict-
with a prescribed shape. Pulse shaping is importantin the aradominated by avalanche. The initial electrons seeding the
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avalanche come from metallic or thermal ionization of shal- The ultrahigh light pressures that can be produced by
low energy impurities. Between collisions the seed electronthese pulses are at the crux of the so-called fast ignition con-
are accelerated enough for their kinetic energy to exceed theept [59], which decouples compression from ignition of the
ionization potential of the bound electrons, resulting in twoD-T target. First theD-T fuel is assembled (by compression)
free electrons. The process is called impact ionization; it reby the long nanosecond pulse. At the point of maximum com-
peats itself, leading to an avalanche. Via this mechanism, jaression, the ultrashort pulse interacts with the target and an
plasma with a density greater tha6'®cm=3 will be pro- injected beam of high-energy electrons that deposit by col-
duced. At this density the laser light will be significantly lision their energy in the center of the target, igniting the
absorbed to produce melting, vaporization, and physical danthermonuclear reaction. A CPA laser deliverihgJ of en-
age. ergy in1 ps(PW) has been built at LLNL to validate the fast
For ultrashort pulses, the bound electrons can be directgnitor concept.
ly ionized through multiphoton absorption. Because it is an
m-th-order process, its cross section is very small. Therefore ) o
only for very short pulses will this process play a determinant -2 Laser-maitter interaction in gases
role. For long pulses, for which the avalanche is seeded b ) ) ) ) 8
the impurities, the damage threshold will depend strongly 0,¥he focusing of pulses with an intensity b®' W /cm?” and
the spatial distribution of the impurities and will be subject to@bove in a subcritical-density plasma drives the free elec-
statistical fluctuations. For short pulses, the avalanche is néons relativistically. Their quiver velocity is expressed by
seeded by free electrons from impurities but by multiphotory = (1-+a%)"?, wherey is the relativistic factor associated
ionization, which is a deterministic process. This differenceVith the transverse motion of the electrons ang yvose/c
in the seeding mechanisms is one of the causes of the deté$-the normalized vector potential, equal alsoete/moawc.
ministic character of the damage threshold for short pulses & @ result of the beam spatial intensity distribution, the
opposed to the statistical one for long pulses, the second caugiectrons will experience a mass change according to their
being the saturation of the impact ionization coefficient as 4adial position. The mass change will translate '”tglaszd'
function of the electric field [50]. Recently, the breakdownification of the index of refractionn = [1— (wp/w)?]*/?,
threshold as a function of the pulse duration has been investithere wp = (4rnee?/ymg)/? is the plasma frequency. We
gated [50, 51] and has shown that the damage fluence deviagge that in the high-intensity part of the beam, the index
from the traditional square root of the pulse width. More im-Of refraction will be higher, because of the higher electron
portantly, the large statistical variation for long pulses is nofnass, and the plasma frequency lower. This index change,
present for short pulses. The deterministic character of the ul? space and in time, will translate into a self-focusing [60]
trashort pulses means that ablation with a feature size smalland self-phase-modulation [60] effect, analogous to the self-
than the wavelength [52] can be produced with a completeljocusing, self-phase-modulation well known in “classical”
new set of applications for short pulses, in micromachining[‘lon”near optics. This rzelativistic self-focusing is expected to
high-density data storage [54], and eye surgery [55]. occur atP; =17 (w/wp) and has been observed by a number
of groups [61], as have indications of relativistic self-phase-
modulation [62]. The self-focusing will increase the energy in
the channel to a new level of intensity, i.&0?° W/cn?. It is

7 108 W/ cm?: the nonlinear relativistic regime expected that at this intensity level, the very large transverse
intensity gradient will push the electrons outside the channel,
7.1 Interaction with solids to create an evacuated intensity channel in a process called

cavitation [63].

In this regime, light—-matter interaction is dominated by the The laser pressure, combined with ion inertia, can provide
relativistic quiver motion of the electrons, which translatesan electrostatic restoring force that can drive a high-amplitude
into large light pressure. In laser-matter interaction with longelectron plasma wave (EPA). By this process some of the
pulses, the plasma produced during the interaction has a théaser energy is converted to a longitudinal electrostatic wake
mal pressure that is always greater than the light pressureld traveling nearly at the speed of light, which can con-
This is no longer true for short pulses, where the light prestinuously accelerate the electrons [64—66] in the direction of
sure associated with their intensity can easily be in the githe laser beam t&eV in a distance as short as a centime-
gabar range, surpass the thermal pressure, and modify ther. That is10* times larger than some of the highest field
critical surface. This effect was first observed by Liu and Um-gradients produced by conventional means. Thus laser wake
stadter [56]. These authors were able to time resolve the effefields, combined with the significant reduction in the laser
of the light pressure on the critical surface. This large lightsize obtained with CPA, could dramatically reduce the size of
pressure was conveniently used by Kieffer et al. [57] to proelectron accelerators. It is worth noting that this potential re-
duce solid-density plasma dfx 10?3cm~3. The high tem-  duction by a factor 010 is the same as that obtained in lasers
perature and high density allows an ultrashort X-ray sourcaith CPA technology. Terawatt lasers used to be as large as a
in thekeV range to be produced in this way. The high densi-building; today they fit on a tabletop. To help appreciate this
ties were obtained when excellent contrast pulses were uséattor of 10%, let us recall that it is the same factor as the one
to eliminate prepulses that can cause a plasma before tletween a vacuum lamp and a CMOS in an integrated circuit.
main pulse is turned on. A pulse duration3ffO fshas been The generation of a large electrostatic wave amplitude
demonstrated and used in a time-resolved EXAFS experivas inferred from the presence of high-order satellites in the
ment [58]. Recently, experiments at higher intensities hav®aman forward scattering and by accelerated electrons from
revealed even higher densities. the self-modulated wake field [67,68]. The self-modulated
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high-power laser, the field is enhanced Eo~ 106V /cm,
exceeding the critical field. The multiphoton pair produc-

I tion, w, +nNwo — € +e~, has been observed [73]. The same
wakefield 7\ — PUMP group is studying nonlinear Compton scatterieg; nwo —
— \p“'se €+ w,. In this case, the high-energy ray produced in
the laser focus by an incident electron interacts before leav-
4 ing the focal region. Processes uprie=4 have been ob-

served.

The linear Thomson scattering of optical light from an en-
ergetic electron beam will also upshift the frequency of the
laser light by a factor of 22. This has been used as an elec-
Fig. 5. The LILAC (laser injected laser accelerator) is an all-optical injec- tron beam diagnostic for many years with long laser pulses,
“Ion tetcoh:ioklr?-a':ﬁitéa Plrlcf)‘g% %eein; CLeategnggfglﬁg?it\ig”fgruccekeéitfﬁ;’i%t in the current experiments by Kim et al. [74] and Lee-
ggrii of the elecl:ronsn;hgt will be trabpeyd ‘?n the accelerating b’uckeF; ‘mans etal. [75], an ultrasho@2Q0-s) pulse is being scattered

from a50-MeV beam at the Lawrence Berkeley Laboratory,
in which case an X-rayQ(4-A) pulse of similar duration is
regime [69] is the one where the plasma wavelength is shorproduced.
er than the pulse duration, as opposed to the conventional
wake field where the plasma period is longer than the pulse
duration. Shortly after this, Umstadter et al. [70] demonstrat9 Conclusion
ed that the accelerated electrons were in fact coming out in
a collimated beam with a transverse emittance and numbeyur ability to amplify pulses to extreme levels has opened the
of electrons £ 0.5 nC) comparable with the best photoinjec- door to fundamentally new opportunities in science and tech-
tor. nology. We are penetrating optics in the relativistic regime,

They also showed that the accelerated electrons were eyith important applications in thermonuclear ignition or
hibiting a very sharp threshold precisely at the critical pow-in the generation of high-energy photons (X-ray) or parti-
er, P, for relativistic self-focusing. It might be surprising cles. In technology, unpredicted applications have arisen; in
to see such a good emittance coming from such an unsenedicine, for instance, eye surgery without collateral dam-
phisticated system. This can be explained by the very larggge is now possible. Amplificated pulses provide a new way
gradient,> 100 GeV/m, experienced by the electrons. With tg increase data storage and to perform micromachining. But
this gradient, the electrons are quickly accelerated over gaybe the mostimportant attribute of the compact, ultrahigh-
fraction of a millimeter to relativistic velocities before they peak-power laser is that it brings some of the “big science”
have the time to be broadened by coulombic repulsion. Repack to university laboratories.
call that the effect of Coulomb broadening in the relativistic
regime follows 2. So the technique of laser wake-field
acceleration has the additional advantage of producing elec-
tron pulses with a time structure in the femtosecond timeReferences
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