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Amplification of short-wavelength subattopulses in a free-electron laser
using electrons accelerated in a laser plasma
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The amplification in a free-electron laser undulator of a short-wavelength subattosecond pulse formed in a laser
plasma upon its interaction with a relativistic electron bunch produced by a petawatt laser is considered. The aim of
this work is to find the parameters of the system at which it is possible to amplify ultrashort pulses with a duration

of up to hundreds of zeptoseconds.
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Introduction

As known [1], ultrashort electromagnetic emission pulses
are required for diagnostics of fast transient processes. For
example, subfemtosecond pulses allow temporal resolution
of the outermost electron shell behavior of atoms and
molecules during chemical reactions and ionization pro-
cesses, and attosecond pulses allow temporal resolution
of inner electron shell transition behavior of atom [2].
Collective nuclear excitation energies are equal to keV, and
the time of compound nucleus disintegration during nuclear
reactions begins from hundreds of zeptoseconds [3,4]. Thus,
ultrashort photon pulses allow to study both electron and
nuclear phenomena, for example, such as resonant internal
conversion (attosecond time scale) and compound nucleus
evolution (zeptosecond time scale). It should be noted
that quanta with energies in the range of units and tens
of kilovolts correspond to subattosecond electromagnetic
oscillation period. ~One of the methods of obtaining
of such ultrashort pulse (USP) [3] includes reflection of
relativistically intense optical laser pulse from a solid target.
Numerical simulation of reflection process, including using
EPOCH code [5], shows that, together with high-amplitude
USP, a low-amplitude low-frequency (up to hundreds of eV)
component of the reflected signal (substrate) [6] containing
the major energy portion of the reflected radiation is
generated. For practical applications, USP may be separated
from the substrate with a filter cutting off the quanta with
energy lower than several keV. After USP exit from the
laser focal waist region and filtration, USP intensity becomes
considerably lower resulting in the need for further pulse
amplification. USP amplification using the same laser that
was used for USP generation is studied herein by means
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of analytical and numerical simulations (PUFFIN code [7]).
For this, a part of petawatt laser pulse is used for generation
of GeV electron beam [8,9], which amplify USP when they
are propagated together through a free-electron laser (FEL)
undulator. A similar amplification procedure of longer
pulses and in other quanta energy range was addressed
in [10]. It should be noted that FEL amplification of a
pulse with an amplitude exceeding the noise level by orders
of magnitude is stable, and the use of the same petawatt
laser pulse for USP generation and amplification simplifies
time synchronization of the electronic beam and amplified
pulse.

USP amplification according to FEL
scheme

It will be shown below that the formed USP [6] may be
amplified according to FEL scheme [11] using a fast electron
beam generated in transparent plasma by petawatt laser
pulse, when efficient electron acceleration is provided by
various nonlinear mechanisms as a result of which electron
energy achieves units of GeV [8,9,12]. As known from [13],
the length of wave emitted by an electron in the undulator

(1)

where Ay is the undulator period, Ky = eBwAw/ 2amec? is
the undulator constant, By is the magnetic field induction,
y is a relativistic factor, me is the electron mass, C is the
speed of light. The electron deviation angle at undulator
half-period is estimated as Os ~ wKw/7y.

Inherent hard quanta emission angle is 6y ~ 1/y. For
longitudinal electron grouping due to the action of the

I = (1+Kg/2)Aw/2p%,
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wave emitted (amplified) by them, the case 6. < Oy,
when Ky ~ 1 [13], is the most favorable. Equation (1)
is satisfiable in keV range, since, for example, undulator
with Aw = 1.7 cm is resonant with wavelength 1x = 1.2nm
at electron energy 1.5GeV or p =~ 3000. Such electrons
may be produced in laser-plasma accelerator with inherent
beam sizes ~ 1072 cm, charge ~ 1071 C, energy spread
~ 0.1% and angular divergence 0.2—0.3mrad [12,14].
Small angle and energy spread has little effect on USP
amplification factor. Due to interaction with the emitted
wave, beam electrons in FEL are grouped into bunches
with Ly ~Ax [11]. To make the bunch electrons emit
coherently a pulse with length ty ~ 0.3as, the bunch
thickness should be Ly ~ tyC &~ 10~8 cm. If laser electron
energy is & = 3GeV (y = 6000), then, from (1), to
achieve subattoseconds (nanometers) with optimum
Kw ~ 1, the undulator period Aw ~ 1and magnetic field
strength Byw ~ 10kG are required. This is possible because
the permanent Nd magnet field is equal to units of kG, and
superconducting magnet field is equal to tens of kG [2].
In the approximation of weak FEL amplification in [13],
dimensionless amplitude amplification factor a was defined
for the wave field at undulator length (N periods Aw)

an = agexp(x/2) ~ ao(1 +«/2),

and with k < 1, the following was obtained:

- 2 [ x 2 Ne 13
K ~ 20Ky, (AL> ncryN . (2)
For ~ 10fs petawatt laser pulse generating the electronic
beam with charge 10 pC, initial diameter 33 um and concen-
tration Ne ~ 10°ng [9,12], from (2) we obtain that for initial
emission of 1y ~# 1078 cm (0.3 as), the condition x ~ 1 or
undulator with N ~ 70 periods is required. With N > 70,
for the considered parameters in the finite part of the undu-
lator, developed amplification mode is implemented, which
is described by self-consistent solution of equations of field
and electron motion [13]. There are no analytical solutions
of such system in nonlinear interaction mode, however, ulti-
mate energy of the amplified pulse may be estimated as fol-
lows. With amplitude filtration, USP is presented as a single
oscillation period of 1 wavelength (Fig. 1,5) and occupies
a small part of electron beam length L. Beam electron
velocity ve ~ C, and during electron motion time Ly /ve
in undulator with length Lw = NAw, it will fall behind
the amplified pulse at AX = ve(Lyve — Ly/C) = Ly /22
Thus, electrons from a spatial region with ~ (14 + L,/ 2;/2)
will be involved in amplification of single pulse. For the
parameters used by us, condition Ax < Lw/2y? < Le is met.
Suppose electron energy fraction n from Ly.2p? region
flows into USP, then the energy conservation law of the
field—electrons system for amplified pulse intensity |5 in
saturation mode will be 1,S,/C = neeneSLw/2y2, where
S is the transverse area of field-electrons interaction,
ge = (y — 1)MeC? =~ ymec? is the electron energy, Ne is
the electron concentration in the beam. Therefore, inten-
sity |, in saturation mode will not exceed the upper limit

Optics and Spectroscopy, 2023, Vol. 131, No. 2

10-1F

1072}

1 073 |||||||| IFEEEEEENE] IFERERR RN IFEEEEEEN ] IFEENERENN IFEEEEEERE Liaaaaaa

102}

—150 L 1 L 1 L 1 L 1
1120 1121 1122 1123 1124

X, nm

Fig. 1, (a) USP amplitude as function of the number of undulator
periods N.  Initial amplitude ao = 107>.  Electron energy
y = 3000, current 180kA, undulator period length Aw = 17 cm,
N = 200. (b) Spatial field distribution a(x) of USP: black line
with substrate and red line with substrate cut off by frequency or
amplitude filter.

of 13 < NnegelyC/2y%Ax = NNeeetN/ (1 + K& /2), which al-
lows to assess the dimensionless vector potential of USP:
aa ~ (MeyN/ (1 + K§/2)ner )2, N < 2p%Le/Aw.  (3)
where Ng = Mew? /4me? is the critical concentration cor-
responding to laser frequency w, . In case of laser-
plasma accelerator (electron bunch charge 10pQ, density
Ne ~ 10" cm=3, energy » =3000) and undulator with
N =150, n=0.1, Kw =0.75, estimation from (3) is
as = 0.15. It should be emphasized that, in this case,
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electromagnetic pulse amplification takes place from the
specified initial value at the undulator inlet, and in ,,regular*
FEL, it takes place from the noise level. The noise level
is estimated from spontaneous emission intensity in the
undulator. Tt is known from [13] that emission intensity
of one electron in the undulator field is | = 2e*cKy?/31%,.
The beam contains Ng electrons and the emission is directed
forward in the beam movement direction. Then noise
level Eg is estimated as

CE2S/47 ~ Nel = 2Ne€2cKip? /34

as = eEs ~ Kwy 72%262"6 . (4)
Mew C 3Ncr AyMeC

Estimate in equation (4) for the parameters listed above,
gives ag ~ 10-3. Thus, initial value ag of the amplified
field should fall into the interval as < ag < a,. In our
case, the USP filtration procedure ( selection of pulse top
with length ty ~ 0.3as) and transportation to the point of
amplification results in ag ~ 1073, It should be noted that,
to achieve saturation with amplification from initial value
ap = 1073 > ag, a shorter undulator is required than for
FEL operation with generation from the spontaneous level,
and the amplified noises will not introduce interference in
the amplified USP. The given estimates are true up to a
multiplier about unity and we confirm them by means of
numeri calculation of the amplification process. Fig. 1,a
shows 1D calculation by PUFFIN code [7] for amplification
of a single subattopulse (red curve, Fig. 1,5) with initial am-
plitude ag = 1073 calculated by EPOCH code [5]. Electron
energy in the beam was y = 3000, current was 180kA,
undulator period length was Aw = 1.7cm, N =200. It
can be seen that, when N = 120, amplitude saturation
is achieved at level a ~ 0.2, and the total amplification
achieves two orders of magnitude by amplitude.

Finally, it should be noted that the provided research uses
analytical and numerical simulation to investigate whether
it is possible to achieve photon USP with multi-keV-energy
using petawatt laser pulse and subsequent USP amplification
by a portion of the same laser pulse according to FEL
scheme. The research should be considered as a preliminary
stage (appropriateness estimate) of the ultrashort pulse
amplification investigations. A more detailed consideration
planned for the future study will take into account 3D
effects, electron bunch parameter spread, presence of
focusing electronic lens in FEL, nonideality of the undulator
magnetic field and a set of other effects of FEL physics.
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