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Introduction. Energetic ultrashort electron bunchean be used in many fields of
science and technology: for injection purpgsespectroscopy, in femtosecond physics and
chemistry, for generating brighttrashort X-ray pulses, inatling coherent, and others. For
controllable generation of u#tshort electron beams, we propde use a thin plasma layer
(either with compensatinpositive charge or without itfradiated normally by a super-high
intensity laser pulse with a sharp rising edge [1-3]. The electrons of the plasma layer are
accelerated during laser pulse action longitudinallyelativistic veloties by the nonlinear
component of the Lorentz force, providedimensionless field aptitude is large enough.
We show analytically and by twaimensional PIC simulationsdhit is possible to choose
the parameters of the laser pulse ardlasma layer in such a way that oslygle short,
coherent, and ultracold relativistic electron beam will be produced (and can survive for
some time) rather than a clood chaotically moving electrong:irst, the transparency of
the plasma layer has b& large enough for the electronsriteract with goropagating laser
pulse rather than a standing wave. Then, thplitde of the laser pulse has to be large
enough. And at last, the laser pulse has to be nalpaiil, i.e., with a very sharp rising edge
and duration about several periods of tteetdrequency. These ensure that the bunch will
be compressed by many times in the longitudinaatiion at the initiaktage of interaction
with the front of the laser pulse, giving tressulting bunch duration on the attosecond scale
and smaller. As a possible application, frequency up-comverd the probe laser pulse
into a single, ultrashort (attosecond), and coherent hard X-ray pulse due to backscattering
off such an electron bunch is demonstratemnerically and the sgtrum of up-shifted
radiation is investigated. In this casee thlectron and the X-ray beams are generated
synchronously with the laser pulse during lder-plasma interacin, and three correlated
beams of different physical nature aawailable simultaneols providing a unique
opportunity for use.

Formation of relativistic electron mirrors. Let a linearly ypolarized plane

electromagnetic wave (amplitudgg, frequency @) be incident along the z axis normally at
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a plasma layer with infinite dimensions inxday directions. Let the plasma layer be rarefied
enough so that the movement o glectrons can be regardedrathe given external field of

the laser pulse (this means omitting all collextaffects and Coulomb forces in the system).

In this model, the solutions for the electrons’ equations of motion are well known [4].
Particularly, the invariantc =y — p, = y(1- ,) =1 exists for the zero initial momenta of

the electrons (the normalized momenta and velocities are
Py.z =1Py,z = (1—(v/c)2)_1/2vy,2/c, besidesy = (1—(v/c)2)_1/2, where v and c are

the velocities of electrons atight respectively). The equatiormd motion are similar for all
electrons of the plasma layer, the only difference being initial position of electrons and,
correspondingly, different pka of the laser field.

During the action of the laser pulse, the elmtdr can have ultrarelativistic velocities if
ag = eEg/(mac) >>1 (the maximum transverse caongitudinal momenta are abo@a,
and 2a§ respectively, the latter being always positive). Let now consider the motion of two
electrons, one is being at the left bordérthe plasma layer with coordinatg);, and the
other at the right boer with coordinatezy,. Let us suppose that the initial length of the
plasma layer,|lg = zyo — Zp, is considerably smaller than the accelerating laser wavelength
A. Then z(t) = zy1 + z(t) and zy(t) = zy» + z(t — At) are the evolutions of the electrons'
coordinates in time, andt =I1y/c is the delay, required for éhlaser pulse to propagate
from the point zp; to the point Zy,. For Ig << 4, the delay At is considerably smaller
than the laser period, and the dis®an between two border electrons is
| = 25—z =lg+ 2(t— At)— 2(t) = Ig - (dz/ dt)At = |y (1 A, (1)) = 1o/ (1) DECause of the invariant value af.

This equality holds for arbitrary laser pulsevelope provided the motion of the electrons can
be considered as in the given field. So the length of the electron mirror will oscillate in the
field of external electromagnetiwave due to oscillation of, and the smallest length

I min = IO/(2a§) will be achieved for the largest valuesofin the laboratory frame, the first
half-cycle of oscillations corresponds to the timex 37za§ /4 and can be large enough for
ap>>1 (hundreds of femtoseconds).

Two-dimensional simulations of mirror dynamics. 2D simulations was done with
OSIRIS code. Laser pulse is running from teg to the right and has Gaussian time and
spatial profiles with maximum field amplitude, =5, the diameter of the laser pulse is
81 (FWHM), and the front duration i81 . The thickness of the plasma layer.is and the
density of electrons isn=0.003n, , where ng is critical density for the given laser

frequency o . The simulation results (in the mag window) are presented in Fig. 1.
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Figure 1: Relativistic electron mors for different time fronthe beginning of interaction.

The minimal thickness of the relatitics electron mirror is realized fowt ~49 and is
about 0.1 that is greater than the possible minimal valgéy ~15/15, which can be
estimated from the right panelrcesponding to the same momentiafe. This increase in the
thickness of the electron mirrordsie to the action dhe Coulomb force during interaction of
a relatively long front of the laser pulse witie plasma layer. Thinickness of the electron
mirror and the spread of the electrons’ longitudinal momenta increase with increasing time
due to the action of the Coulomb forces betwé®e electrons in the mirror. However, the
mirror is stable at least untibt ~ 90 that corresponds tdaut 45 femtoseconds fof =14 .

Frequency up-conversion of the probe beam. When the laser beam reflects from a
counter-moving ideal relativistimirror the frequency and the aiitude of the reflected wave
increase by the facto(l+v,/c)/(1-v,/c)[4]. So for v,/c=1 the frequency up-shift can
be very high. It is neessary to stress thatetheflected radiation Wibe coherent if the
incident wave is coherenhd the thickness of the electron roiris small enough. Besides,
the duration of the reflected pulse can besiderably smaller than the duration of the
incident probe pulse due to tB®ppler contraction. Additional befit of suchscheme is its
tunability because the frequency of the getsetaadiation depends on the velocity of the
mirror, which can be simply adjusted.

The frequency transformation factor foltrarelativistic electron mirror withp, >>1 is
fy = A+ B,)/(1- B;) = 2p,. Let the motion of electrons cdie considered as in the given
field. Then, the maximum longitudinal momentum can be aboput 2a§ and fvz4a§
for the sine form of the accedting pulse with rectangular envelope. So to up-shift the
coherent optical radiation into the hard X-ray band the dimensionless field ampdigudes
to be at least 70-100. Therefore below, samsider one-dimensional simulation of the up-
conversion process for the following parametesig:=100 and n=0.003\, . Besides, the

initial thickness of the target has to be&kem as small as possible for to increase the
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monochromaticity and the amplitudéthe reflected field. We také = 0.014 =10nm for the
accelerating laser wavelength=1x. The frequency of the probe pulse is taken equal to the
frequency of the accelerating pulse, and the amplitadeof the probe pulse is equal to 10.
For such parameters, the maximum frequenaysformation coefficient can be about 40000.
The probe pulse has to strike the electroimror some time after the beginning of the
acceleration process for theeefrons in the bunch can ackee relativistic velocities;
otherwise the lifetime of thdunch will be seously degraded by the probe pulse. In
simulation, we suppose that theope pulse (a piece of the simave) falls at the relativistic

mirror at ot = 25000, where p, is near to the maximum.

The spectrum of the up-shifteddration is presented in Fig. 2.

The harmonics of the probe pulse frequency, arising due to the

log(E(e)E,)

nonlinearity of the interactionare also up-shifted giving

harmonics of the up-shifted frequency. Here, the spectra of two

= .., 2 samples (with the same lengthdrin the different points 1 and 2
Figure 2. of the acceleration curve arpresented. The longitudinal
momenta of the electron bunch changes during the acceleration
therefore f, has to change also (some kind of fragyechirp). This is just what can be
seen in Fig. 2, where the frequgrticansformation coefficient for point 1 is smaller than for
point 2 and, consequently, the frequency of theecédd field for point 1 is also smaller. It is
necessary to note that the field of the frequammyshifted harmonics is also coherent so the
maximal frequency of the up-shifteradiation is three times larger in this case than the
estimate 4a§ (Fig. 2) reaching the value df0> with respect to the probe wave frequency.
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