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Acceleration and double-peak spectrum of hot electrons in relativistic laser plasmas
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A spectrum equation of hot electrons in relativistic laser plasmas is derived in which two hot-electron
population peaks appear as the laser strength parameter reaches a threshold. These calculations can explain the
generation of very hot electrons with several tens of MeV energy and two hot-electron population peaks
observed in the recent experimer{i81063-651X99)06009-2

PACS numbgs): 52.40.Nk, 42.55.Vc, 52.50.Jm, 34.80.Qb

In a recent experimeifil], very hot electrons with energy Correspondingly, the relativistic energy equation, due to the
up to 20 MeV were observed and two hot-electron popularelativistic ~ momentum-energy  relationship e = ¢(p?
tion peaks with different energies were characterized in ther m®c?)2, can be written as
interaction of a high-intensity femtosecond laser pulée
um, 300 fs, 168° W/cn?) with an underdense plasma. This
result was attributed to be due to the direct acceleration by &(Ppg)=€mVeC cos7, ©)
the Lorentz force of the enhanced laser intensity in the chan-
nels formed by self-focus in the interaction. However, thereWhere
is not a good theory to support their assumption. In this
paper, we present a calculation based on relativistic
Hamilton-Jacobi equatiof2] to provide a theoretical expla- MV g COS7— 2Po- &
nation of the experimental result. = 2(e0/C—Po- )
Considering the experimental circumstances in laser-solid 0 0
target interactions, we assume that the initial electrons pro-

duced by prepulses, before the arrival of the main pulse, havgy the above equationsc=eE, /(mw,), €, is a unit vector
initial momentump, and energy, and are in a Maxwellian in the laser propagation direction. In E®) the momentum
distribution due to a long time delaypicosecond ordgrbe-  of the electron includes two parts produced, respectively, by
tween the main pulse and the prepulse. During the main lasehe laser electric fieldtransverseand the Lorentz force of
pulse(fs time scalg the ions can be treated as a rest plasmahe |aser magnetic fieldlongitudina). From Egs.(2)—(4)
background in the process of interaction. The motion of elecone can see that in the longitudinal component of the elec-
trons in the laser field can be described by the relativistiGron quiver momentum the initial motion of electrons pro-

4

Hamilton-Jacobi equatiof?] duced by the prepulse is nonlinearly involved, as expected.
The electrons in the preplasmas, due to the duration of the
[3,S(r,t) = (e/lc)A(7)]>— (1/c®)[ 4, S(r,1)]?+m?c?=0, electron-electron process being shorter than the delay time

1) between main pulse and prepulse, reach a thermal equilib-
rium within a short time period. When the laser pulse inter-
whereS(r,t) is the Hamilton principal functiomA(7) isthe  acts with these electrons the electrons start to oscillate and
vector potential of laser fieldy=w t—Kk, -r is the Lorentz- acquire an acceleration along the laser propagation direction
invariant phase, ¢,k =|k_|) are the frequency and wave due to the zero-frequency part Bf( ) at the leading edge
number of the laser light, respectively, amds the rest mass of the pulse. Also, a harmonic would be produced due to the
of the electron. For the case in which the electron is in respy part of the laser field. In the transverse direction all har-
(po=0) before interaction, Eql) was already accurately monics are also contained due to the first term in @y.In
solved[2]. In our case the motion of electrons produced bythe center of the puls@eached its constant valuthe elec-
prepulse has to be taken into account. trons undergo various harmonic motions at a center of self-
We assume the laser pulse as a linearly polarized monarifting. In principle, therefore, Eqg2) and(3) are enough
chromatic plane wave with relativistic intensity and propa-to describe the motion of relativistic electrons produced by
gating along thez axis in the plasma produced by the laser-plasma interaction in the presence of prepulses.
prepulse. We choose the direction of the electric field of the For a femtosecond time scale and high intensity laser
laser in thex axis, E, = E e,cosy. By a standard method the pulse, the plasma heating mechanisms are not very important
relativistic momentum equation of electrons quivering in a[3]. Because the initial electrons are in a Maxwellian distri-

laser field can be found as bution, by a general transformation of momentum and en-
ergy such a spectrum equation of electrons can be found by
Pe= — MVELCOS7y+ EMVEe,Ccosy. (2)  taking into account the experimental conditions
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dNe(ey,7)  (1+1.95% )N, sinH y(7)] I 14x10” —
dey VN2 (1+83)Pcosy E, 1ox10® b f - =10 Wom®,  v,=0.08¢
,'Ii —=10" Wcm'z, v,=0.2¢
xexpl = a(n)], (5 o 1OX10° ki 2 x10° Wom?, v=03c
where § 8.0x10" :
o H
PPe(7) p®+ pa(n) @ 6ox10” i
h(n=——- onN=—F"7555" (6) S
Yom“c 2y;m-c % 4.0x10" _\\
And here Ay=1.823x10° (MeV 1), p2=&?/c?—m?c?, % 2.0x10” | h ~
Yo=Po/(MC), e,=e—mc is the kinetic energy of elec- = ) \\ o~
tron, Ny is the total number of ionized electroig)) is laser T 0.0 Lu NI L
intensity (wavelength, and the units oflA? and g, are 1 2 3 4 5 686 7 8
Wem 2 um? and MeV, respectivelydN,/de, is the num- .
ber of electronsri a 1 MeV energy interval. In the above Electron kinetic energy (MeV)

derivations we neglected the heating effects of forward- , , i
Ramon-scatteringFRS) instability and plasma instabilities, F|G'_1'O\l/g'th Iai]%r paiameters the same as used in the expert-
and our reasons are based on the following facts. In undeffnt =10~ W/enr, x=1 um) [2] hot-electron Sgggc"a vs ki-
dense plasmas, because electrons are expelled from the fo N te.n.et.rglys T fotr total :mt'.?l electron numbeNo=10""and di-

spot by the ponderomotive pressure of intense laser pulses, ao nal electron velocities.

plasma chann€l4] is formed, which was also observed in ) )

experiments[1]. A two-dimensional (2D) particle-in-cell ~ SPonding to the second hot-electron peak is strongly depen-
(PIC) simulation[5] shows that at very high laser intensities den.t on the initial \_/elocny. _If we neglect the effect of initial
the electrons can be strongly heated even in the absence Botion on the quiver motion of the electrons, the second
FRS instability, which implies that FRS instability in the Not-electron peak will disappear. The effects of the moving
formed channel may not play a significant role for the gen_dlrectlons of initial electrons on the hot-electron population
eration of very hot electrons. Another analytical theory and®'€ Plottéd in Fig. 2. One can also see that, unlike the first
2D PIC simulationg6] show also that in hollow channel hot-electron peak, the energy of the second hot-electron peak
plasmas the FRS instability would completely destroy theS strongly dependent on the moving direction of the initial

beam in homogeneous plasmas or parabolic channel plasm@§ctrons. ,
at very high laser intensities. However, this instability in the Applylng this _theO_ry to another experimei®] where the
formed channel can be completely suppressed. For Som"sé)lld tgrget Wa5|rra(18|ated by an 807-nm_|aser pulse atafpcal
plasma instabilitie§7], the ponderomotive force acts always Ntensity near X 10'® W/cn?, one can find that the maxi-

to prevent the growth of excited plasma waves from insta-

bilities due tow >w, (Where w, is the frequency of the 2.0x10"
plasma.

For applications it is useful to average the spectrum equa-
tion (5) over the phase of the laser field. First we consider an
averaging effect of coupling between the initial motion and .~
the longitudinal motion of electrons. We find from numerical
calculations that when the laser strength param&i8P) of
the laser pulse exceeds the threshold\?j,=5.5
X 10 Wem 2 um? the second hot-electron peak appears
at initial velocity vo=0.1c (~2.5 keV). This threshold
agrees well with the experimental result=%.0
X 10"® Wem 2 um?) [1]. Using the laser parameters in the
experiment, the calculated hot-electron spectrum vs electror
kinetic energy is plotted in Fig. 1. It is interesting to note
that, for an initial velocityvy=0.2c, the hot-electron popu-
lation peaks at two energies of 1.7 and 3.4 MeV, respec- i
tively, and when the intensity of laser pulse is increased to YN

1=10" Wem®, A=1pum, v,=0.2
1.5x10"° |

1.0x10™

5.0x10"

Electron spectra ( MeV

2x 10" Wem 2 andvy=0.3c these two peaks are moved 510 . : "::l'l"'\".\ . e . .

to 4.2 and 6.7 MeV, respectively. It is interesting to find that ' ' ' ' ' *

by using the enhanced laser intensity LL@V/cn?) in the 0o 2 4 6 & 10 12 14
channel[8] the energy for the second hot-electron peak can Electron kinetic energy ( MeV )

exceed 20 MeV for the initial electrons moving in the direc-

tion of laser propagation, which agrees well with the experi- FIG. 2. Hot-electron spectra vs kinetic energies for total initial
mental observatiofil]. We can also find from Fig. 1 that the electron numbeN,=10?° and different moving direction angles of
energy corresponding to the first hot-electron peak does natitial electron: @, ¢) = /2 (solid line), /3 (dashed ling and /4
vary with the change of the initial velocity but that corre- (dash-dotted ling
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and the second hot-electron population peak appears accord-
ingly. This implies that the second hot-electron population is
mainly generated by the Lorentz force, while the first one is

generated by the laser electric field. The generation of the
second hot-electron peak and the corresponding energy are
dependent on the preplasma conditions as well as on the LSP
value of the main pulse. Within the incident plane of the
laser beam, I\?)y=5.46< 10" Wem 2 um? for initial
‘;1.5x10” - \ electrons with lower energy y<1), (IA?)=5.46
| X 10%(\/1+ y2+ yo)> Wem 2 um? for initial electrons

d moving in the transverse direction, andA{)y=5.46

! X 10%(\/1+ y2— yo)> Wem 2 um? for initial electrons

; moving in the longitudinal direction. It is apparent that the

‘\ initial electrons moving in the longitudinal direction are easi-

‘.‘ est to accelerate in the interaction at very high laser intensi-

L ties. In the nonrelativistic limit¢<1, the longitudinal accel-

\ eration is much less than the transverse acceleration so that
! the longitudinal acceleration is negligible.

0.0 L g L For a larger initial momentum of electrons moving in the

laser propagating direction, the threshold is smaller and the

acceleration effect due to the Lorentz force becomes stron-

ger. This is evident either numerically or analytically. If we

represent the longitudinal component in E8) with an ef-

FIG. 3. Hot-electron spectra for 807 nm wavelength at intensi-{€Ctive laser strength parametenf)er, Eq. (2) can be re-

ties of 3x 10" and 5< 10'® W/cn? with total initial electron num-  Written with a symmetric form

ber Ny=10?° and initial electron velocity,=0.%c.
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Pg= — MVg€, COS7+MVEe, COS7, 9)
mum energy of hot electrons is larger than 1 Me¢ée solid

where the effective LSP valueIX?)es=IN%(V1+ 92
line from Fig. 3, which may well explain the 1 MeV energy v0)? is for the initial electro_ns moving longitudinally. It
tail of hot electrons found in that experiment. can be seen that, c_ompared Wlth_the transyersfe componen.t of
In order to further understand the acceleration of hot elecPe» the LSP value in the longitudinal direction is enhanced if
trons, we give some discussions analytically. Assuming thdh€ energy of the initial electrons is large enough.
electron energy in preplasmas ag=c(p3+m?c?)*? Eq.
(4) becomes

In summary, our calculations give a physical pictuig:
For lower LSP values and initial electron velocities, the ac-
celeration effect of the Lorentz force on electrons is negli-
_ ) gible when thgre is only one hot-electron population with
(1+ 73)1/2— oSin 6 sing’ lower energy(ii) As the LSP value reaches and exceed; the

threshold £5.5x 10 Wcem 2 um?) and the electrons in
where y:VE/C"yO:pO/mC_ For the longitudinal motion of preplasmas are of higher velocities, the longitudinal accelera-
initial electrons @, = m/2), factor £ reaches its maximum tion produced by the Lorentz for(_:e leads to the second hot-
value. If the LSP value ang, are so large that>1, the electron population peak_ Wlt_h higher energy, whereas the
direct longitudinal acceleration by the Lorentz force is largerfirSt hot-electron population is generated by laser electric
than the direct transverse acceleration by the laser electrit€!d: (i) Particularly for the prepulsed produced electrons
field. Therefore, we can find an important peak LSP threshmoving in the axial direction, the LSP value can be enhanced
old (taking cosp=1) from the above calculations by (\J1+ v5— o) ~2 as well as be accelerated to several tens
MeV energies by the Lorentz force of the laser magnetic
field. These very hot electrons can travel through the critical
® density surface into targets due to the electrostatic screening

effect, which may lead also to a change in the critical density
When the LSP value reaches this threshold, the acceleratiosnurface'
effect in the longitudinal direction is equal to that in the

B (1/2)y cosn— yy cosé

(IN?),=5.46X 10 (1+ y3)?+ y,(cos6

—sinf#sing)]?> (Wem 2 um?).
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