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Abstract

We analyze the influence of a high-intensity laser field in the inverse mean free path of electrons moving through a
degenerate electron gas. Our calculations are based on the random-phase-approximation formalism, in terms of the
dielectric function of the medium, where the effects of the laser field are included in the dynamical response. The main
effects on the slowing down of the electrons are studied as a function of the intensity and frequency of the laser field, as
well as a function of the projectile velocity. A modification of the electron inverse mean free path for plasmon and
electron-hole excitations is obtained due to multiphoton-exchange processes.
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1. INTRODUCTION (Kugler et al,, 1998; Patzel, 1998pens the possibility of

) . . ) new applications of these interaction processes in the near
The study of laser fields interacting with matter has grownstyre.

inthe last years stimulated by important applications emerg- The inelastic processes that take place during the slowing
ing in different areas of physics, such as atomic physicgjown of charged particles moving through an electron gas
(Ferrante, 1983; Nicolaidext al, 1990; More, 1991 ma-  that s irradiated by a strong laser field were analyzed pre-
terials sciencgFeit et al, 1998; Dahmanket al, 1999,  yjously (Aristaet al, 1989, using a formalism that is based
electron accelerator§Tajima & Dawson, 1979; Kitagawa g an extension of the random-phase approximaiRen),
etal, 1992; Aminanofetal, 1999, semiconductorNunes,  yhere the radiation field is included in a self-consistent way.
1983; Tronconi & Nunes, 1986and fusion technology A semiclassical approximation for the electromagnetic field
(Nuckolls, 1982; Deutsch, 1990; Yamanaka, 1991; Zweif the |aser was considered. As a result of this treatment, the
backetal,, 2000. A proper evaluation of the laser effects on gffects of the laser field are contained in the dynamical
the slowing dowr{energy deposition and rangef charged  response of the medium to the motion of the external pro-
particles moving through matter will allow a prediction of jectile, which is accounted for in the dielectric function of
the behavior of these particles when the target is simultag,e stopping medium. Within this scheme, the dielectric
neously irradiated by strong lasers, as happens in expefignction of the medium is expressed as a function of the
ments of plasma fusiofYamanaka, 1991 Despite the fact  frequencies associated with the harmonics of the laser fre-
that these kind of experiments are very complex and involv%]uency, and as a consequence, the energy exchange and the
different phenomena, the knowledge of the laser effects 08cattering rate of the charged particles moving through the
the energy loss of charged particles should allow us to Ungjectron gas are modified by multiphoton processes.
derstand, predict, or simulate the processes that take place in| this model(Arista et al, 1989, the laser electromag-
laser-fusion experiments. The recent development of highpetic field is treated in the long wavelength liniipole
intensity laser beams with a broad spectrum of frequenciegpproximation, and the incident projectile and the electrons
of the medium are considered nonrelativistic particles. These
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andn are, respectively, the Fermi velocity, the plasma fre-ing and the dynamical response of the solid to an external
quency, and the electron density of the mediunis the  perturbation. This formalism provides a self-consistent de-

speed of light, andnis the electron mass. scription of the inelastic processes connecting particle—solid—
The previous formalisnfArista et al., 1989 has been laser interactions.
applied to study the energy loss of protosbril et al, We consider here two cases of particular interésy:

1992. In this article, we will use this formalism to evaluate when the laser electric field is polarized in the direction of
the effects of laser irradiation on the slowing down of elec-the electron velocityArista et al,, 1989 (parallel orienta-
trons moving through metals. We analyze these effects ast#on), and(2) a random average over the angular orientation
function of the laser characteristiBequencywo, and in-  (random orientation

tensityl, ) and as a function of the electron velocityFor In the case of parallel orientatida|v), the electron IMFP
brevity, we do not reproduce the derivation of the basiccan be written as

formulae since they were developed in detail in Aristal.

(1989 and Abrilet al.(1992. In what follows, atomic units 2 [ 1 -1
(h =e=m=1) will be used. MN = Ejo dk ldu‘ﬁ(kawlm[e(k QN)]' 2
2. THEORETICAL BACKGROUND whereQy = kou — k%2 — Neoy .

The slowing down of electrons in solids can be character- However, multiple scattering processes produced by elas-
ized by their inverse mean free patiMFP), a magnitude i€ Scattering on target ions after t_he_z_elec'gron b_eam pen-
that measures the probability per unit path length that agtrates the me_d|ur_n will change the initial orle_ntgtlon of the
incident electron will suffer a process of inelastic interaction€lectron velocity with respect to the laser electric field. There-
with the stopping medium. The current formalighrista  fore, we also calculated the random angular averge
etal, 1989; Abriletal, 1992 yields general expressions for tWeenthe laser electric field and the electron veloafithe

the IMFP of the incident projectiles undergoing inelastic'MFP. (), which is given by

scattering in an electron gas when a strong laser field is

present. The electron IMFP in the presence of a laser field, 2 (= 1

mn, describes excitations of the target assisted by simulta- )= Efo dkfldmm[
neous absorption or emission lfphotons of the laser fre-

qL_Jency and for a giyen Qrientation of the ele_ctr_on yelocity Then, in this work we will evaluate the IMFP of electrons
with respect to the direction of the laser electric fieddista in metals when they are irradiated by a laser for the two

etal, 1989; Abrilet al, 1992 cases considered previously. Metals are well described by a
5 degenerate free electron gas, where the Lindhard dielectric
fn = 1 f ﬂJ,ﬁ(ka)lm[ -1 } 1) function(Lindhard, 1954gives the response of the target to
LGV S e(k Q) an external perturbation. This model treats separately the
) . i . two basic modes of energy absorption by the electrons of the
whereJy (x) is a Bessel function of the firstkind of ord&  medium: collectiveor plasmo excitations and individual
e is the dielectric function of the mediurk, andQy are, (o electron-hole pajrexcitations. Therefore it is possible to
respectively, the momentum and energy transferred to thgptain separately the laser effects on the electron IMFP due
solid, and is the electron velocitais the quiver amplitude g the plasmons and electron-hole excitations of the target.
given bya= —E/(wf), whereE, is the laser electric field; The glectron IMFP for electron-hole excitations can be ob-
the at_)solute_z value of the quiver amplitude is related to th§gined from Egs(2) and(3) taking the energy loss function
laser intensityl,_ througha = (87/c)"2I/?/w?. (ELF), Im[—1/e(k,Qy)], corresponding to the individual
The energy transferred to the targetin a scattering event iéxcitations(Lindhard, 1954 The ELF for plasmon excita-

given byQy = k-v —k%2— New_and must be positive, asit _tjons is described by an undamped resonance (iges,
corresponds to a system that can only absorb energy. Thfg64):

values ofQ)y are related to the frequencies associated with

harmonics of the laser frequency and the number of photons, 5

N, involved in the procesdy > 0 (< 0) means a process |m[ -1 } _T% [6(Qn — @) — 8(On + )], (4)
with emission(absorption of N photons. The termd3(x) in e(k ) 2 wy

Eqg. (1) is related to the inelastic scattering of electrons

accompanied by multiphoton absorptigh < 0) or emis-  where wy is the dispersive plasmon frequency, given by
sion(N > 0) processes, which are important for strong lasefwg = wj + b,k? + b,k* (Servier, 1972 From Eqgs(2) and
fields. Note that the incident electron can gain or lose en{4), the electron IMFP for plasmon excitation assisted by
ergy, depending on the energy exchange with the radiatioemission or absorption & photons, when the laser electric
field. The presence of the laser field also appears in théeld is polarized in the direction of the electron velocity, is
dielectric function(see Eq(1)), which describes the screen- given by

-1 1
E(k,QN)]fodeﬁ(kax). ©)
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2
p_ @ [ dk 2['51 2 } 10
N 02 ) e M o K72+ No + @) |. © (a) plasmon
This expression must verify the restrictionl < (k%/2 + 10"}
Nw, + wy)/(kv) < 1 and also Pauli’s exclusion principle,
which implies thatw, < (v? — v@)/2. 2

On the other hand, the electron IMFP for plasmon exci-
tation, for the random orientation case described before,
according to Eqs(3) and(4), is given by

py_ @0 [k [
{wn) = — f kwkfo dx Ji(kax), (6)

u, (a.u.)

and it must verify the same restrictions as (Gy.

3. RESULTS

We present results corresponding to the electron IMFP in
aluminum and cesium targets for the cases of parallel and
random orientation previously considered. The parameters 107
used to describe these targets are given in Table 1.

In Figure 1 we show the laser effects on the electron IMFP
in an aluminum target, for the case of parallel orientation, as
a function of the projectile velocity. We present separately 1 10
the contributions due to excitation of plasmdRgy. 19 and V (a‘u‘)
electron-hole pairgFig. 1b), with simultaneous absorption
(N=—1,—2,-3) oremissionNN=1,2,3 of one, two, and  Fig. 1. Electron IMFP in an aluminum target as a function of the electron
three photons, as well as the IMFP without photon exchangéelocity, due tda) plasmon andb) electron-hole excitations accompanied

=

—
<o

— ot PR |lf - by multiphoton processes. The present calculations are for parallel orien-
(N=0). The laser characteristics are give @p 1.05, tation of the laser electric field with respect to the electron velacifjhe

which corresponds toa wavelength)qf: 747 A’ and,_ = label in each curve indicates the different contributions due to absorption

5.10'® W/cm? As a reference, we have also depicted bynN < 0 (solid lineg and emissiom > 0 (dotted lines of N photons, and the

dashed lines, the electron IMFP without laser field.

case without photon exchangé= 0 (dash-dotted ling The laser fre-

In general, we find that the contributions to the electronduency and intensity are, respectively,/w, = 1.05 andl, = 5-10'°
IMFP for plasmon and electron-hole excitations are modi_W/cmz. The dashed line represents the IMFP without laser field.
fied significantly by the presence of an intense laser field,
due to the simultaneous photon absorption and emission .. . . -
processes. At low electron velocities, the photon absorptioﬁh'fts_ in the velocity thresholds, to lower Ve.k.)C't'eS for_ab—
processes are dominant, while photon emission procességrpt'on processgd < 0) anld to Iarger'velocmes for emis-
begin to be most important as the velocity of the projectileSlon processg(:N >0).In parchIar, we fmdjhatthe presence
increases. The inelastic processes corresponding to abso _t_h_e laser field makes possible to excite plasmons at ve-
tion or emission of a single-photon, accompanied by théOCItIeS k_JeIow th? normal threshold velocity, = 1.6 a.u.
emission of a plasmon or an electron-hole pair, have thi:r aluminum); this may occur because the presence of the

largest probability, whereas processes that involve sever qser fie!d in the jnteraction of t_he incident projectile with
photons are significantly less important. We also observd® medium provides a mechanism that t.ransfers the energy
of the absorbed photon to the plasmon field.

Another interesting feature is the difference between the
“no-photon” line(N = 0) and the IMFP without laser field.
It shows a decrease of the IMFP even in the case where there
is no photon exchange. This effect is produced byf{e)

Table 1. Parameters used to describe the aluminum
and the cesium targets

Target wp(@au) ke(@au) wc(@au) by(au) by(au) term in Eq.(1) and subsequent equations, and it means a
AluTinum 0.58 0.684 0.867 0.51 0.8 rec(ljuc;]nonlm thedeffecnvr(]a mtzr_ac_tlonf_bie(;[ween the electron
Cesium 0126 0.361 0.186 0067 059 andthe plasma due to the radiation field.

The results of the IMFP for the case of random orientation
in an aluminum target are shown in Figure 2 for the same
laser characteristics as in Figure 1. The IMFPs for the vari-
ous processes are generally largalthough not in all the

%wyp is the plasmon frequencl,; andw, are the cutoff wave number and
frequency at which plasmons decay into electron-hole pajrandb, are
the plasmon dispersion parameters.
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Fig. 2. Same as in Figure 1, but for random orientation of the laser electricFig. 3. Electron IMFP in a cesium target as a function of the electron
field with respect to the electron velocity velocity, due tda) plasmon andb) electron-hole excitations accompanied

by multiphoton processes. The present calculations are for parallel orien-
tation of the laser electric field with respect to the electron velacifjhe
label in each curve indicates the different contributions due to absorption

casegthan for the case of parallel orientation; we also ob-N < 0(solid lineg and emissiom > 0 (dotted lineg of N photons, as well

serve that the high—velocity decline for plasmon excitationas no-photon interactiomé= 0 (dash-dotted ling The laser frequency and
intensity are, respectivelyy /w, = 1.05 andl, = 5.10'° W/cm? The

processes is in this ca_se mUCh. less pronqunced. . . dashed line represents the IMFP without laser field.
The electron IMFP in a cesium target is shown in Fig-
ure 3a,b, corresponding also to plasmon and electron-hole
excitations accompanied by multiphoton processes. The la-
ser frequency is /w,=1.05, which corresponds to awave- (i.e., largest IMFPkin the case of plasmon excitation as-
length of A\, = 3584 A, and the laser intensity is now one sisted by photon absorption as it may be observed in the
order of magnitude lower than in Figure I, = 5-10®  curves forN < 0 in Figure 3a. In particular, the process of
W/cm? By comparison with Figure 1, we find a still larger plasmon excitation accompanied by the absorption of a sin-
influence of the laser field on the excitation processes, evegle photon(N = —1) shows a maximum IMFP value com-
though the laser intensity in this case is much lower. Exciparable to the one without laser. However, the processes of
tation of plasmons at velocities below the normal thresholcelectron-hole excitations, in Figure 3b, show a lower inten-
(v, = 0.68 a.u). are also possible. Since the probability of sity than those for the aluminum target.
excitations is more strongly modified by multiphoton pro-  Finally, in Figures 5 and 6 we analyze in more detail the
cesses, we find that higher-order terms with respect to thdominant process of plasmon excitation accompanied by
radiation field must be considerédithin the same range in  single photon absorptiog,” ;, in the case of cesium targets,
the scale of IMFP valugsThe “no-photon” line(N = 0) as a function of electron velocity.
shows an interesting interference effect and a strong reduc- Figure 5 shows the electron IMFP for two laser frequen-
tion of the effective intensity of the particle—plasma cou-cies: w, /w, = 1.05 and 1.5curves denoted andb re-
pling (leading to a decrease of the IMFRt intermediate  spectively, which correspond taw, ~ w, and w_ ~ w,
velocities. respectively; herev; is the maximum plasmon frequency
The case of random orientation in the cesium targets isllowed by the dispersion cur(ef. Table 1. The cases of
illustrated in Figure 4 for the same laser characteristics as iparallel and random angular orientation are shown in the
Figure 3. We find here the largest effects of the laser fieldsame figure to allow a direct comparison. The laser intensity

https://doi.org/10.1017/50263034603211174 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034603211174

Electron IMFP in metals irradiated by laser 95

(a) plasmon

i (au)

10"

v(a.u.)

<u,> (a.u.)

Fig. 5. Electron IMFP in a cesium target due to plasmon excitations ac-
companied by single photon absorptiqn?,, for the cases of parallel
orientation(dotted line$ and random orientatio(solid lines. The curves
denoteda andb correspond, respectively, i /w, = 1.05 and 1.5. The
laser intensity id, = 10'> W/cn?. The dashed line represents the IMFP
without laser field.
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previously developed formalism which describes excita-
tions of plasmons and electron-hole pairs, with simulta-
v (a u ) neous emission or absorption of photpns. The dependence
e of the electron IMFP on the laser intensity and frequency has
Fig. 4. Same as in Figure 3, but for random orientation of the laser electricbeen studied in detail as a function of the electron velocity,
field with respect to the electron velocity for the cases of parallel and random orientations of the
s ) i . , incident velocity with respect to the laser electric field. We
is I, =10" W/cm". We find that the probability to excite & naye calculated separately the probability of exciting plas-
plasmon increases when the laser frequency is similar to thg,ons and electron-hole pairs in an inelastic electron scatter-
plasmon frequencycurvesa), because the photon fre- ing event assisted by multiphoton processes. Our results

qguency is !n resonance with some plasmon mode'along. th@dicate that the electron IMFP is significantly modified by
plasmon dispersion curve. The IMFP for random orientation

is considerably larger than for parallel orientation at high
electron velocities.
Figure 6 shows the dependence of the electron IMFP on 10
the laser intensity, for a range of intensities betweeff 10
and 137 W/cm? and for a fixed laser frequenay, /o, = N e -

1.05. The soliddotted curves correspond here to random ~ 107 ¢ “~~._ without laser
(paralle) angular orientations. As expected, the probability =
of exciting plasmons increases as laser intensity increases;S, 102k

however, we note that the dependence of the IMFP on lase&. _
intensity is approximately linear for low laser intensities, !
but a saturation effect arises with increasing intensities. Sim- 107k
ilar calculations for other cases show the increasing rele-

vance of multiphoton processes for high laser intensities;

these results agree with the fact that when an electromag- 10°
netic field is strong enough, many photons may be emitted

or absorbed in a single scattering evektoll & Watson, 1% (a.u.)
1973.

Fig. 6. Electron IMFP in a cesium target due to plasmon excitations ac-
companied by single photon absorptiqn?,, for the cases of parallel
4. CONCLUSIONS orientation(dotted line$ and random orientatiofsolid lines. The various
. ) curves correspond to the following laser intensitiés: 1017 W/cm?,
We have discussed the effects of a strong laser field on thgy 101 w/cm? (c) 1015 W/cn?, and(d) 101 W/cm?2 The laser frequency

slowing down of electrons in an electron gas, based on & w,/w, = 1.05. The dashed line represents the IMFP without laser field.
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multiphoton processes, depending on the target and on the Martsuo, K., MiMa, K., NISHIHARA, N., AZECHI, H., TANAKA,
laser field frequency and intensity. We also show the possi- K.A., TAkABE, H. & Nakar, S. (1992. Beat-wave excitation of
bility of exciting plasmon at velocities below the normal  plasma wave and observation of accelerated electiimgs.
threshold velocity in simultaneous photon-absorption events. ReV. Lett68, 48-51. _

The effects described here may be relevant in experiKROLL: N-M. & Watson, K.M. (1973. Charged-particle scatter-
ments using high-intensity laser fields: in particular, they M9 N Presence of astring electromagnetic ways. Rev. A

- . . . 8, 804-809.
may be of considerable interest in current research on INeL 'GLER. TR.. HERMANN. G. & SKILLITER. M (1998. Making
tial fusion using laser beams. IS . o~ i

the right decision in choosing an industrial laserTime Pho-
tonics Design and Applications Handboogp. H-274-282.
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