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ABSTRACT

We formulate a general description of the inelastic interaction
between charged particles and a degenerate plasma, in the pre-
gsence of a strong laser {field. he excitations in the plasma
are described following the RFA tormalism, in terms of the
dielectric function of the medium, and including the eftects of
the laser field unlthe dyvinamical response. he energy exchange
and the scattering rate of the particle in the plasma are modi-
fied by multiphoton procosses.

The formalism describes the excitation of plazemons ard elec-—
tron-hole pairs, with simultaneous emission or absorption of
photons.  We calculate the contribution of these processes to
the energy-loss rate and to the mean-free path of the particle
in the range of solrd-ctate densities. Mew ettects due to the
laser field are expected for intensities similar to those used

in laser fusion superimente.

PACS: 34.50.Bw, 34.80.Q0b, 52.40.Mj



1. INTRODUCTION

The interaction of charged particles with & degenerate electron
gas has been a subjiect of great activity, starting with the work
ot Bohm, Fines, Lindhard, Ritchie, and other authors. [11--[X].

A comprehensive treatment of the guantities related to inelastic
particle-=olid and particle-plasma interacticons, like scattering
rates, differential and total mean free paths and energy losses,
can be formulated in terms of the dielectric response function
obtained from the electron gas model. The results have important
applications in radiation and soclid-state physics [41,[51, and
more recently, in studies of energy deposition by 10n beams in
plasma fusion targets (4612

On the other hand, the achievement of high-intensity laser beams
with frequencies ranging between the infrared and up to the vacuum-
ultraviolet region, has given rise to the possibility of new studies
of interaction processes, like electron—atom scattering in laser
fields [7,81, multiphoton ionization L91, inverse bremsstrahlung and
plasma heating (10,111, and other processes of interest for applica-
tions in optics, soclid-state and fusion recsearch.

Here we present a study of the effects of strong laser fields on
the interaction of fast non-relativistic particles with a degenerate
electron gas. The problem is formulated using the random—phase
approximation (RFA), and including the effecte of the radiation
field in a self-consistent way. The results are expressed in terms
of the RFA dielectric function for guantum plasmas, Ei(k,w), with

frequencies associated to the harmonics of the laser frequency 0% .



The electromagnetic field iz treated in the long-wavelength
limit, and the electrons are considered non-relativistic.
These are good approximations provided that: (i) the wavelength
of the laser field AJ: 27 c/W, is much larger than the Thomas-
Fermi screening length, ATF:VF/JS}QP (being VF the Fermi velocity
and h% the plasma frequency), and (i1) the "quiver velocity" of
the electrons in the laser field, ve=eE0/mu%. 15 much smaller than
the speed of light c.

These conditions can be written as:
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where IL=CE°/8W 1e the laser intensity. As an estimate in the
2 -
case of Al, with conduction electron density n=1.8 103 cma,
0
we qget nmed /2 & 2 1CF W/cm? . Thus, the limits (i), (ii) are

well above the values obtained with currently available high-pawer
laser, and so the approximations are well justified.

The present formalism yields general eupressions for the inelas-
tic scattering rates, which include plasmon and single-particle
excitations in the plasma, and single or multiphoton emission or
absorption processes.

We calculate the effects of the laser field on the mean eneragy
loss (stopping power) and on the mean—free path for plasmon exci-
tation, and discuss the results in terms of the probabilities for

the various particle-plasma-laser interaction processes.



2. RFA FORMULATION

be start the calculation by writing the time-dependent hamilto-
nian for the electrons in the presence of boath a radiation field
- . =
A(t)ztc/u%}Eocmau%t, and & self-consistent scalar field (P(r,t},

Tt.e. (111
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where CP. c; are annibhilation and creation operators for electrons
. -- ,A + . ¥ - -k
with momentum p, and ?lh.t) is the Fowrier transform of ?\r.tJ.

=
The field ?(k.t) 1s produced by the external particle., of charqge

- - + . o .
Le and velocity v, and bv the induced electronic density, viz.

K2 (k) = e (K 4) - Yre % GO (3)

being ?(ﬁ,t) the Fourier transform of the particle charge density,
?(?,t)zzﬁ-a SF-Tu).
: ; + ) ;
The time evolution of the operator Co k © :) can be obtained
p- P74

from the equation
+
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This yields, using Eq. (2),
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Here fPEf(B) ie the equilibrium dietribution function for the

degenerate electron gas (in our case the rero-temperatuwe Fermi-—

Dirac distribution), and

€ &):['ﬁ_%ﬁ(ﬂ]z/zm (6)
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For =z ageneral time-dependent field At o (5) has the soluticorn (11
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and 1in particular, for an oscillatory field ﬁ(t1ﬂﬁnccgh%t, with
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AO=CE°/w°, we obtain:

"
ity =R {P)fdt Pli,t) exp [k (Ep=€,) (-1

x exp[-iKA (sintoyt - sinwgt') ] (8)

e -
where a=eEn/mu% is the transverse oscillation amplitude of the
electrons driven by the electromagnetic field (quiver amplitude).

Finally, using Eg. (3) and making a further Fourier transform

we obtain & solution for the field ? in the form

B [144¢ S Foumfp = I ¥k )
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where we introduced the freguency-transtorms g ?al Wy of

the quantities

B (%, 1)
¥ (kt) =0 (kit) exp (ki smwyt)

The term within brackets in Eq. 19 can be i1dentified with the RFA

P(kt) exp(ika simw,t) (10)

expression for the dielectric function €(k,W).

In the case of a particle with velocity '\7. ?('F\'t).: Ze 8(?‘_:}{,)

we find,

=212 Y 3,58) Sk enit) (19

N=-m

and using Eqg. (¥) we 4inally obtain for

GF,t):

the selt-consistent $i1eld

k(r3t) t(ﬂ m)w,t
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(12)

The result represents the dynamical response of the medium to the

motion of the test particle 1n the precence of the laser +tields

it takes the form of an expansion over all the harmonics of the

-~
laser frequency., with coetticients Jn k.@) that depend on the
2

intensity ILQ,a



2. EMERGY LUOSS AND STOFFING FOWER

From Eqg. (12) 1t 1s straiohttorward to calculate the electric
- 3 = - - . -
field E(r.t)xﬁvyir.t), and the time averaoge of the stopping field
2 A
Es=<:E(¢t.tJ> acting on the pcarticle. Then., the mean energy—loss

rate of the test particle becomes

- 2 3
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with ) =k.v-nw,. 13
n 0
To 1llustrate the effects of the laser fi1eld we +i1rst consider
the calculation of the stopping power. 5 2(dEzdﬁ>x V4'<d&fdt> .
It 18 convenient to take into account the svymmetry of the
. = = -
integrand in Eq. (13), with respect to the change k,n = ~k,-n

Im[~1/£(k.j1nJ3 changes sigi, as well as the factor E.C

Using also the property

© 2 2 =
> R =R +2Y T (14)

N=1

we obtain

Sz(ze)z Lk (13) by (tzZ:r 0 | Im[ (kﬂ)]

(15)

- om -
with si=k.a, QN=~'k.v---Nw°.

Hence, the stopping power depends on the particle velooity v,

and on the frequency u% and 1ntens: ty, IL'LHZ . of the |aser



(the intensity dependence is given through the quiver amplitude
a=ef /nnﬂf). Moreover, since the vector ¥ oin Eqg. (185) 1s spheri-
cally inteqgrated, 5 becomes also function of the angle & bhetween
the velocity V and the direction of polarization of the laser
field, represented by a.

By comparison, the stopping power in the absence of laser

field is given by

R 2m2v €(k,w)

b):‘iﬁ

In order to calculate the terms in Eg. (1%), we illustrate in
Fig-1 the map of excitations in the W-—k plane for a degenerate
electron gas, and the integration ranges for the cases N=0,1,2.
The excitations are represented by the energy-loss function,
ImL-1/E(k,w) 1, according to the expressions for the degenerate
electron gas [2].

Since Iml-1/€(k,w)] is an odd function of the frequency W ,
the map of excitations is symmetric with respect to the k AN1S.
The lines marked Al, Bl indicate the sharp resonances due to
plasmon excitation [121. The frequency of these modes wk 18 given
by the dispersion relation: €(k,w )=0, or to lowest order in k2 :

K
w;'=w:+(3/5>k2v: s Where w:=(41‘l‘m:92/m)1,2 is the usual plasma
frequency.
The dashed regions denoted by AZ and BZ in Fig.1 correspond to
single—-particle Excitatimﬁs or electron-~hole pairs (i.e., excita-—

tions of electrons from the Fermi sphere), and are bound by the

; , - _ rL2 -
lines W=%W;, , with (12] wilz_’ﬁk [2m % k\*"r_-



Next we consider the regions of integration in the W~k plane
for the various terms in Eg. (15). The range of frequencies of
™ i
interest are determined by the dependence E(k1k.V*Nh%). There—

fore, the integration range for the N-th term is given by
—l:v—-Nwo*;w < kwve=N W, (17)

Figure 1 shows these limits for M=0,1,2, with dashed, dash-dot ,
and dash—double-dot lines. the origin of integration is displa-
ced from W=0 (for N=0), Lo W==W, (for lel,tbmﬂ2u% (for N=2)
and so on.

For a physical interpretation of the various cases, we show in
the right-hand side of Fig.l the diagrams of the corresponding
inelastic processes. In general, we observe that the range W 0
corresponds to processes accompanied by photaon emission, whereas
the range W <0 corresponds to photon absorption, and N=|n| is the
number of photons involved in the process. Since the formalism
describes two kinds of elementary excitations in the plasma the
scattering can give place to either plasmons (lines Al, B1), or
electron—-hole pairs (regions AY, E2). Fach ot these processes is
represented by the corresponding diagram in the raght—-hand side

of Fig.l.



4. DERIVATIUON OF THE MEAN FREEE FATH
To derive the expression tor the mean—-free path (MFFP) and scat-

tering rate we note that Eqg. (13) is of the {form

C4E> - ( F o, (42) (18)

where AEk= ﬁ§.¢ is the energy transter in the scattering of a
"heavy" particle (recoil terms are neglected) interacting 1nelas-
tically with the plasma, and dP/d*k  is the differential probabi -~
lity for particle-plasma scattering with momentum transter ﬁﬁ,

and energy transter At in the presence ot the laser field.

K

From this relation we can derive the value of dP/dak. However ,
we should first collect the terms of Eqg. (13) in such a way to ob-
tain always positive scattering probabilities.

In the RPA formulation of Sec.d the electromagnetic field was
considered as a classical quantity, while the system (electron gas)
was treated quantum—mechanically. This agrees with the semiclassi-
cal radiation theory approach. I[n addition, in this description the
test particle was also considered as a classical external source.
The result for the energy—loss rate <dE/dt> y Eg. (13), becomes
an integral over the frequency range described in Fig.1.

However, in calculating the probabilities for guantum—mechanical
prnceéses of inelastic scattering, the frequency w in £ (k,w)
represents also the energy transferred to the plasma hw) in the
scattering event.

The function Iml-1/g(k,w)] appearing in Eqg. (13) (usuwally called
the energy-loss function) is odd with respect to W, and therefore
it can contribute with positive and negative terms to the integral.
Hence, for a correct definition of (positive) scatltering probabili-

ties, we will describe the energy-absorption by the function

10



(k,w) = ImEtfe(oo)] w0 (19)

0; w<o

corresponding to a system that can only absorb energy.

F

0

Fhe 1ntegral in Eg. (13),

Kp = f "—} (%3) T, (k2) Im [ (20)

€ (k -Q—n)]

-

with 51 =K. V*HOJ , Can be ewpressed 1o terms of the function P, (k,w)

0

throuwgh the replacement

Imlagy) =600 -Rl-n) )

Then, +or a given m>0 we consider the contributions of both terms,

with n=fm, viz.

o2 0 2060 ir o]

k;
(22)

Xz £ (&) T (%.0) [Fy B4 mus) =, (k,KF-mug)]

-

-
Ey & parity transformation, k < -k, in the second term of Xm

we find

(23)
X, - fdk‘; (x3)T (m)[ (5 RT-mg) + Fy (% +m )]

An 1dentical result i1s obtained 4vrom Xn1, by the same transtor-—

matian in the second term, and using that Jé ix)aJim(xJ.

11



Thus, we get

3 . Wi .
X+ X, ) =2 Cik?k (k) T (%) F;(k,i.v-mwo)+F°(k,"[£.§’+mwo)]

(24)

We can now separate trom this integral the terme corresponding

to photon emission,

3 2
d_‘:‘;_ (%) T, (®.2) F (ko) -
LD:-E:G -rnu)o)O

and to photon absorption,

2 & () 3—2 (%.3) Fb(k,w) (25')
'S ~

W=k +mw,> 0

which in both cases have the correct behavior correspounding to
real energy absorption by the electron gas (instead, the parti-
cle can gain or lose enerqy, depending on the enerqgy exchange
with the radiation field).

The scattering probability F, the NFF"Rsle , and the mean-
scattering time T, are related by F=1/t=v/). Hence, we define
the differential inverse MFF (DIMFF) , dPn' and the inverse MFF
(IMFFP) , M, which according to Egs. (13),418),(25) and (25’),

take the form:

2 3 .
dpp=Ldp, = L&) 4% 7o) Tm[ -1 (26)
v whv K2 €(k,Q2n)

f1,>0

12



_(Ze) [P T2fp 2 4
n= e | SX Ty () I E(k’m] . 2%)
n>0

These equations give the DIMFFP and  IMEF for the 1nelastic scat-
tering of the particle in the plasma, with simultaneous absorption
(if n<0) or emission (if n>*0) of n photons of freguency Q%.

As shown, the scattering rate d% y Eqg.(26), 15 well-defined
only for.ﬂhﬂ;.;—nbﬁ>0. Therefore, the regions of integration for
the inverse mean free path are those shown 1n Fig.2, where we
1llustrate only the particular cases wilh n=t1.

The calculation of the MFF according to Eq. (27) is analogous
to the stopping power integration, but the range of integration
is restricted now to pﬁsitiva frequencies, whereas in the energy-—-
loss integration of Fig.1, both absorption and emssion domains
are mixed in an extended picture.

In fact, the integration over W >0 in Fig.l for n=+1, agrees
exactly with the integration range for the emission term (n=+1)
in Fig.2, while the integration domain WO in Fig.1l, with n=-1,
is the mirror image of the domain corresponding to the absorption
process (n=—-1) in Fig.Z. Hence, both pictuwes become eqguivalent.

An alternative treatment of inelastic scattering processes,
with absorption or emission of single photons (and simultaneous
plasmon excitation), is given in Appendix A, using pertwwbation
theory and a simple model description of the plasmon field.

Here we note that the present expressions ot dy, and Hp are
generalizations of those obtained i1n Appendix:x A in two i1mportant
ways: (l)inclusion of multiphoton processes (Inl>1), of i1nterest
for very strong fields , and () self-consistent description of
screening and dynamical ~response eftects through the properties

of E(k,K.V=nw,).

13



S. CALCULATIONS AND DISCUSSION

We show in Fig.2 the results ot stopping power calculations
for an electron gas with hu$mlﬁ.5 eV, or ﬂ:=0.92 Aulda (these
values correspond to the conduction band of Al), for two laser
=1.2 and 2.0, and for (Upa/%:=0.ﬁ (for the case

frequencies, uhpr

16
of Al this corresponds to laser intensities ~ 10 w/em?) .

5Pt

Sy is the energy loss due to plasmon excitation

The line denoted
without the laser field, and has a threshold for v/vF=1.4

In general, we find that the etfect of the laser field is to
reduce the stopping power for velocities Vﬂlﬂ:, with respect to
the stopping power without laser field (dashed line).

However , for wo/&¥= 1.2 we observe a different behavior at low
velocities, where there is an increase of the stopping power. We
tind that this effect is due to a diffterent mechanism for plasmon

excitation which arises when {uogtu and below the "nmormal'" velo-

p*
city threshold.

The dependence of the stopping power on the angle o, between
the velocity v and the direction of laser field polarization,
is shown in Fig.4 for v=v

In order to analyze the mechaniem of plasmon excitation for

low-velocity particles we show in Fig.5, part (a), the calculated
inverse mean free path (IMFF) for plasmon excitation, Pil s, for
the two processes of first order with respect to the radiation
field. Thus, M41 corresponds to the process of particle scattering
with emission of both a photon and a plasmon, while K.y represents
the process of photon absorption accompanied by the emission of a
plasmon. They are represented respectively by the diagrams Al and
El in Fig.! (with n=%1 in this case). Ky comparison we also show
the IMFF for "normal"” plasmon excitation (i.@., in absence of laser

field, dashed line).

14



We notice the strong increase in the probability ftor process K
(n=-1) when Q% apptroaches wP. Ihis hehavior is tuwther illustrated
in part (b)), where we show the values ot My +or a =et of ratios
Wy /Wy .
To explain this effect., we consider the energy exchange by the

particle in the process n=-1 (photon absorption-plasmon emission),

given by (cf. Appendix A):
(28)

This indicates the possibility of energy loss (for ukiuhiwa or

energy gain (fDr(ﬂO}uJ) depending on the value of Q%.

k
Due to plasmon dispersion effects, the value of Lnk lies in

the range between mb mmdu%, cf. Fig.2, where u% is the limiting

plasmon frequency corresponding to a wavevector kc such that plas-

mons start to decay into electron-—-hole pairs [£12]1.

Therefore, since plasmons are bound by (ukio%, and k<kc, Eq. (26)
gives a finite velocity threshold for process n=-1, namely
v, = W-@) kg, (29)

as long as (UO>U% -

When &% is smaller than uk, the threshold velocity for this process
becomes null. For the case considered here, u%xu$§1.s, and so we see
from Fig.5 that for W, /Wy £1.5 there 1s no threshold for My -

In this case there is a frequency range, &)kN{UU s which always
contributes at low velocities (in other words, part of the plasmon

line will remain within the closing range between the two n=-1

lines of Fiq.2 for &ll smaller velocities) .

15



6. SUMMARY

We have developed a general formulation for the effects of strong
laser fields on the inelastic interaction of swift particles with a
guantum—mechanical plasma.

The RFA formulation, as extended in the presence of a laser field,
provides a self-consistent description of the inelastic processes
pertaining to particle-plazma-laser interactions.

The formalism describes excitations of plasmons and electron—-hole
pairs, with simultaneous emission or absorption of photone. The in-
teraction with the test particle provides a mechanism for energy
transfer between the radiation and plasmon fields.

The scattering rates and the energy exchange are modified by
single or multiphoton processes, depending on the laser—-field
intensity. Strong effects due to the laser field are found for
intensities in the range of interest of laser fusion experiments.

For intermediate velocities, va v_, the laser produces in gene-
ral a decrease of the stopping power. However , when the laser
frequency u% approaches the plasma frequency (up new eftects
arise in the range of low velocities (v{{vF). We describe the
effects on the energy loss and inelastic mean—free paths.

We find that the main contribution comes from the process of
plasmon excitation assisted by photon absorption: this occuwws for
velocities below the normal threshold for plasmon excitation,
provided that wﬂ is within the range of plasmon dispersion fre-
quencies <<up1:u%<:u£ ). In this case the threshold disappears and
the energy of the absorbed photon is transferred to the plasmon

tield.

16
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AFFENDLX A

FERTURBATIVE CALCULATION OF SINGLE-FHOTOM FROCESSES

We consider in this Appendix an alternative derivation of the
scattering rates +or processes k1l and Bl (n=%1) discussed in Secs.
I to 3, corresponding to single-photon emission or absorption.

For this calculation we use a quantum electrodynamical description
of the photon and plasmon fields.

Hence, we write the hamiltonian +or particle-plasma-laser interac-—

tion in the form

H=H + H (Ad_)

where H0 consilsts of the separate hamiltonians of the radiation
field, electron gas, and external particle, while the 1nteraction

hamiltonian H1 is given by L[12,14)

ad e sr
H, = H; % Hf + Hy (A2)

The first two terms correspond to the coupling between the particle

and the radiation and plasmon fields., and are given by

0d < 4 "
Hl‘l - Z, Gq{ (qu+ Qf:i)(:w1 C,, (P- &) (A3)
P9

i

A +\ .+
Hi ¥ 2—k Fx (Lk+ bk) Coin Cp
PI

18



- - =2 . .
where'ﬁq.-ﬁk and ﬁp are the momenta ot the photons, plasmons ana
external particle, and 03. hk. c  are the respective annihilation

~
operators; Ed 15 the polarization vector ot the photons., and the

coupling constants are

& ‘ftﬁ% n /
%z _ 2k [ Lew, : =)
K7 Ve, \ k

0 "
where W and W represent the photon and plasmon frequenciles.

62 _ 2T Ze‘h\z (AS)

k
~
In this case (U%, a. and Q‘ Aare given bv the laser +requency &%-
- . ~

wave vector qo. and polarization vector Eb'

. r 3 - , ,

fhe term Hi in Eq. (RZ) accounts tor the short-range coupling
between the test particle and the electrons. Ihis term gives

place to electron-—-hole excitations (Fig.l, diagrams A2, H2Z) and
will not be discussed in this appendix.

et us now calculate the matrix elements for the processes
ot plasmon excitation accompanied by spontaneous or stimul ated
photon emission, like those shown in Fig.é6.

The second-order matrix element for & transition between the

initial la> and the final state Ib> isg

IADZATRES
M = ! 5 A6
ab - E—Ei ( )

tfor thée process under consideration the first-order term <blH, |a>

1

gives no ceontribution,.

19



In the case of diagram Al, the transition from la> to the inter-

medl ate state I11> (containing & particle with mamﬁntum‘ﬁﬁu and

& photon with momentum‘ﬁao;, 1@ produced by the interaction term
rad , . .

Hi « Eg. (AL, and yields:

<i1]H1m‘* |0 = G%«/No+i (B-€,) (A7)

=
where N° is the number of photons with momentum . i1n the radia-

tion +tield.

The second transition., from |i, > to b>., aiven

HPQ ield
L vields

by the term

ColH Ty = 9i (AF)

The energy and momentum ot the intermediate state [ii) are

Pu=P-3 = +F
By = Hiw, + (F- 9r°)

being M the mass of the part1cie.

as)

In the same torm, we calculate the matrix elements +or the

diagram A1’ in Fig.6:
Cal W oy =g, (o)
ChIHP ) = Gg ANt (FRE)  (a)

with

?iz = F"‘-E = -P.,'Pq-‘o (A.‘l())
iy = 0 X (%) o

20



Therefore, the total matrix element for plasmon excitation and

single-photon emission, diagrams Al and Al1’Y, becomes

A

(1) B2 -
Mab = 3KGONIN0+1 { P% P ] (An)

E_E;L.‘L E—E:LQ_

This corresponds to the process with n=+1 of Sec.S.

In the same way we calculate the matrix elements for the dia-—

grams Ei, Bl’ of Fig.é, namely:

Cisl W 1oy = Gy AN, (B &)

1

<ol R i = g, (A12)
Syl HY' o> = gy
CoLH™ [y = Gy AN, (3 &)

];i3 ==¥;4.§; :=‘Fl+-§
P =F-% = -3,

Ei.3 = “zi\;— (F*io)z

(A13)

2
Ei'q =Jﬁw0+hwk+ ;LM_ (F_§°)2

21



Hence, the matrix element becomes:

A B

(1) r P. € i P g, (AW)
= 9 © E-Eiy  E-Ey

This corresponds to the process ot plasmon excitation with single-
photon absorption, i.e., the n=—1 term of Sec. .

The terms within brackets in Eqgs. (ALL) and A14) can still be
reduced to a simpler form it the photon momentum 1& neglected
(low—q approximation). (his Corresponds to the non-retativistic
approximation.

Thus, neglecting terms of order v/ o we obtain:

[ T; o 4 T"r'go _} 12’é\c. (A15)
E- E-E! ’ﬁ(wk._ﬁ.ﬁ')

m>

i

ITI

i A

The transition probability per unit time 1s given by the well

known expression
(1) 2 3 o _ 0
dwii.-_—.zl M.\ \ dea S(Ep+hwo-EP,—hwk)
i (2m)
(a16)

where E;='ﬁz 2/2M is the particle kinetic energy.

The energy difference &Eab—Ep+ﬁw EP - 'Faw y in the low-q

- - -
approximation (p'g p—~k) becomes:

Egy = 3hu,<ho, + [P (pkr] )
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For a heavy particle (or a fast electron), we can neglect the
particle recoil in the scattering process. Therefore, the energy

change by the particle is
0 _ hz 'Z-— B A ;:J ;Fﬁ . _ -
AE, = z (P~ (p-%)*] B (PR = Hv. k (a19)

Hence,

@&
&Eabﬂ":’ W (RS TW,=Wk) (a19)

Finally, using Eqs. (m(,)_ (A1q) , we obtain the probability

for processes n=%1:

4 AL\2
dw+1 " e w:; ( N ) (-E.Eo) 8 (E-h\?_wk '_;DJO) (AZO)

mwlw, \V k2

with N=N0 for n=-1 (photon absorption), and N=No+1 for n=+1 (pho-
ton emission).

This result can be compared with EqQ. (26), obtained from the
dielectric function formalism. The present perturbation analysis,
for single-photon processes, applies for relatively low intensi-

ties of the laser field.

2

n

-
In the limit of low laser intensities we approximate J (k.2

|

=
(k.a)z/4. Moreover, we use the plasmon-pole approximation for the

plasma resonance, viz.

2
Im[ L]z 12 §w-u) (a21)
€ (k,w) 2w, )
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Then. from Eq. (28), with n=%1, we get

(Ze)2 (k3 wp 3
dP‘i‘l = Th b2 -1{- Upk_ S(ﬂii_wk) dk (AZ?.)

which fully agrees with Eqg. (RZ0), since the number of photons per

unit volume is related to E as: N/V=E§/8ﬂ”ﬁub.

0
To caonclude we note that while the RFA treatment given in Secs.

3-5 vields a more comprehensive description, the present approach

provides a simple physical insight of the problem. In addition,

both descriptions are equivalent tor single-photon processes in

the plasmon—pole approximation.
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Fig.1

Fi 03822

FIGURE CAFTIONS

Map ot excitations i1n the W~k plane (left cide) for an elec-—
tron gas in the presence of a laser field. The lines AL, B1
represent the excitation of plasmons with energy H&&, accom-—-
panied by emission or absorption of n photons. The dashed
regions A2, H2 correspond to excitations of electron—-hole
pairs with enerqy Hu%h, and simultaneous emission or absorp-
tian of n photons. These procesces are 1llustrated by the

diagrams in the right.

Integration ranges for absorption (1<Q) or emission (ri>()
processes, according tao the derivation of the scattering
Probabilities given in the text. They pertain to the same
processes of Fig.l, but the integration is restricted here

to positive frequencies (see text for discussion).

Calculations of the stopping power for an electron gas with
ﬁu$=15.5 eV, at two laser trequencies, u%/ukxl.z and &.0,

for Q%a/%zmﬁ.ﬁ. The dashed line shows the "normal stopping
power (in the absence of laser field). IThe contributions
due to plasmon excitations are shown with dash-dot lines for
no-photon (n=0) and single-photon (n=-1) abeoption. The 1ow-
velocity rise of the stopping power is due to the process ot
plasmon excitation assisted by photon absorption as discussed

in the text.
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Fig.4 Angular dependence of the stopping power at vzuk, in terms
of the angle o« between the particle velocity V and the direc-

Fa SR
tion ot polarizatian of the Jaser field EDxEuXEO.

Fig.5 Calculations of inverse-mean-free pathes (IMFF) for plasmon
excitation accompanied by single-photon absorption (n=-1i,
solid lines) and emission (n=1, dash-dot lines), for laser
frequencies in the range u%/u$:1.2 to 2.0, and +or angles
=0 (part a) and W/2 (part b). The line Ho 18 the "normal"
IMFFP (in the absence of laser +i1eld). The figure shuwslthe
shift and disappearence of the plasmon threshold when W,

approaches u%.
Fig.6 Processes of first order with respect to the photon and

plasmon fields, corresponding to the perturbative calcul a-

tion of single-photon processes.
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