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ABSTRACT

We -formulate a general description of the inelastic interaction 
between charged particles and a degenerate plasma, in the pre­
sence of a strong }aser field, the excitations in the plasma 
are described following the RPA formalism, in terms of the 
dielectric function of the medium, and including the effects of 
the laser field on the dynamical response. The energy exchange 
and the scattering rate of the particle in the plasma are modi­
fied by multi photon processes.

The formalism describes the excitation of piasmons and elec- 
tron-hole pairs, with simultaneous emission or absorption of 
photons. We? calculate the contribution of these processes to 
the energy-1 oss rate and to the mean-free path of the particle 
in the range of solid-state densities.. New effects due to the 
laser field are expected for intensities similar to those used 
in 1aser fusion experiments.
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1. INTRODUCTION

The interaction of charged particles with a degenerate electron 

gas has been a subject of great activity, starting with the work 

o-f Bohm, Pines, Lindhard, Ritchie, and other authors. E13--C33.

A comprehensive treatment of the quantities related to inelastic 

particle-solid and parti cle-plasma interactions, 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 solid-state physics H4! , LSIl , and' 

more recently, in studies of energy deposition by ion beams in 

plasma fusion targets C63„*

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 1 aser 

fields [7,83, multiphoton ionization t!9J, inverse bremsstr ahl ung and 

plasma heating CIO,111, and other processes of interest for applica­

tions in optics, solid-state and fusion research.

Here we present a study of the effects of strong laser fields on 

the interaction of fast non-relat.ivist.ic particles with a degenerate 

electron gas. The problem is formulated using the random-phase 

approximation (RPA), and including the effects of the radiation 

field in a self-consistent way,, The results are expressed in terms 

of the RPA dielectric function for quantum plasmas, 6<k,co), with 

frequencies associated to the harmonics of the laser frequency C*JQ .
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The el ectromagnet i c: field is treated in the 1 ong-wavel ength

limit, and the electrons are considered non-relativistic.

These are good approximations provided that: (i) the wavelength

o-f the laser -field X ~  2TT c/GO is much larqer than the Thomas—0 o
Fermi screening length, /[ ~vi_/y/3"co (beinq v the Fermi velocity

TF F p p

and C0p the plasma frequency), and <ii) the "quiver velocity" of 

the electrons in the laser field, v =eE /mu) , is much smaller thane 0 o
the speed of light c.

These conditions can be written as:

(i ) ^0 «
(Op vF

<:t 1} IL « inc (me2) (~̂ )2 
2where I /81T is the laser intensity. As an estimate in the

23 -3case of A1 , with conduction electron density n=1.8 x 10 cm ,
3 /v 2.0 ?we get nmc: /2 = 2 >: 10 W/cm „ Thus, the limits (i) , (ii) are

well above the values obtiiined with currently available high-power 

laser, and so the approximations are well justified.

The? present formalism yields general expressions 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 energy 

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 partic1e-p1asma-1aser interaction processes.
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2. RPA FORMULATION

We start the calculation by writing the time-dependent, hamilto- 

nian for the electrons in the presence of both a radiation -field 

A (t ) = (c /C0Q ) costO^t , and a sel f -consi stent scalar field Cp ( r , t) ,

:i .. e. L 11 ;i

2
H(t) =  7 - L  [ p - | A C t ) ]  c+p c p - e 7 > ( k , - t )  Cp+kCp (2)

p 2m p,k

where C p , c^ are annihilation and creation operators for electrons 

with momentum p, and <p(k,t) is the Fourier" transform of î.r,t.i 

The field <|><k,t; is produced by the external particle, of charge 

Ze and velocity v, and bv the induced electronic density, viz.

V2<p(U,4:) = <nrf(i;,t)_<nre£ <c+ „Cp> ^
P

being ^(k,t) the Fourier transform of the particle charge density;

(r , t ) =Ze S <’r--vt) .

The time evolution of the operator ĉ"̂ " u c S  can be obtainedp -  K p  /■

from the equation

■ ^ ^ r ( c t - k c p )  =  [ c " U c i> > (< f)
OX

This yields, using Eq.<2),

if <ci-' ̂  - ' i (6V  »-) <cU O  ■ T 1’“ *' tv«- M
C s )
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Here f^=-f(p) is the equilibrium distribution -function for the 

degenerate electron gas (in our case the zero-temperature Fermi- 

Dirac distribution), and

6  - ¿ - A f t ) ]  / 2  m ( 0

for a general time-dependent M eld mt.i f-q.Crj) has the solution I. A 1J

< c U c A  =  i " d t '  * ( i i V )  Q l t , )  C 7 )-oo

wi th

QUn = e*f> j-A. J dt" [ep_k(t")- l p (t*) ] } (r)

and in particular, -for an oscillatory -field A<t)-A cos(0t, with0 0 ’
—A —*
Ag-cE^/u) , we obtain:

C ^
<C^_kCp>^_ = - ^  *-£*>) j d V  <j>(k,V) exp

—00

x exp pi (sin 0)Qt - sin U)0t') j (8)

where a=eE))/m(i)o is the transverse oscillation amplitude o-f the 

electrons driven by the electromagnetic field (quiver amplitude) 

Finally, using Eq. (3) find making a -further Fourier trans-form 

we obtain a solution -for the -field <p in the -for

i + Z -I t*Hire

*><2 p w - ( £ t>- £ p.k) A + l 5

“m
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—* r*j
where we introduced the t r equenc y--t r an st or ms <j> < k „ u» , y ( k „«) o-f 

the quantities

(pCJ^-fc) =  (lt:.a s w c o 0t)

^ (i.V) = ̂  (U,t) exp (¿i.a ̂ wvw0t)
(10)

The term within brackets in Eq„ \9> can be identified with the RPA 

expression -for the dielectric function 6(k,t0).

In the case of a particle with velocity v, (r^t')= Ze S(r-vi) 
we +i n d ,

00

y(T<,u)) =  2TrZe J n (k-a) S  ( ( X ) - U . V ( i l )
n=-oo

and using Eq. (9) we finally obtain for the sei f —consi stent: field 
tf (r ,t) :

-7 ( - —  'ik(r.vt) i(r»-nr>)w0t
(pPt) . li. d3k ̂  Jm (t.a) Jn(i.i) i_„, ----

-n ' m )(1 k2 £(k,Te.v-nW0)

(12)
The result represents the dynamical response of the medium to the 

motion of the test particle in the presence of the laser field; 

it takes the form of an expansion over all the harmonics of the
-Alaser frequency, with coefficients J \ l<. a > that depend on the 

intensi ty Î cC 3? ■
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3. ENERGY LOSS AND STOPPING POWER

From E q . (12) it is s t r a i q h t f or w a r d t o c: a 1 c u .1 a t e t h e e 1 e c t r x c 
« 1  _ »•field E(r,ti=~V0(r,t) , axnd the time average of t.he stopping field 

J / J  _> vEs:=\E(vt,t>/ acting on the particle. I hen, the mean enerqy-loss 

rate o-f the test particle becomes

n=-oo

(13)with n  = fc . v~n U)n.
n 0

To illustrate the effects of the laser field we first consider 

the calculation of the stopping power., Si =(dE/dx^= v~* ̂ dE/'dt^ . 

it is convenient to take into account the symmetrv of the
j * - a *integrand in Eq.(13), with respect to the change k,n —» ~-k„--n : 

ImL-1/£<k,iln )1 changes sign, as well as the factor k.v .

Using also the property
00

£  J n M  = J0 M + 2 ^ . T > )
N=1

( W )
n=-oo

we obtain

s = (Ä. ('<•'') + 2-2 . Tn2w] Im2rr2v J k L Nil
- 1 ]

w 1 1. h k „ a , -ft ,-k.v-NCO .
( 1 5 )

N ’o
Hence, the stopping power depends on the particle velocity v,

and on the frequency M  and intensity, I =cE /Sir, of the laser
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(the intensity dependence is given through the quiver amplitude
2  -*a-efi^ /m ). Moreover, since the vector k in Eq.(15) is spheri­

cally integrated, S becomes also function of the angle oC between 

the velocity v and the direction of polarisation of the laser 

field, represented by a.

By comparison, the stopping power in the absence of laser 

field is given by

c _ lZef
0 ~  2tt2 v

d 3 k (Tc.v) T m - 1 (16)
G) = l

In order to calculate the terms in Eq.(lS), 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,l,2. 

The excitations are represented by the energy-].oss function, 

Imt-l/£(k,w)3, according to the expressions for the degenerate 

electron gas C23.

Since ImC-1/£. <k ,w) 3 is an odd function of the frequency to , 

the map of excitations is symmetric: with respect to the k axis.

The lines marked A1, B1 indicate the sharp resonances due to 

plasmon excitation C12J. The frequency of these modes is given

by the dispersion relation: 6 < k , ) =0, or to lowest, order in k2 :
^ 2  *2, 2  2+ <3/5) k Vp , where U)̂  = (4TTne2/m) is the usual plasma

frequency.

The dashed regions denoted by A2 and B2 in Fig.1 correspond to 

si ng 1 e-p ar t i c .1 e excitations or el ectr on-hol e pairs (i.e. , excita­

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

lines (0 = ± U)12 , with C123 0>1 z = ft k2/2 m  + k \Zp .
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Next we consider the regions of integration in the W .k plane

■for the various terms in Eq.(.t5). The range of frequencies of 

interest are determined by the dependence £ ( k , k . v ~N u>0 > . There­

fore, the integration range for the N--t.h term is given by

Figure 1 shows these limits for N-0,1,2, with dashed, dash-dot, 

and dash-double-dot lines, (he origin of integration is displa­

ced from to =0 (for N»0> , to C0==-C00 (for IM= 1) , CO ~-2to0 (for N=2) 

and so on.

For a physical interpretation of the various cases, we show in 

the right-hand side of Fig., 1 the diagrams of the corresponding 

inelastic processes. In general, we observe that the range CO >0 

corresponds to processes accompanied by photon emission, whereas 

the range <0 <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 A.t , B.D, or 

e 1 ec t r on—h o 1 e pairs (regions A2 , E<2) . Each of these processes is 

represented by the corresponding diagram in the right-hand side 
of Fi g . 1.

9



4. DERIVATION OF THE MEAN FREE PATH

To derive the expression for the mean-free path (MFP) and scat­

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

"heavy" particle (recoil terms are neglected) interacting inelas-

lity for particle-p] asma scattering with momentum transfer fik , 

and energy transfer AE^, in the presence of the laser field.

we should first collect the terms of Eq.(13) in such a way to ob­

tain always positive scattering probabilities.

In the RPA formulation of Sec.2 the electromagnetic field was 

considered as a classical quantity, while' the system (electron gas) 

was treated quantum-mechanical I y „ This agrees with the semiclassi- 

cal radiation theory approach. In addition, in this description the 

test particle was also considered as a classical external source. 

The result for the energy-1oss rate <dE/dt> , Eq.<13), becomes 

an integral over the frequency range described in Fig..I.

However, in calculating the probabilities for quantum-mechanical 

processes of inelastic scattering, the frequency Go in £(k,io) 

represents also the energy transferred to the plasma (ftgo) in the 
scattering event.

ihe function ImC.l/£ <k,u>) 3 appearing in Eq. <13) (usually called

the energy—loss function) is odd with respect to to, and therefore 

it can contribute with positive and negative terms to the integral. 

Hence, for a correct definition of (positive) scattering probabili­

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

where AE^=: fik.v is the energy transfer in the scattering of a

tically with the plasma, and dP/d3 k is the differential probabi-

F-rom this relation we can derive the value of dP/d3 k. However,
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Fo =
I m  E-l/e(k,w)] , w > 0

(is)

0
) C0< 0

corresponding to a system that, can only absorb energy. 

The? integral in Eq. (13) ,

r .3,X n = ('<•'') ̂ (k-a) Im _ r A _ lLf(k,An)J ( 2 0 )

with i"l «k. v-n CO , can be expressed in terms of the -function F < k ,co)
n o  0

through the replacement

(21)

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

with n-±m, vi::.

X" =f §  (W) J™ (lU) (22)
X m  =— TYV ^(k.^c-v + muJo)- Fft

By a parity transformation, k ■*--► -k , in the second term of Xm
we find

(23)

X = F, (k, t . v - m w 0) +  F  (k.t.v+m (*)0)

An identical result is obtained from X , by the same transfer
-171

2 2mat .ion in the second term, and using that (x)-J (x).- —- in -m
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Thus, we qet.

(Xm+Xm)= 2 f ^  (W) £(*.*)
k¿ ^  (k,!<.'V-mU)0) + (k.Tc-v

(24)
We can now separate írom thi s integral the terms correspondíng 

to photon emission,

^L(ï.v) Tm2(s.ü) F (w,<o) 
k (25)

-mu). > 0

and to photon absorption,

4 ( 0 )  J > .4 )  Fh(k,«o) 
k2 - m (25')

which in both cases have the correct behavior corresponding to 

real energy absorption by the election gas (instead, the parti­

cle can gain or lose energy., depending on the energy exchange 
with the radiation -field).

- The scattering probability P, the MFP ^El/p , and the mean- 

scattering time X, are related by P— l/X—v/^. Hence, we (define 

the differential inverse MFP (DÏMFP) , , and the inverse MFP

(IMFP), jjî  , which according to Eqs. ( 13) , < 18) , (25) and (25'),
take the form:

Tr
-1

.8 (k,I2n) _

Í26)
-fln>0
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_i
S(k,I2„)

(2 ?)
A„>o

These equations give the DIMFP and IMFP for the inelastic scat­

tering of the particle in the plasma, with simultaneous absorption 

(if n<0> or emission (if n>0) of n photons of frequency .

As shown, the scattering rate df̂  , Eg. (26) , is well-defined 

only f or il̂  = k. v-~n (*̂ >0. Therefore, the regions of integration for 

the inverse mean free path are those shown in Fig.2, where we 

illustrate only the particular cases with n~±l.

The? calculation of the MFP according to Eq.(27) is analogous 

to the stopping power integration, but. the range of integration 

is restricted now to positive frequencies, whereas in the energy- 

1oss integration of Fig.l, both absorption and emission domains 

are mixed in an extended picture.

In fact, the integration over CO >0 in Fig.l for n=+l, agrees 

exactly with the integration range for the emission term (n=+l) 

in Fig.2, while the integration domain U) <0 in Fig.l, with n=--l , 

is the mirror image of the domain corresponding to the absorption 

process (n=-l> in Fig.2. Hence, both pictures become equivalent.

An alternative treatment of inelastic: scattering processes, 

with absorption or emission of single photons (and simultaneous 

plasmon excitation), is given in Appendix A, using perturbation 

theory and a simple model description of the plasmon field.

Here we note that the present expressions of djj.n and p.n are 

generalizations of those obtained in Appendix A in two important 

ways: (1)inclusion of multiphoton processes (InIM), of interest 

for very strong fields , and (2 ) self-consistent description of 

screening and dynamical-response effects through the properties 

of £< k , £. v-~no00 > .
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5. CALCULATIONS AND DISCUSSION

We show in Fig.3 the results of stopping power calculations

•for an electron gas with ¥)0J -15.5 eV, or v =0.92 a. u. (theseP F
values correspond to the conduction band of A1), for two laser

frequencies, O>0/top = 1. 2 and 2.0, and for 0>p a/v =0.5 (for the case

of A1 this,corresponds to laser intensities w 10 W/cm ).
piThe line denoted SQ is the energy loss due to plasmon excitation

without the laser field, and has a threshold for v/v =1.4 .

In general, we find that the effect of the laser field is to

reduce the stopping power for velocities v , with respect toF
the stopping power without laser field (dashed line).

However, for = 1.2 we observe a different behavior at low

velocities, where there is an increase of the stopping power. We 

find that this effect is due to a different mechanism for plasmon 

excitation which arises when C0Q = t0p , and below the "normal" velo­
city threshold.

The dependence of the stopping power on the angle o(, between

the velocity v and the direction of 1aser field polarization,

is shown in Fig.4 for v=v .F
In order to analyze the mechanism of plasmon excitation for 

Iow-veloci ty particles we show in Fig.5, part (a), the calculated 

inverse mean free path (IMFP) for plasrnon excitation, fJi±i ’ for 
the two processes of first, order with respect to the radiation 

field. Thus, jx+1 corresponds to the process of particle scattering 

with emission of both a photon arid a plasmon, while p. ̂  represents 

the process of photon absorption accompanied by the emission of a 

plasmon. They are represented respectively by the diagrams A1 and 

B1 in Fig.l (with n=±l in this case). E<y comparison we also show 

the I Mf* P for "normal " plasmon excitation (i.e. , in absence of laser 
field, dashed line).
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We notice the strong increase in the probability -for process B1

(n---l) when G0„ approaches £0 . This behavior is further illustratedo p
in part (b) , where we show the values of |j -for a set of ratios

W 0 /Wp .
To explain this effect, we consider the energy exchange by the 

particle in the process n=-“l (photon absorpti on-pl asmon emission), 

given by <cf. Appendix A):

AE® ~ 'fik. v= -ft 00 - ‘fi (0, (2 8)k 0 k

This indicates the possibility of energy 1 dbs (•for M  **• 00. :s CO. ) or" P 0 lc
energy gain (for Gi)0>U) > depending on the value of

Due to pi asmon dispersion effects, the value of CO., lies in

the range between GJ and GO , cf, Fig.2, where CO is the limitingP C C
piasmon frequency corresponding to a wavevector k£ such that plas- 

mons start to decay into el ectron-hoi e pairs C12.1.

Therefore, since plasmons are bound by (O. <(0 , and k<k , Eq.(28)K Q t-
gives a finite velocity threshold for process n~-l, namely

v. i M W o'loc)/kc (2<?)

as long as ix) > UV .0 c
When (0Q is smaller than (oc , the threshold velocity for this process

becomes null. For the case considered here, W  /w^l.5, and so we seeC p
from Fig.5 that for CÔ  /1jOp ̂  1 . 5 there is no threshold for  ̂.

In this case there is a frequency range, , which always

contributes at low velocities (in other words, part of the piasmon 

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

lines of Fig. 2 for all smaller velocities),.

15



A„ SUMMARY

We have developed a general -formulation -for the effects of strong 

laser fields on the inelastic: interaction of swift particles with a 

quantum-mechanical plasma.

The RPA -formulation, as extended in the presence of a laser -field, 

provides a self-consistent description of the inelastic processes 

pertaining to parti cl e-plasma-1aser interactions.

The formalism describes excitations of plasmons and el ectron~ho.l e 

pairs, with simultaneous emission or absorption of photons. 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 multi photon 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, v/v v^ , the laser produces in gene­

ral a decrease of the stopping power. However, when the 1aser 

frequency approaches the plasma frequency 0)p new effects

arise in the range of low velocities <v<<v ). We describe theF
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 occurs for 

velocities below the normal threshold for plasmon excitation, 

provided that CÔ  is within the range of plasmon dispersion fre­

quencies ( U)p < C0Q < 0)c ). In this case the threshold disappears and 

the energy of the absorbed photon is transferred to the plasmon 
field.
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APPENDIX A

PERTURBAT IVE CALCULATION OF SINGLE-PHOTON PROCESSES

We consider in this Appendix an alternative derivation of the 

scatterinq rates for processes A1 and 81 <n=±l) discussed in Secs.

3 to 5, 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 tor partic1e—p 1 asma—1aser interac­

tion in the form

H=H_ + H, (Al)0 1

where consists of the separate hanu 1 t o m a n s  of the radiation

field, electron gas, and external particle, while the interaction 

hamiltonian is given by 112, 13It

H1= HÎa + H f +  H*' (A2)

The first two terms correspond to the coupling between the particle 

and the radiation and plasmon fields, and are qiven by

L  y  k \ +  £  ) < +k cp........  (a<o. 
p,k
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where Hfig , -fik and ftp are the momenta of the photons, piasmons ana

external particle, and Cl , b , c. are the respective annihilation
% k p /s 1operators; £ is the polcirization vector of the photons, and the 

coupling constants are

s > ca=)
% Vw° v m '

-2. ¿irk ( Zel)p\ 2 (A 5 -)

V w k V k 1
where Ù0® and GJ represent the photon and pi asmon frequencies.% k 0 -* ^In this case Uk , q, and £, are qiven tov the laser trequencv (*J ,

\ ** 0Awave vector q^, and polarization vector £ .0 0
srThe term in Eq.(A2) accounts for the short-range coupling

between the test particle and the electrons. This term gives 

place to electron-hole excitations (Fig.l, diagrams A2, B2> and 

will not be discussed in this appendix.

Let us now calculate the matrix elements for' the processes 

of plasmon excitation accompanied by spontaneous or stimulated 

photon emission, like those shown in Fig.6,

The second-order matrix element for a transition between the 

initial (a> and the final state lb> is

M ab = £  C ^ X ^ I a )  (Afe)
i E  -

(for thè process under consideration the first-order term <b|H^|a> 

gives no contribution;.
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In the case of diagram *-)!, the transition from I a> to the inter

mediate state I i. > (cantaininq a particle with momentum fio,, and1 'tl
a photon with momentum fiq0 ) , is produced by the interaction term 
radH , fcq.(A3), and yields:

<ij |a> = Q  V nT I  ( f e  ) (a 7)

where IM̂ is the number of photons with momentum in the radia­

tion field.

The second transition, from |i > to lb>, qiven by the term

H , yields1

<b| H^11 ii> = % (AT)
The enerqy and momentum of the intermediate state Iî  > are

c  l. tl2 -  V1 (A$)
^¿1 =  0 +  Z H

being M the mass of the particle.

In the same form, we calculate the matrix elements for the 

diagram A1' in Fig.6:

< * K * | a > = 3 k (#0

< b I I i2> = G,, aK + Ï  ( f'• «.) (a ?)

wi th
fr2 =  i M  =  p'+?o (Alo)
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Therefore, the total matrix element for plasmon excitation and

single-photon emission, diagrams A1 and Al', becomes

-» ' £ -i' ^ 
f - £ 0  +

E - E =A, 1 E-E
(a h )

i2

This corresponds to the process with n=+l of Sec„5.

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

grams B1, B 1 ' of Fig.6, namely:

<is | O a > =  ( f  £0)

wi th

< 1:5 ! I<.j> =
(a 12)

< m  n r  i*>

<W| K >

>13

*? s2
(A 13)



Hence, the matrix element becomes:

a

E-E
+

P**r

E - EVlf
(AW)

This corresponds to the process of plasmon excitation with single-

photon absorpti on , i „ e. , the n ——1 term of Sec .

The terms within brackets in Eqs.(Alt) and <A14J can still he

reduced to a simpler -form if the photon momentum is neglected

( 1 ow-q approximation) . I'his corresponds to the non-relativistic 
approximation.

Thus, neglecting tec ms of order v/c we obtain:

f
E -  Ei

+
_»f A
P- £p

E - E j

Ï . I (A 15)

The transition probability per unit, time is given by the well 

known expression

d\M s SL I | 2 S (E° + to- E* - tok)+ 1 ^  ab (2'tr)3 v t3 0 |>' k/

. 2 z (A16)where E^= 'Pi p /2M is the particle kinetic energy.

The energy difference A E ^  =E® + * %-E®, ~ , in the 1 ow-q

approximation (p'= p-k) becomes:

= + K - K  4 £  O M M ) *  ] k ’V
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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

AE*k = [p2- ( M f ]  = £  i) = tv.i (A1?)

Hence,

(¿l)
(l«.v + co0- w k )

Finally, using Eqs. Cau)- (A19) , we obtain the probability 
for processes n=+l:

dw,. = JA. ("J) ̂  S(«.UkTWo) CA20)±1 m2 Wq U)k \V/ k2
with N=N0 for n=-l (photon absorption), and N=Nft+l for n=+l (pho­

ton emi ssi on).

This result can be compared with Eq.(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.

In the limit of low laser intensities we approximate J2 (k.a> =
-k 2.
(k.a) /4. Moreover, we use the plasmon-pole approximation for the 

plasma resonance, viz.

Im \-= L -} = * ^  S(u-uk) (A20
k
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Then, from Eq.<28>, with n=±i, we get

_ -* -*■ -» ^ . zand since J? , =k.vTW, , a=eE. S.. /mCO^ . we get ti  ̂0 0 0 0

d p  _-tZef S ( k . V 4 C 0 0- W k) A
±1 ?rt k2 m2̂  W k

which fully agrees with Eq. <A20) , since the number of photons per- 

unit volume is related to E^ as: N/V^E^/8 IT 'fi ooQ .

To conclude we note that while the RPA treatment given in Secs. 

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

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

both descriptions are equivalent, for single-photon processes in 

the p 1 asmon-pol 63 approximation.
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FIGURE CAPTIONS

Fig.l Map of excitations in the CO k plane deft side) tor an elec­

tron gas in the presence of a laser field. The lines Al, B1 

represent, the excitation of pi asntons with energy fico , accom­

panied by emission or absorption of n photons. The dashed 

regions A2 , B2 correspond to excitations of electron-hole 

pairs with energy ft O)0h , and simultaneous emission or absorp­

tion of n photons. Ihese processes are illustrated by the 
diagrams in the right.

Fig.,*:’ Integration ranges for absorption <n<0) or emission <n>G) 

processes, according to the derivation of the scattering 

probabilities given in the text. They pertain to the same 

processes of Fig. 1, but. the integration is restricted here 

to positive frequencies (see text for discussion).

Fig.._> Calculations of the stopping power for an electron gas with

•frlOp=lb.5 eV, at two laser frequencies, O>0 /<o =1.2 and 2.0,

for (O^a/Vp -o. 5. The dashed line shows the "normal " stopping

power (in the absence of laser field). The contributions

due to plasmon excitations are shown with dash-dot lines for

no-photon <n=0) and single-photon (n=--l) absoption. ihe low-

velocity rise of the stopping power is due to the process of

plasmon excitation assisted by photon absorption as discussed 
in the text.
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Fig«

F i g .

F i g . 6

Angular' dependence of the stopping power at v=v , in terms

of the angle oc between the particle velocity v and the direc-

tion of polarization of the laser field £ --F /F0 "6 "0 *

Calculations of inverse-mean tree paths (IMFP) for plasmon 

excitation accompanied by single-photon absorption (n=~l, 

solid lines) and emission <n = l , dash-dot lines), -for laser 

frequencies in the range W 0/Wp = l.2 to 2.0, and for angles 

ot—o (part a) and TT/2 <part b). The? line is the "normal" 

IMFP (in the absence of laser field). The figure shows the 

shift and di. sappearence of the plasmon threshold when C0Q
approaches (v .

P

Processes of first order with respect to the photon and 

plasmon fields, corresponding to the perturbative calcula­
tion of single-photon processes.
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