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Time-resolved and time-averaged determination of the electron-ion collision frequency
and electron stopping force in an intense laser field at critical plasma density

Ahmed M. Al-khateeb
Department of Physics, Faculty of Science, Yarmouk University, Irbid, Jordan
(Received 15 November 1999

Using a ballistic dynamic equatidioscillator model in the presence of an intense laser fielgs& vy,) the
time-resolved and time-averaged electron stopping force and electron-ion collision frequency are determined at
the critical density o= w)) in the presence of laser field harmonics. An expression for the time-averaged
energy absorption rate is given. Results show the contributions of single-particle effects and the generated laser
harmonics to the electron-ion collision frequency and energy absorption rate. This work also discusses the
time-resolved electron-ion collision frequency.

PACS numbegps): 45.50.Tn, 52.50.Jm, 42.65.Ky

[. INTRODUCTION investigated the collision frequency of charged particles in a
weakly ionized gas in a strong magnetic field. He found that
The interaction of intense laser fields with matter has bethe collision frequency of electrons or ions in the presence of
come a topic of great interest in theoretical and experimentahe magnetic field is smaller than that when the magnetic
research due to the formation of high-density nonideal plasfield is absen{l1l]. Panov investigated the effect of dynami-
mas. The understanding of such interaction mechanisms argél screening on photon absorption in screened Coulomb in-
related phenomena as well as their mathematical modelingeractions of electrons with ions in degenerate plasmas in the
are of importance for energy transport from the outer coronapresence of a quantized magnetic figl@]. He investigated
plasma region into deeper plasma laygts-5|. Transport the dependence of the effective collision frequencies in the
processes of laser field deposited energy and correspondimfiyections along ¢)) and perpendiculary,) to the external
transport coefficients are strongly dependent on the energyagnetic field on photon frequencieg less than the cyclo-
absorption rate taking place in the plasma corona. tron frequencyw. . Panov's results show that a peak value of
Electrical conductivity is one of the important quantities the collision frequency occurs aty= 0.5, .
for the understanding of interaction and coupling mecha- Absorption of rf power by a plasma in the presence of a
nisms between laser radiations and matter. It represents gerpendicular alternating electric field and a constant mag-
measure for interaction and coupling strengths. Electron-iometic field has been investigated experimentally by Nau-
collisions are in turn of importance for calculating the elec-movetset al.[13]. An effective collision frequency was cal-
tric conductivity in fully and partially ionized gases, as well culated from the experimental data and was found to be an
as for plasma heating and damping of waves that might berder of magnitude larger than the kinetic collision fre-
excited or generated in plasmas by the coupling betweequency. In crossed dc electric and magnetic fields, Nakamura
natural plasma modes and the incident laser fi6le9]. et al. studied the scaling of electron swarm parameters in
Wave damping is important for plasma heating and can bargon and methane using Monte Carlo computational experi-
treated as a combination of collisional and collisionlessment[14]. For very high magnetic field, they found that the
mechanisms. Epperleiet al. showed that weak electron-ion electron mean energy and collision frequency become insen-
collisions increase the damping rate above the collisionlessitive to magnetic field variations.
electron Landau dampinfj7]. In addition, taking into ac- Bohm and Pines have classified Coulomb collisions into
count particle trapping in the wave potential well and elec-two component. One component represents collective oscil-
tron collisions with neutrals, Kaganovich showed that thelations and is due to long-range interactions at distances
difference between the results obtained within the lineagreater than the Debye lengkh,, and the other component
theory on collisionless power dissipation can be as large as due to individual particle interactions within a Debye
three orders of magnitud@]. Procassini and Birdsall inves- sphere of the radiud . For plasma particles possessing
tigated particles and energy transport processes in fully ionenly random thermal motions or moving in low-intensity
ized collisional plasma using a kinetic transport mof8gl  (weak fields, the maximum extent of long-range interactions
They presented the variation of several transport quantitiesan be approximated by the Debye length. This is due to
with plasma collisionality and found a reduction in the heatthe plasma tendency toward shielding electric fields on a
conduction flux compared with the values predicted by thescale length greater than,, and therefore long-range inter-

classical hydrodynamic transport theddo]. actions will be screened out by a shielding cloud near the
Many works have considered collisions of charged parscattering center.
ticles in the presence of a magnetic fidltil—13. Imazu Coulomb forces between charged particles have a much

longer range than the forces between charged and neutral
particles. As a result, collisions of charged particles cannot
*Electronic address: helga@yu.edu.jo be considered as events occurring when the particles are
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close to each other. Because of the long-range) (Cou-  Mulseret al.[25] derived the following equation for the cal-
lomb potential, a charged patrticle is nearly always interacteulation of collisional absorption in cold plasmas:
ing with many particles simultaneously. In plasmas, for ex-

ample, electrons collide with each other, with ions, and with FEF) 22 Ze? Fe(t)

neutral particles. The collision process consists of two point F’meﬁ_ - 47regMg |F (t)|3' )
charges moving on hyperbolic paths in each other’s electric ©

field.

herford’s th  bi h q il lisi where § is the electron displacement or deviation from the
_ Rutherford's theory of binary charged-particle colliSions gqjjjiprium position,w,. is the electron plasma frequency,
ignores polarization effects of the medium. As a result, par-

ticles interact through an unscreened Coulomb field. At Iarg;{é'?md“e“).| is th? relati.v'e sgparation between the singlgd out
distances or small angle deflectiofisrward scatteringcor- electron-ion pair. Positive ions were considered as an immo-

responding to soft interactions, a divergence will appear. EnpIIe neutrahzmg' backgrogr}d. with un|.form densi®ny,
ergy and momentum exchanges for Coulomb deflections Noe: Whereng is the equilibrium density of electrons.
Ashleyet al.used a classical equation similar to E4). to

from 0 to some distanck vary as Inb/b, ), whereb, is the ) 3 . )
/2 impact parameter. Due to the use of the exact coIIidingﬁfveSt'gate theZ” effect in the stopping power of matter for

particle trajectory, large-angle deflections or backward sca neavy cha_r ged particles of Ch?@e [2.6]' Single electror_ns

tering corresponding to near collisions lead to a convergenc¥€re considered to be bound isotropically and harmonically

behavior for small distances. Removal of the divergence af'ith frequencyw to the nucleus of the atom. Contrary to the

large distances is achieved usually by introducing a cutoff Shiey et al. approach, the right-hand side of Ed) repre-

parameteb,, .. sents, in 'ghe ion frame, the force set up py an oscillating ion
Another way to overcome singularities at large distance" @ stationary electron bound harmonically to the plasma

is to use a screened Coulomb potential or the Debyektlu with af_requencyup. Relative electron-ion separation can be

potential [ = (q/4meyr)e " o] [15]. This leads tob,,, aPProximated as follows:

=\p and is valid for plasmas in which thermal motion is - - - . - -

dominant or for low-intensity fields. For plasmas in high ve(1) = vosct Vo= (Vox + voscSiNwot)i + Vo .

frequency fields, the corresponding electrical conductivity - R ? ©)

and collision frequency were investigated classically and Fe(t)=(Voxl £ YoscCOSwol )i + (Voyt +b)j,

guantum mechanically in many works. Most of the results > ) .

are in a good agreement with each otfE6—19. WhereVo,b,wO,UOSF, andy . are the average drift velocity
Cornolti et al. investigated the absorption of ultrashort la- ©f the electron fluid, the collision parameter, the laser fre-

ser pulses in solid targets using a ballistic mo@sl]. It has ~ duency, the electron quiver velocity, and the electron oscil-

been found that electron-ion collision frequency at high laseftion amplitude in the laser field, respectively. In E%). the

intensities (- 10""W/cn?) is determined by the oscillation mcu{ent laser field is taken along tlxeaxis. Upon substitut-

energy of the electrons rather than by their thermal motioning re(t) from Eqg. (5) and assuming that the electron drift

For high-intensity irradiation corresponding to electron(Vot) is small compared witly.s., Eq.(4) can be written to

quiver velocity v,s. much greater than the random thermal & first approximation as follows:

speedvy,, this behavior of the electron-ion collision fre- - -

qguency was predicted by many previous works, but there ‘9_+w2 S~ arg(t) )

were no quantitative unified resuft$9—24. gtz P V224 b2+ y2 cofwet]¥?
In this work we use a ballistic model, known in the litera-

ture as the oscillator mod¢R0,25, to investigate electron where

stopping force and electron-ion collision frequency in strong

laser fields. In Sec. Il we present the oscillator model and . z&

solve the corresponding dynamical equation. In Secs. Il and @z 4meqmg’

IV we determine the time-resolved and time-averaged stop-

ping force and collision frequency. In Sec. V we present ourEquation(6) describes in fact the interaction of three bodies:

)

results and conclusions. electrons, ions, and photons of the incident laser radiation.
The right-hand side of Ed6) shows through the dependence
Il. OSCILLATOR MODEL on the instantaneous laser field strength that ions are used as

an intermediary for energy transfer between electrons and the

Linearizing the following equations of the electron fluid, |5ser field. The electron deflectighhas therefore a nonlin-
ear dependence on the electric field of the laser, and this will

an N N ag_ope . . _
(9_te+v_(neue)20’ 1) :gsd to the possibility of the occurrence of radiation harmon
The general solution for Ed6) is
Mg - - - e . . -
€ ) = COSw ,t
at (U V)Ue me(E+ueXB)’ @ Ox(t)=A, coswpt+ B, sinwt—a ” = I4(t)
P
.. i+ sinw,t
v.g=r0Pe 3 +a——E1,(), ®

€p (,Op
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COSwt -3/2 _
()= A, cOsagt+ By sinat—a— = 15(0) 5y(t):a°°Z“’°t bAK,z COS“’AOt A
0 wo
Sinwpt : —312
ta P10, 9) o Sinwgt bA smw0t1 a7
p wq (,l)oA
where where we usev,= w, and introduce the following variables
in Eq. (16) and (17):
LD ftdt YoscSiNwpt COSwt (10 a.(16) {17 ,
= Ll = 2 = — i
1 (b2+y§sc)3/2[ 1_K2(t) SinZth]S A (b +yOS()’ A=+y1—K S|i (x)ot,
wot  d(wgt
" Jtdt YoscCOSwpt COSwot 0 F— 0(‘2"—":]2,
= . : 0 J1—-K<si t
? (b2+y24) ¥ VT—K2(1) sirfaot]° Mo .
a)ot -
| (t) J‘tdt bsinwpt (12) E= fo d(wot)\/l_Kz Slnzwot,
° (b2+y2,)3 V1= K2(1) sirfat]®’ ot
_ " b coswpt In addition to the oscillatory electron motion in the laser
l,(t)=| dt 5 _ , (13 : .
(b?+y2)¥ V1—K2(t) sifwot ] field, electrons are assumed to have an average nonoscilla-

tory drift velocity V,. Once this velocity is obtained, elec-

y2 trons move away from their scattering centers in the time
K2(t)= osc , (14)  between two successive collisions. As a result, electron de-
V3t2+ b2+y§SC flections do not average to zero and a net energy gain takes
place. Corrections to the energy absorption that depend on
5 nee? ek the drift velocity V, will not be considered in this work and
Wpe™ oM.’ yosc:Fw(z)' (19 can be safely left out of consideration as long as many col-

lisions occur within a laser period/{,Vot). As a result of
The assumptiory,.> Vot is valid for small electron drift f[he random-walk character of the electrqniq motion ur_1der the
motion. Upon evaluation of the undetermined integralsinfluence of the net long-range polarization electric field
11(1),15(1),15(t), andl,(t) in this limit, the solution of Eq. within a laser period, the quasineutralitg rfy;~nge) of the

. . . L - . plasma will still be maintained.
(8) which satisfies the initial condition§(0)=0 and 5(0)

=0is I1l. STOPPING POWER OF ELECTRONS
» CoSwot Yoo A ¥2A—1 | T.he. toéal ;ar:ergﬁy¢ c.)f the]c o”scnlator corresponding to the
(D=« . gk’ A eviationo= d,i + é,j is as follows:
_ ol 1o 1l o
siNwot Yos A~ 22| sinwot coswet F—E €rotal( D, 1) =5 Med™+ 5 Mewp 67 (19
+ +
“ g wo A K2 |’

Substitution ofs, and 8, from Eqgs.(16) and (17) into Eq.
(16 (19 results in the following expression for the total energy:

2
1 y2. A® 1 b2 A3 1 y2 A3 A(F—E)
i 270sc Z 2= — 2705C7 7 | g I
€ora(D,1) = 5 Mear o2 KAAZ > Mea o K14A200§w0t+2m9a 2 A2 Sinwgt Coswot + 2
1 b2 A~3 b2 A3 1 Yo A3
+ ZMea? — —sinfwgt + Mea? — ——— sirfwot cofwt + = Mea? — —— sirfwgt cofwot
2 e wg A2 0 e wg K,2A2 0 0 2 e wé A2 0 0
1 Y2 A3 Y2 A3
+ —meazizc—Gsinzwot costwot[1—2K? sirfwot + K* sinfwgt] — meaz%sc—Asinzwot
2 wy A wg A
Yosc A2 ,Yosc A3

X cofwot[1— K2 sirfwot] + Mea® — sirfwgt coSwot — Mea? —

wg K2A2 wg K2A4

sirfwgt coSwot
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YoscA~® LYo
X[1—K?sirfwgt]+ mea? OZC sirfwot cog wot — Mear ch—smzwot cowot[ 1—K? sirfwyt]
zyosc A3 2yos A3
+Mea® — ——sinwot coSwot(F — E) + Mea®—, S Sinwot coSwot(F—E)
b2 -3 1 b2 4A—
+2Mea® — ——— sifwgt oS wot[1—2K'?+K'*]+ 5 mea — —smzwot coSwot[ codwot

+ 2K "2 sirfwgt coSwot + K’ 4 sinfwot ]+ 2mea?

X [K"2sirfwgt + K'2c0s2wot — costwpt ],

whereK’ for y,.V,t can be written as

2 w2p-3
KA
— — 5 Sifwot coS wot

(20

mulation of the kinetic theoryplasma dielectric theojyb
is usually determined as followg2,27,28§:

2 2
b
K'2=1-K?=1- 2y0362 TN h d.9
b +yOSC b +yosc bmln ma)(bL! B) )\Bz ) _%l
Mgl AegM, vpy
Energy loss due to all possible collisions of an electron with (22)

ions that are uniformly distributed with density,; between
the collision parameterb and db+b can be evaluated as
follows:

détotal 0, 1) = Noj Erotal( D, 1) o(2)d Q2 d X

—Ngi €0t D, 1) DDA

where \g is the de Broglie wavelength and, is the
electron-ion relative speed. In a strong laser field, the oscil-
lation amplitude of an electroy,s.= vosc/ @g Can be larger
than the Debye length and therefore we cannot ligg,
=\p as a measure of the extent of the Coulomb interaction.
Taking into account the presence of the laser field, a cutoff
parameteb= Db, can be introduced as follows:

It is assumed that an electron passes through a distance much
smaller than its mean free path during a period of laser os-
cillation, and that within one cycle, many collisions occur
giving eachb equal probability.

The energy loss per unit lengtktopping force is

d etotal( b ’ t)

dx (21) !

2

=Noj €totaf D, 1) Ddbdep.

The average energy loss per unit length is obtained by inte-
grating Eq.(21) over all directions¢ € [0,27r] and collision
parameterd as well as over one laser oscillation,

<d5total(bvt)> :i 2
dx b,cycle 2m 0

X 27Tn0if Etota(b,t)bdb y
0

d(a)ot)

the following:

where()y, oycle MeaNSs averaging over all collision parameters

Bmax= min( {Ytotal) <vt°ta'>) _ (Viotal _ {Votal)

2
mvtotal_

< Utotal> cycle™

. (23

O)p (O] (.Up (O]

wherev,; means the total time-averaged velocity given by

1
> M(vg+ vieSirwot), (24)

/ Y / y
vt2h+ %Scc’bmax: 7\2D+ %C- (25

Integrating €,i2(b,t) In Eq. (20) over b and upon substitu-
tion for b, from Eq.(25), we get after a lengthy calculation

, 1
)\D+2yOSC

2
aa no'm o
L 45+2 I—7———

b and one laser oscillation. We introduce now two cutoff dx

parameter®,,i, andb,,., to avoid divergences for small and
large b values. The divergence for smdil values results
from the use of an approximate relative separation according
to Eqg. (7). Using a self-consistent kinetic description of the
electron-ion interactions in plasmas with finite temperatures
will lead to a convergent behavior at large distances, since
plasma polarization effects are correctly included in the for-

< detotal(byt)> _
b

~5 =

b
osc min

3
+4 c0S 2wt — = Sin 2wt

2
5 COS 4wt + 5

3

1 1
+§sm4w0t+zsm32wot . (26)
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Equation(26) gives the instantaneous drag fofeeresulting

from the interaction of the ions with a single electron, which

is equal to the net force that it will suffer.

IV. COLLISION FREQUENCY

The electron-ion collision frequenay; for vos& vy, €an
be defined as follows:

Fr=vei(t) Meugo(t). (27

SubstitutingF, from Eq. (26) into Eq. (27) gives

/ 1
)\%+§ygsc

45+2 In————
bmin

(t) aa nOi a2
Vei =5 2 2 2 -
2 vosc\/vth-l- UOSCSInZth

2 3 1
+4 cos vt — §cos dwot+ Esin 2w0t+§sin 4wt

1 .,
+ —Sin“2wgt | .

7 (28)

To average the collision frequency in E@8) over a laser
oscillation in the limitv,se vy=0, we introduce the follow-
ing expansion:

1
\/vtzh+ vgscsinzwot

( 1
—, OSthS woto
Uth
R to=< wot< t 29
= _— w <wgl=T—w
oSNt oloSwo olo (29
1
-, W_wotoga)otg’ﬁ.
\ Uth

According to EQ.(29), vesSinwgt is smaller thanuy, in the
two ranges wgt €[0,wgtg] and wot e[ m— wgtg,7]. The
value of wgty that makes the condition,s vy, valid is ob-
tained as follows:

1 . 1 Uth  Uh
lim—=lim —

. éthoz Sin_
t_v[ovth t_>tovoscsm wol

Vosc

(30

Vosc

The time average of each terg{wgt) in Eq. (28) can be
evaluated using the following procedure:

1 27
<g(w0t)>cyclezz o g(wet)dwt

1 [woto
= lim—

wot)dwpt
oo o g(wot)dwg

1
+ lim —
tOHOW

7T—wgtg
j g((l)ot)d(l)ot

woty
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. (31

—wolg

m

The time-averaged collision frequency fay;> vy, becomes

/ 1
7\%+ Eygsc

2Ny ( Z¢e? )2[ osc
p ) o =29 7" ) 140N In
< e|>cycle gsc 41regmg Uth Bmin
2ng [ Ze€?\? 2v
39( ) —1+4In—=, (32)
Vosc 4méo vin

where we substitute fos from Eq. (7). The time-averaged
energy absorption rate can be calculated as follows:

: 1 1, 5
() cycle™ 5 MeNoe( Vei) cycle| 5 VoscT Uth

NoiNoe v | [ Z2e? |2
=—-| 1+ 27
2MgVpsc Vs dmeg Uth

NN lyz
D279 nginge vtzh
+ 1+27
2MgVgsc Vgs

2Ups¢

1+In

XIn
I:'min
ze?\? AV
X —1+4 In——|. (33
dreg Uih

V. RESULTS AND DISCUSSION

The basic equation of the oscillator modé&lg. (4)] de-
scribes the dynamic of free electrons that are harmonically
bound to the ion scattering centers. Accounting for spatial
variation and temperature dependence of the electron deflec-
tion, the model equation takes the following general form:

9?5 . .
F - vtth25+ wg(ﬁ: -

Ze®  rot)

4mmeoMe [ro(t)[*

(34)

We notice that Eq(4) does not include the spatial variations
of the electron deflection and therefore does not account for
excitation of waves in plasma or for mechanisms that are
responsible for transferring energy from waves to particles.
This assumption is valid for the initial stage of laser-matter
interaction. In the initial stage of plasma formation and heat-
ing, electron-ion collision frequency can be as large as
10'® s~1 and therefore collisional absorption is appreciable
[20].

lonic motion can be ignored in the short time scale of
laser-matter interaction. In this case, collective absorption
mechanisms involving ion sound waves and the two-plasmon
decay do not take place. At oblique incidence, resonance
absorption may take place. For a nearly normal incident
light, absorption due to the electron-ion collisions may play a
principal role[29,30.

Starting from the ballistic dynamical equati¢gqg. (4)],
known as the oscillator model, we solve the model equation
in the presence of an intense laser fielg > vy,) at the
plasma critical density ¢o=w,). Time-resolved and time-
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averaged electron stopping force and electron-ion collisiorComparison of our results with previous works is not pos-
frequency are determindéEq. (26), (28), and(32)]. An ex-  sible and is restricted to the structure of the derived expres-
pression for the time-averaged energy absorption rate isions. Similarities are found in the dependence of the colli-
given[Eq. (33)]. sion frequency ony, > and of the energy absorption rate on

Following the literature on the interaction of an intense,-1 ¢4 intense laser fields . Characteristic to all linear cal-

. . . - - osc
laser field with matter, we find only asymptotic eXpreSS'onSculations(no electron captueis the Z2 dependence.

for th_e electron lon collision frequency and _the_energy ab It is important to note that the second term on the right-
sorption rate which are valid for a combination of the . o
S hand side of Eq(33) is independent of the cutoff parameters
asymptotic limitswo> wp, wo<wp, (vosc>vn), aNd (osc and b, Which are characteristics of single-particle
<wvy,). No attention has been paid to the transition reglonsbm'” S oomaxy gie-p
Interactions. This term accounts for energy absorption due to

(wo~wp) and (os~vy). Inclusion of transition points : : .
through extrapolation of the asymptotic results from the leffPure collective effects that are responsible for the generation

and right sides can be right or wrong, and needs a physiczﬂf the laser harmpnics. The first term on the right-hand side

justification[22]. of Eq. (33) consists of two parts that are dependent on
To our knowledge, there are no previous works concernlN(Bmax/bmin) @nd INOmax/bmin)IN(205sc/ vyn) - The part propor-

ing the time-resolved electron stopping force and electrontional to IN®max/bmin) only accounts for pure single-particle

ion collision frequency and the time-averaged electron stopinteractions, and the other is due to the interaction between

ping force and electron-ion collision frequency@§~w,.  electrons and the generated laser harmonics.
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