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Influence of a laser field on Coulomb explosions and stopping power
for swift molecular ions interacting with solids
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The influence of a high-intensity laser field on the inelastic interactions between a swift molecular ion and
a solid target is studied by means of the dielectric theory. Excitations of the electron gas in the solid are
described by the linearized hydrodynamic Poisson equations, thus allowing derivation of general expressions
for the induced potential in the target and the interaction force among the ions within the molecule, in the
presence of the laser field. Based on the numerical solution of the equations of motion for the constituent ions,
the Coulomb explosion patterns and the molecular energy losses are discussed for a range of laser parameters.
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[. INTRODUCTION fusion experimentgl5—18. An ablated plasma has been cre-
ated in recent experimenf49—27 by irradiation of a solid
The interactions of swift molecular and cluster ions with surface with a strong, pulsed laser beam, with simultaneous
solids have been the subject of increasing interest during theombardment of the target surface by a heavy ion beam. It is
past several decades. Soon after the observation of transm@xpected in such experiments that the presence of the laser
sion of H,* ions through carbon foils by Poizat and Remil- field will affect the energy loss of the ion beam, as a result of
lieux [1], the first experimental demonstration and a theoretthe modulation effects of the laser field on the motion of
ical description of the so-called vicinage effects in the energy?!€ctrons in the target. On the theoretical side, a general for-
loss of ion clusters were provided by Bramdtal.[2]. These mulation has_been developed_ for describing thQ e_ffects of a
effects originate from the interference among the electroniStrong laser field on the stopping power of a swift ion, based
excitations of the solid arising from the correlated motion ofo @ time-dependent Hamiltonian for a degenerate free-

the constituent ions in the cluster. Recent advances in exper‘?—Iectron gas in the presence of both the laser field and the

mental techniques have greatly stimulated further experi_self-con5|stent ;calar eleptrlc field3,24). It has been found .
mental and theoretical studies of various aspects of the inteth at the Ia_ser field can mdu_ce a decrea_lse of t he stopping
. . . [)ower for intermediate-velocity ions, while an increase of
action of large clusters with solids, such as Coulomh,

losi d th | . f th the stopping power may occur at low velocities, due to a
explosions and the energy lossgs-11). A review of the  oqqnance process of piasmon excitations assisted by a pho-

current knowlgdge in the field of gluster—solld interactions;g, absorption. Moreover, Nersisyan and Akopyfzs]
has been published recently by Arigte2], where new de-  fond that charged particles may be accelerated by the laser
velopments of the theory were provided toward better defigd in the high-intensity limit. In addition, Zhang and Xu
scription of the ion charge states within the clusters. In tha[zs,gﬂ have studied the effects of the laser field on the en-
context, a self-consistent theoretical model has been devegrgy loss rate of charged particles moving in a two-
oped recently for the vicinage effects on the charge states efimensional electron gas by solving a time-dependent Schro
the constituent ions in clusters moving through solidsdinger equation.
[13,14. Apart from the evident attraction of the cluster-solid  Although it is expected that the presence of a laser field
interactions for researchers in the area of interactions of pamay provide powerful means of controlling the interactions
ticles with matter, numerous applications of clusters in maof clusters with matter, very few studies have been reported
terials modification and fusion technology are being considon such systems so far. For example, Silva and Gahave
ered in the literature. recently studied the effects of the laser field on the energy
On the other hand, particle interactions with matter in theloss of ion clusters moving in a hot plasif28] and found
presence of a laser field have come into the focus of researchat the laser field induces a decrease of the energy loss,
in the past decade. For example, the interaction of charge@hen compared to the laser-free case. However, the Cou-
particles with a plasma in the presence of a strong laser fielthmb explosion effects of the cluster were not included in
has attracted much interest owing to the possibility of usingheir work. In reality, when a fast cluster enters a solid target,
fast and heavy ion beams as drivers in inertial confinemenit will be quickly stripped of its valence electrons, and fur-
ther penetration of the resulting constituent ions will be ac-
companied by simultaneous processes of the Coulomb explo-
*Email address: ynwang@dlut.edu.cn sion and the energy deposition into the electron excitations
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of the target. One expects therefore that, in general, the distydrodynamic mode[31,32, the electronic excitations in
persion of the ion cluster due to the Coulomb explosion willthe fluid can be described by the continuity equation
diminish the vicinage effects on the energy losses. Moreover,

the Coulomb explosion patterns of clusters show a strong an

asymmetry for prolonged penetration times, owing to the E+V-(un)=0, ©)]
wake effects in the dynamic response of the target electron

gas[29]. Further complications arise from the interplay be-

tween the vicinage effects on the ion charge states in th#€ momentum-balance equation

cluster, the energy losses, and the asymmetric Coulomb ex-

plosions. In this work, we present a study of the influence of Ju

a high-intensity laser field on the Coulomb explosions and 7 T Vu=—E ()+VO(r)+Fn+F, (4
energy losses of fast molecular ions in a solid target, based

on an extension of the method used in our previous work _ , _

[30], where the excitations of the electron gas in the targe®Nd Poisson’s equation

were described by the hydrodynamic model. We consider the

constituent ions in the cluster to be pointlike perturbers with V2® = — 47 peydr,t) +Ng—n]. 5)
fixed charge, such as in the case of fast hydrogen clusters,

leaving the problem of the vicinage effects on charge stateg, Eq. (4), E_(t) is the laser fieldd is the scalar potential

in thﬁ presence of a laser field ffc|)|r future work. which results from the external charge,; and the charge-

. The [i).aklper ISI or'gar}lzr?dllas o OV;SH ICT Sdec. ”’.Wg US€ Yensity polarization of the electron gag—n, Fi, is the
ourier-like analysis of the linearized hydrodynamic PoiSSONyterng) interaction force of the fluid, which can be expressed

equations to derive general expressions for the dynammallbsy means of an energy functiona[n], andF;= — yu is the

screened interaction potential and the corresponding forcgiciiona| force on electrons due to scattering on the positive-

among t_he constituent ions in a fast cluster in the presence %ﬁwarge background, withy being the friction coefficient,
a laser field. In Sec. I, we study the effects of the laser f'elq/vhich is taken to be an infinitesimally small positive
on the Coulomb explosion dynamics of the cluster by SOIVingquantity

the equations of motion for the constituent ions. Finally, According to the Thomas—Fermi—Dirac—von Weiszacker

modifications of the laser-assisted energy losses of the clus; L : ; .
ter due to the Coulomb explosion are studied in Sec. IV for%pprOX|mat|or[33,34], the energy functionab[n] is defined

prolonged penetration depths. A brief summary of the results
is presented in Sec. V. Atomic unita.u) are used through-

out, unless otherwise indicated. G[n]=f dr n(r,t)&n,vn) (6)

II. INTERACTION POTENTIAL

. , , in terms of the local internal energy per electron in the fluid,
As in the previous worK30], the electron plasma in a

solid can be regarded as a degenerate free-electron gas with a

homogeneous density,. During the irradiation by a laser &n,Vn)= i(3wzn)2/3+
field the electron gas remains homogeneous to the lowest- ' 10

order approximation and retains the unperturbed demsgity

Given the laser fielcE, (t) =Eo sin(wgt), the velocity of the — \yhere exchange and correlation contributions are neglected.
individual electrons in the electron gas can be expressed a8 will be shown that the use of such a model £n,Vn) in
the linearized equations yields the well-known plasmon-pole
1 approximation(PPA) for the dielectric function of the elec-
Uo(t) = ——Eo cod wot), (1) tron gas. With the energy function&[ n], the internal force
0 Fint IS given by

1(Vn)?
s

wherekE, is the field amplitude and, is the laser frequency.

Now consider a point charge with the charge number Fint= —V(
and the velocityy, moving in the electron gas. The charge
density of the projectile can be written as

6G
) . (8

on

The system of Eqs(3)—(8) constitutes a set of self-
consistent nonlinear equations, which can only be solved nu-
merically, in general. Since we are primarily interested in
high-velocity molecular ions, one can consider the ion
As a result, the equilibrium state of the electron gas will becharge distributiom.,; as a weak, first-order perturbation of
perturbed and electronic excitations will be induced aroundhe electron fluid. We therefore linearize the above equations
the ion. We consider the electron gas as a charged fluid witby retaining the laser fielg, (t) in the lowest-order approxi-
the velocity fieldu(r,t) and the density(r,t). Based on the mation and assumingn(r,t)=ngy+n4(r,t) and u(r,t)

Pexdl,t)=Z16(r—vt). 2
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=Ug(t)+uy(r,t), whereuy(t) is given by Eq.(1), while  based on the Thomas—Fermi—Dirac—von Weiszacker ap-
ny(r,t) andu,(r,t) are the perturbed flow velocity and den- proximation [31,32. In Eq. (11), pex(k,w)=Z,fdtexp

sity, respectively. According to E@5), the potentiakb will ~— [—ik-asin(wgt) +i(w—k-Vv)t] is the Fourier transform of the
be therefore obtained as a perturbed quantity in the firstexternal charge densify,{(s,t). On using the Jacobi iden-
order approximation, which is equivalent to the linear-tity, exgik-asin(wet) |==J,(k - a)exp{wgt), we obtain

response treatment of the external charge in sg#8% or to

the linearized Vlasov equation approach for plasp®s, in o

the presence of a strong laser field. We further adopt the p,,(k,0)=27Z; >, J.(k-a)8(w+nwy—k-v), (13)
approach used if85] and introduce translational shift to an n=-e

oscillating frame of reference by means of the new variable

s=r—asin(wgt), where a=Ey/w3 is the transverse- whereJ,(x) is thenth-order Bessel function of the first kind.
oscillation amplitude of electrons driven by the laser fieldWith Egs.(11) and(13), the scalar potential can be written as
(the so-called quiver amplitugeAs a result, we obtain the
following linearized equationg30,31:

2 Zl dk ik~(r7vt)ei(nfm)w0t
D(r,t)= —f—J k-a)J,(k-a ,
. (r=2 = | 5 In(k-@3(k-a—— 7=
_1: - novs‘ Ul, (9) (14)
ot
au »2 1 wherew,=k-v—nw, is the laser-harmonic Doppler-shifted
1 __F i 20y frequency.
=V Vi + —V(Viny) —yuy, q Yy
ot * 3ng St 4ng s ! Next consider a fast homonuclear diatomic molecular ion
5 moving in the electron gas. The interaction potential among
Vs®=4m[n;—pex(st)], the two constituent ions located gt andr, is expressed as
whereV = d/ds andpey(St) =2, 5[ s—vt+asin(wgt)] is the ) ) )
external charge in the shifted frame, while= (372n) % is U(r,t):f dr'pexdr' —r1,)®@(r'—ry,t)
the Fermi velocity of the electron gas. The first term on the o
right-hand side of the momentum-balance equation is asso- dk elk-rel(n=mwot
ciated with the perturbed electric force, while the other terms = Z Im(k-a)In(k-8)—7———,
. . . nm 272 S(kywn)
are due to the internal interaction force of the electron gas
and the frictional forcg30]. (15

We further apply the Fourier transforf@3,30,35

wherer=r,;—r, is the relative position vector. After taking
dk de the time average over the laser period in this expression, the
A(st f

,w)elksTiot (10)  fast oscillations with time are removed by setting the factor
e'(""Meot t5 zero unlessn=n. As a result, the average in-
teraction potential becomes time independent, viz.,

where A(s,t) stands for any of the above listed perturbed

guantities in the shifted frame of reference. With this trans- dk J2(k-a)elkT
form, the scalar potential is readily obtained as follows: U(r)—— 2 f s (16)
272 nE o s(k ®p)
4 K, Lo . :
®(k,w)= ?L(w), (11 In order to simplify the following calculations, we assume
ke (K, w) that the three vector,, v, andk, are all in the same plane

and takex to be the angle betwedfy andv. On introducing

where the resulting dielectric functias(k,») has the form  the variablew=k-v=kv cosd, we define the quantity
corresponding to the so-called plasmon-pole approximation,
viz., aw ]
X(K,w)zk-a=7003a—;<asma, (17

wZ

P

o(w+i y)—(v§k2/3+ K*/4)’ (12) yvith_ k=k>— w?lv?. As_suming_that thg projectil_e velocity
is directed along the axis, the interaction potential can be
written in the cylindrical coordinateis=(p,z) as follows:

which is commonly employed in the literature to describe the

dielectric response to fast ions, with,= y4n, being the 2 .

plasma frequency. This form of the dielectric function |s_the U(p, z)— - 2 kdrdo(kp)Gy(k,2), (18)

consequence of the model used for the energy functional n=—o« Jo

e(k,w)=1—

042901-3



WANG, SONG, WANG, AND MIKOVIC PHYSICAL REVIEW A 66, 042901 (2002

where Zi Zi o
Uo(p.2)=—~ x_j dic Jo(kpI\p)Gp(K)e™ <,
pJoO
o do Jﬁ(x(K,w)) sl (22)
Gnlr,2)= —o k% + w?lv? s(k,w—nwo)e - 19
) ] ) ] while Uy(p,2) is the asymmetric wake potential
It is clear that the interaction potential depends on the
dielectric function of the target. In general, it is rather diffi-
cult to complete the integration in EGL9) if one uses the 72 o)
PPA dielectric function given by Eq12). However, in the _ _1]” UF
high-velocity regime ¢=v), the PPA dielectric function Uw(p.2) NpJo < drc Jo(rep/hp) Gw(x,2)
may be replaced by a local dielectric function
Xe 71AMe (-2), (23)
2
K@) =1 ——P @ (Kpp— k) 20
8( y w(w-i—l'y) max ’

which results from the asymmetric dynamical polarizations
in the medium. The function&p(«) and Gy(«,z) appear-
whereKpa=w, /vg is the cutoff wave number an@ is the  ing in Egs.(22) and(23) are given by

Heaviside step function. With such a simple dielectric func-
tion, one can carry out the integration in E49) by using

the residue theorem. On introducing the screening length

2 * 2 _ 2
Ap=v/w, and the dimensionless parameter y/(2wy), GD(K):M KH1-(ng)
the interaction potential is finally expressed as k>+1 n=1[k2+1—(npB)?]%+(2nBk)>
X Jn(x(x,0) (24)
whereUp(p,z) is the well-known screened Coulomb poten-
tial and

{J2(x(k,nB+1)+Ia(x(k,—nB—1))}
K>+ (nB+1)>2

— 1 2 2 ; 1 S
Gul2)= 5 5 o 1)+ I (e, = D)} sinzing) + 5 2

_ 1 & {Ja(x(k,nB—1))+I2(x(x,—nB+1))
XS'r[(nﬂ+1)Z/)\p]_§r§1{ = K2+(nB_A;_)Z }

sin(nB—1)z/\], (25

where S=wq/w, is the reduced laser frequency, while the potential on the coordinateis rather asymmetric, as a
x(x,n)=(al/\p)(ncosa—«sina). Obviously,U,y oscillates  direct consequence of the wake effects that reflect the oscil-
with z and exists only whez<0. latory spatial pattern of the medium response.

Finally, we study the variation of the interaction potential
U with the longitudinal distance for two point charges with
Z;=1, moving through an aluminum target at the speed . COULOMB EXPLOSIONS
=3, in which the electron gas parameters are determined by
w,=0.5749, y=0.616w,, and v=0.92[23,30. Figures We consider here the influence of the laser field on the
1(a)—1(c) show the effects of the laser field on the potentialCoulomb explosion dynamics of a swift homonuclear di-
for various laser-field intensities, frequencies, and angles beatomic molecular ion, moving through a solid with an initial
tween the laser field and the ion velocity, respectively. Onevelocity v along the direction of the axis. During the pen-
observes that the amplitudes of oscillations in the potentiaktration, the molecular ion dissociates into a cluster com-
decrease with increasing laser-field intensity, while the influposed of two ions. The Coulomb explosion patterns can be
ences of both the frequency and the angle of the laser field otlescribed by solving the equations of motion for individual
the potential are rather weak. In addition, the dependence abns within the cluster. Thus, for thigh ion, one has
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0.060 ties v; are approximately equal to the initial velocityin
(@ | —=—nolaser . those expressions of the preceding section which are used to
0.045} & ;‘x evaluate the forces in E26). Thus, the self-stopping force
0.t —~—af A l xk depends only on the velocity, i.e., F;=F5=F%v)e,,
B=1, o=45 11 A where

Zi vlvg
Fs(v)=——= k dx G(k),
)\p 0

{33(x(x, 1)+ I5(x(k,— 1))}
2(k%+1)

G(k)=

(27)

{32(x(k,nB+1))+I2(x(k,—np—1))}

=1 K*+(np+1)>?
L1 & {3(kinB=1)+ I (x(x, —nB+ 1))}
2 7=1 K2+ (nB—1)2 '
(28)
-100 _7'5 50 .2'5 6 25 50 In analogy to the interaction potential, the interaction fd¥ce
zlalL) can also be decomposed into two parts, iFesFp+Fy,
- ’ whereF, is the screened Coulomb force ahRg is the wake
0.045 force. On using the expressions for the interionic potential
© | _o a0 . from the preceding section, one obtains the components of
@ Fp andFy, in the xz plane as follows:
0.030' —— (=
—— o=t 2 2
S 0015+ Bt Zi x  Zi x (=
g a=}‘p FDX(X’Z):7273772H K dK Jl(K|X|/)\D)GD(K)
5 )\p r )\p X|Jo
0.000 x e Ko, (29
_0015 " L 1 t ! !
100 75 B0 5 0 25 50 22z 7% z (=
Z(a.u.) FDZ(X,Z):)\*’%F”_TSH o Kk dk JO(K|X|/7\D)GD(K)
FIG. 1. Influence of@) the laser intensityi.e., the quiver am- Xe*K\ZI/AD, (30)
plitude) a= Eolwé, (b) the reduced laser frequengy=wq/wp,
and (c) the laser-field angler on the interaction potentidl as a
function of the longitudinal distancg for two protons moving at 22 ;
the transversal distange=\, with the speed =3 through an Al Fun(X,2)= R UFK2 dre I (k|x|/\p)
target. )\g x| Jo
& 2 XGu(r,2)e HM00(=2), (3D
J S
m—,-=F+ F(ri), 26
el j;:l ry) (26)
Zi vlvg
where m is the ion masstS:—aU(rj|)/(9rj||rj|:0 is the FwAX,2)=— )\Zfo k dr Jo(x|X|/\p)
self-stopping force, and the interaction force is given by fl) 2
Fj|:_(9u(r]‘|)/(9rj|, fOI’j#l ><GW(KyZ)e alZ| D@(—Z), (32)

Since the velocities; of the individual ions change only
slightly during the passage, we may assume that the velocwhere
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{350 (k, D)+ I5(x(k,— 1))}

GW(2)= 2(k?+1)

PHYSICAL REVIEW A 66, 042901 (2002

[cogz/\p)+ o sin(z/\p)]

{32(x(k,nB+1))+I2(x(k,—NB—1))}

1
EZ

K’>+(nB+1)2

{(nB+1)cog (nB+1)zI\p]+osiN(nB+1)z/\p]}

1 &G {20 (k,nB—1))+I2(x(k,—nB+1))}
3 2

K?+(nB—1)?

{(nB—1)cog (nB—1)z/\p]— o sif(nB—1)z/\p]}.

(33

The influence of the laser-field parameters on the longitudinumerically with the appropriate initial conditions. In the
nal F, and transversdr, components of the total force are following calculations, we assume the initial ang®

shown in Figs. 2a)—2(c) and Figs. 8)—3(c), respectively, in
a manner similar to that in Fig.(8—-1(c).

=60°.
We consider first how the direction of the molecular axis

It is convenient to study the Coulomb explosion dynamicschanges during the Coulomb explosion under the influence
of the diatomic molecule in terms of the relative position of a strong laser field. We plot in Figs(a}—4(c) the angle/

=r,;—r, and the relative velocityw=v;—Vv,. Thus, the
equations for the relative motion are

dr

FTEA (34)
dw_ 1
E—E[F(r)—F(—r)]. (39

between the molecular axis and the beam direction as a func-
tion of the penetration depth for various laser parameters.
One can see from these figures that the molecular axis tends
to align itself with the beam direction during penetration for
all sets of the laser parameters displayed. In particular, we
notice that the angl¢ changes more slowly for larger laser
intensity. On the other hand, our computations showed that
the laser-field parameters have very little influence on the
increase of the internuclear distancen the course of a
Coulomb explosion. In Figs.(&-5(b), we plot the depen-
dences of the anglé and the distance, respectively, on the
penetration deptb for different molecule speeds in the laser

Finally, the equations for the components of the relative pofield characterized bp=\,, =1, anda=45°.

sition and the relative velocity in thez plane are
dx/dD=w, /v, (36

dz/dD=w,/v,

1
dwy/dD= 2 [2Fpx(X,2) + Fwi(X,2) =Fwx( =X, —2)],

1
dw,/dD= m—U[ZFDZ(x,z)+ FwAX,2)—FwA—X%,—2)],

whereD =vt is the penetration depth.

IV. STOPPING POWER

On using Eq.(26), one can obtain the expression for the
stopping power of the molecular idr36] in the following
form:

Sm0|:28p(v)+su(xiz!v)v (37)

where S,(v) = —F¢(v) is the proton stopping power, while
S,(X,z,v)=—FwAX,z,v) —FwA —X,—z,v) is the vicinage
stopping power. The first term on the right-hand side of Eq.
(37) gives the laser-assisted stopping power for two uncorre-
lated ions, while the second term results from the correlated
motion of the two ions in the cluster. We note that, upon
solving the equations for the relative motion of ions during
the Coulomb explosion, the componentsand z of the

Equations(36) provide a self-consistent procedure to de-interionic separation become functions of the penetration
termine the influence of the laser field on the Coulomb ex-depthD, and so does the vicinage stopping poBgix,z,v).

plosion dynamics of a swift dicluster. In thez plane, the
initial relative position of the two ions in ' can be ex-
pressed asy= (o Sinp,roC0sYy), Wherer,=1.06 a.u. is the
initial internuclear distance and, is the initial azimuthal
angle ranging from— /2 to #/2. In addition, the initial
relative velocitywy is zero, allowing Eqs(36) to be solved

Figures §a)—6(c) show the stopping power of the diclus-
ter with Z;=1 as a function of the penetration degdhfor
different laser parameters. In general, the stopping power
decreases with increasing deftfor all sets of laser param-
eters displayed, thus reflecting the diminishing vicinage ef-
fects on the molecular energy loss in the course of the Cou-
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FIG. 2. Influence of@) the laser intensityi.e., the quiver am-
plitude) a= Eolwé, (b) the reduced laser frequengy=wq/wp,
and (c) the laser-field anglex on the transversal componerj of
the interaction force as a function of the longitudinal distander
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© ~ A
I
—‘—ou=m°
I a=h, p=45’
/|
I
o 75 60 25 0 25
z(au,)

speedv =3 through an Al target.

PHYSICAL REVIEW A 66, 042901 (2002

F, (au)

75 50

z(au)

25

o

F, (au)

-0.012

-100

0.006

75 50

25
Z(a.u)

25 50

£l
i) ——0=30"
u -0.006 © | ——a=t
0000} | ——a=60
3 as=h,, B=1
0012 ' . ' :
-0 75 50 25 0 25 50
z(au)

lomb explosion. In particular, one can see in Figg)Ghat _ _ o
the magnitude of the stopping power decreases significantigither the frequency rati@ or the anglea, which is prob-

with increasing laser intensity at all depths This indicates
that the conclusions drawn in the previous wf2i,30 that

variable laser intensity can be used to modulate the stoppingved in the preceding sections.

power of both the molecular and atomic ions, may be ex-

FIG. 3. Influence of(a) the laser intensityi.e., the quiver am-
plitude) a=E,/w3, (b) the reduced laser frequengg= wolwp,
and(c) the laser-field angle: on the longitudinal componeft, of
the interaction force as a function of the longitudinal distander
two protons moving at the transversal distange\, with the
speedv =3 through an Al target.

ably due to a complicated superposition of the oscillations of
trigonometric functions withB and « in the expressions de-

In order to further clarify the role of Coulomb explosion

tended into the regime where the molecular energy losses aie diminishing vicinage effects on molecular energy loss, we
modified by the Coulomb explosion. On the other hand, theshow in Figs. 7a)—7(c) the stopping power ratidR=1

data shown in Figs. (6) and Gc) exhibit no systematic +S,(x,zv)/2S,(v) as a function of the penetration defddh
trends regarding the dependence of the stopping power dior different laser parameters. One can see that the stopping
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551 e e T YYVVYRVIIN Al target at several speeds=3, 4, and 5, with the initial angle
‘%.. Eag AMAAAAAAL
e, . {o=60°, in the presence of a laser field with the parameters
—_ 000, =\,, B=1, anda=45°.
8.’ 50+ . _300 ‘ooooooouunoun.ou.”“ p
k=2 o= \ turbers of the electron gas. It is interesting to note, however,
ad a5l © | —o—a=ts that the influence of the different laser-parameter regimes on
—a— g0° the stopping ratio dependence &y shown in Figs. {@)-
ash,, =1 7(c), is not particularly strong. This seems to be related to
40 I N L P our observation in the preceding section that the increase of
0 500 1000 1500 2000 2500 3000 the interionic distance during the Coulomb explosion is only
g . .
D (a.u.) weakly influenced by the laser-field parameters while, at the

same time, the vicinage effects on the molecular energy loss
FIG. 4. The dependence of the andléetween the molecular appear to be influenced more by the interionic distances than

axis and the beam direction as a function of the penetration d2pth by the orientation of the molecular axis.
on (a) the laser intensity (with =1 anda=45°), (b) the laser Finally, we display the influence of the projectile speed
frequency 8 (with a=\, and @=45°), and(c) the laser-beam gp the stopping powes,,,,; and the stopping rati® in Figs.
anglea (with a=\, and3=1), during the Coulomb explosion of g(5)_g(p), respectively, for fixed laser parameters. Figure
a hydrogen molecu_la_r_ion moving through an Al target with the 8(a) shows clearly that, for a fixed penetration depththe
speed =3 and the initial angle,=60°. magnitude of the molecular stopping power decreases as the

projectile velocity increases. On the other hand, Fig) 8
power ratio is close to 2 at the beginning of the penetrationsuggests that the rate of decrease of the stoppingRatiith
when the two constituent ions are so close to each other thatcreasing penetration depihis strongly influenced by the
they act as if they were almost united into a single pointlikespeed. Even though the differences among the curves shown
projectile with the double charge. For prolonged penetrationin Fig. 8b) would be somewhat smaller if they were replot-
depthsD, the stopping ratidk approaches 1, indicating that ted against the dwell time=D/v rather than the deptB,
the two ions have moved away from each other in the coursthe residual differences would still indicate a strong role of
of Coulomb explosion to sufficiently large separations thatthe molecule speed in the decrease of the stopping ratio with
they act as two completely independent or uncorrelated peincreasing penetration time.
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FIG. 6. Influence ofa) the laser intensity (with 8=1 anda FIG. 7. Influence of@ the laser intensity (with =1 and«
=45°), (b) the laser frequencp (with a=\, anda=45°), and  =45°), (b) the laser frequencg (with a=\, and@=45°), and
(0) the laser-beam angle (with a=\, and=1), on the molecu- () the laser-beam angle (with a=\, andB=1), on the stopping-
lar stopping poweB,,o| as a function of the penetration distaride ~ Power ratioR as a function of the penetration distarizeduring the
during the Coulomb explosion of a hydrogen molecular ion movingCoulomb explosion of a hydrogen molecular ion moving through an
through an Al target with the speed=3 and the initial angle, Al target with the speed =3 and the initial angl&/,=60°.

=60°. - -
weakening of the vicinage effects on the molecular energy

loss with increasing dwell time through the target.
General expressions for the interaction potential among
We have used the linearized hydrodynamic Poisson equahe two constituent ions have been derived by means of a
tions to describe the excitations of the electron gas in a solitFourier-like transform, in conjunction with a simple local
target in the presence of a high-intensity laser field, causedielectric function, which is appropriate for collective exci-
by the passage of a swift diatomic molecular ion. In particu-tations of the electron gas. The potentifdrce) among the
lar, we have focused on the laser-field effects on the dynamitwo ions has been divided into two parts: the symmetrically
cally screened interionic interaction governing the Coulombscreened Coulomb potentidforce) and the asymmetric
explosion of the molecule which, in turn, is responsible forwake potential(force). The former describes a repulsive

V. SUMMARY
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amplitude of oscillations of the wake potentidbrce) de-
creases with increasing laser-field intensity.

Furthermore, using the results for the total interaction
force, we have numerically solved the equations of motion
for the two ions, in order to reveal the effects of the laser
field on the Coulomb explosion dynamics and the molecular
stopping power. It has been found that, due to the wake
effects, the molecular axis tends to align itself along the
beam direction with increasing penetrating depth, but this
tendency is significantly reduced by increasing the laser-field
intensity. On the other hand, the laser-field intensity has little
effect on the increase of the interionic distance during the
course of Coulomb explosion.

Finally, using the results for the relative motion of the two
constituent ions during the Coulomb explosion, we have
found that, generally, in the presence of a laser field, the
magnitude of the molecular stopping power decreases with
increasing penetration depth, due to weakening of the con-
structive interference in the electron-gas excitations with in-
creasing interionic distance. While increasing laser-field in-
tensity has been found to strongly suppress the stopping
power magnitude for all penetration depths, the other laser-
field parameters do not show any appreciably systematic ef-
fects. Somewhat surprisingly, the relative effect of the laser
field on the decrease of stopping power with increasing
depth, expressed via the stopping power ratio, exhibits very
little influence of the laser-field parameters, which can be
ascribed to the fact that the increase of the interionic distance
during the Coulomb explosion is rather insensitive to the
presence of the laser field.

The results obtained in the present work may be helpful in
further studies dedicated to using various parameters of a

Coulomb explosion of a hydrogen molecular ion moving through aNgser field to control the rate of energy deposition of fast

Al target at several speeds=3, 4, and 5, with the initial angle
{p=60°, in the presence of a laser field with the parameters

=\p, B=1, anda=45°.

interaction which decreases very quickly with increasing
interionic distance, while the latter describes an oscillatory,

molecular and cluster ions in a plasma ablated by a laser
field.
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