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The energy loss of a pair of charges in correlated motion through an electrón gas is calculated using 
Lindhard's dielectric function. The results o f numerical integrations are presented and in particular the cases 
ot low and high velocities are described. Analytical expressions for the energy loss are given for the case o f high 
velocities, which are in excellent agreement with the numerical results. A  clear relationship between the 
energy loss of fast correlated charges and the partition rule for the stopping does not follow from this study. 
The results are in agreement with experimental data for the energy-loss ratio between molecular and atomic 
ions in thin carbón foils.

1. INTRODUCTION

The energy loss of charged partióles in a degen- 
erate electrón gas has been a topic of great inter- 
est since the work of Lindhard and Winther,1 be - 
cause it becam e of considerable importance for the 
study of the energy loss of charged particles in 
real media.2

Whereas the energy loss of single atom ic parti­
ó les in matter has been widely studied for  many 
years, the energy loss of swift ion clusters has 
been the subject of much m ore recent work, con­
cerned with the incidence of swift m olecular ions 
on thin solid film s.3"6 M olecular effects on the en­
ergy loss have been theoretically described3’4 as 
a result of interference effects in the energy d is s i- 
pated in the m aterial, when its electrons are p er - 
turbed by the fields of external charges in c o r r e ­
lated motion. Both of these treatments dealt with 
valence band electrón excitations and made use 
of h igh-velocity approximations in calculating the 
energy loss , wherein the random motion of the 
electrons is neglected. Brandt, Ratkowski and 
Ritchie3’ 6 have proposed a relation between the 
energy loss o f ion clusters and the partition rule 
fo r  the contribution of individual and collective 
electronic excitations to the stopping, which will 
be further analyzed here. On the other hand,
A rista and Ponce4 perform ed an analytical calcula­
ro n  of the energy lo ss , using sim plified models 
to describe long-wavelength collective excitations 
and short-range individual excitations (for k « k c 
and k » k c, respectively, where k c is an appropri- 
ate cutoff wave number for  the electrón gas), and 
interpolating through the m ore com plicated inter­
medíate región (k ~ k c).

We consider in this paper a m ore appropriate 
treatment for the energy loss  o f charges in c o r re ­
lated motion through an electrón gas, using Lind- 
hard’ s expression7 for the d ielectric constant of 
the médium. This provides a good description of

collective and single-particle excitations with a 
self-consistent treatment of screening effects. 
Using the d ielectric form alism  we calcúlate the 
energy loss o f two correlated  charges; we present 
the results of numerical integrations, and also ap­
proximations valid at low and high velocities. 
These results are in addition compared with pre- 
vious high-velocity approximations and several 
conclusions are drawn.

In Sec. n  we express the energy loss of a cluster 
of nonrelativistic charges moving in a material 
médium, in term s of the longitudinal dielectric 
constant í(k , w). In Sec. III we treat the special 
case of two correlated charges moving in a degen- 
erate electrón gas, and present the results of full 
num erical integrations of the energy-loss expres­
sions. In Sec. IV we consider in particular the 
case of low velocities and we show that in terfer­
ence effects in the energy loss are important when 
the internuclear separation is  not large compared 
with the wavelength of the electrons at the Ferm i 
surface. Using an appropriate approximation for 
the d ielectric constant we obtain in Sec. V an 
analytical expression fo r  the energy loss at high 
velocities, which is com pared with the numerical 
results of Sec. ni. The proposed relation6 between 
the energy loss o f swift ion clusters and the parti­
tion rules for the energy loss  of single charges 
is considered in Sec. VI, and is found not to be in 
general agreement with the results of this work.
In Sec. VII we sum m arize our conclusions and 
finally make som e comm ents in relation with cu r - 
rent studies o f swift m olecular ions traversing 
solid film s.

II. DIELECTRIC FORMALISM FOR THE ENERGY LOSS

Let us consider a cluster of N  charges Z fe,  
moving with nonrelativistic velocity v in a material 
médium of longitudinal d ielectric constant €(k, u>). 
Neglecting sm all deviations o f the individual ve­
locities with respect to the average velocity v, we
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can write the corresponding charge density as

p (r , /)=  -v t )<  (1)
i

where r¡ are the positions of the corresponding 
charges at time t = 0.

For nonrelativistic ve locities, the e lectric  field 
E(?, t) generated by the cluster is determined from  
P oisson ’ s equation, which yields the sim ple a lgé­
brale relation

E(k, w) = - (4 tti k/fc2)p(k, w )/e (k, w) (2)

between the space-tim e Fourier transform s of 
E (r, t) and p(r, t). Thus we obtain the following ex - 
p ression  for the e lectric field:

' W f

í d3k 2t'k exp[i'k‘ (r -  r ¡ -  vi)] 
k2 e (E ,k -v)

(3)
In these expressions the fields due to the external 
charges and the fields due to the polarization in- 
duced in the médium are summed. In particular, 
the fo rcé  acting on the jth particle is

F ¡ = Z jeE ir j+ v t ,  t)

d3k
2k

x [ Im( í n ^ ) C0S(5‘ ^ )

+ R e ( ^ W ) sin(C' f ^ ] ’

(4)
where r jt = rj - r ¡ .  In Eq. (4) the fo rcé  has been 
written explicitly in real form  by using the physical 
requirement that the fields must be of real magni­
tudes, which im poses the following condition on the 
d ie lectric constant: í ( - k , - w )  = €*(k, cj).

It is interesting to com pare the behavior of the 
two term s in the integral with respect to a change 
in the sign of TJ{, o r  what is equivalent, to com ­
pare the forcé  that the i charge exerts on th e j 
charge, with the forcé  that the latter exerts on the 
first. We see that mutual fo rces  acting through 
the term in R e (l /e )  are opposed, and cancel out 
if we sum up the fo rces  acting on the whole cluster 
of charges. The forces  acting through the term 
in Im (l/c )  are, on the contrary, dissipative (we 
are always considering the energy of the cluster, 
and not of the individual particles). Thus, the en­
ergy loss (per unit time) of the cluster of charges 
is given by

dW
~dt

e *
''2P

J  d3k
k-v Im -1

e(k ,k -v )

( ' E , Z 2i + ' 5 2 z iZ Jcos(k -T iJ)\ , 
\ i i*j /

(5)

where we have separated the term s with i = j ,  
which give the energy loss of totally independent 
charges, and the term s with i ± j ,  which represent 
interference effeets on the energy loss due to the 
simultaneous perturbation of the médium by the 
charges in correlated motion.

Since Eq. (5) consists of a sum of sim ilar term s, 
the sim plest case to deal with—without losing de- 
tails of the general problem — is that of two 
charges Z^e and Z 2e in correlated motion with 
velocity v and internuclear separation r0 (r0= r 1 
- í 2). We will restrict ourselves here to this case, 
fo r  which the energy loss of both charges is given 
by

dW 
dt =

e
2 P (e (E ,E -v))

x [ ( Z 21+Z¡) + 2ZlZ 2 co s (k -?0)] .

III. ELECTRON-GAS MODEL

(6)

In the following we will treat the energy loss of 
two correlated  charges in a degenerate electrón 
gas described by Lindhard’ s d ielectric constant.7

In Eq. (6) the energy loss  is given as a function 
of the relative orientations of ? 0 and v. We will 
consider here the case in which the orientations of 
r0 are randomly distributed (in a statistical sense); 
this is, in fact, the case of greatest interest in 
connection with recent experimental w ork .3,5 The 
mean energy loss <{iW/dt), corresponding to ran- 
dom orientations of ? 0, may be obtained from  Eq. 
(6) by sim ply replacing the factor co s fk ’ ro) within 
the integral by its angular average sin(fcr0) / (kr0). 
Using the variable ai = k "v we can write d 3k 
= (fe/w) dkdiiid<f>, and we get after integrating over 
the azimuthal angle 0

x ( & \ + Z l )  + 2ZlZ 2SlT>kr,>'k rn (7)

In order to introduce Lindhard’ s expression for the 
d ie lectric constant of a degenerate electrón gas, 
we write the integráis in term s of the reduced 
variables u = <jú/kvF and z =k/2kF, where vF is the 
F erm i velocity  of the gas and kF = nwF/fí; we get, 
in this way,
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with

4 m e 4[ (Z ¡+Z ¡)L  + 2Z¡Z 2I } ,

. - l  f
*X~ Ja

-a  rItx Jr.

z dz

z dz

r*Jo

/ ' »

du Im

du Im

C (m,z ))

í —  \í(u,z

(8)

(9)

(10)
sin(2feí.r0z) .

(2kFr ¿ ) ’

where x2 = e2/TilívF, n is  the density of electrons, 
and the upper lim it of integration over u is the re -  
duced velocity w = v/vF. The stopping number L 
is the sam e that appears when the energy loss  of 
a single external charge is  calculated, as done by 
Lindhard and Winther1; whereas the interference 
term  I accounts for the additional contributions to 
the energy loss of correlated charges.

The d ie lectric constant is usually written

e (w , z )  = 1 + (x2/z 2)[ f 1fa ,z )+ if2b , z ) ] ; (11)

explicit expressions for the adimensional functions 
/j íw .z ) a n d /2(« ,2 ) have been given by Lindhard.7 
The integráis in Eqs. (9) and (10) extend over the 
regions in which Im [-l /e (M ,z )]* 0 ; thus we are

R
í?
£
i*

FIG. 1. (a) Regions of integration in the u,z  variables. 
The dashed región, denoted by sp, corresponds to 
single-particle excitations; the curve r corresponds to 
resonant excitations of the electrón gas (plasmons) for 
the case kF=0.75 a.u. (b) Interference factor g(z)
= s\n(2kFrt¡z)/2kt rSíz as a function of z, for ¿¿ = 0.75 a.u. 
and for internuclear distances r0 = 2, 4, 8, and 16 a.u.

led to consider the characteristic regions in ¡Jie 
u-z  plañe illustrated in Fig. l(a ). The shaded re­
gión denoted by sp (because there single-particle 
excitations may occur) is where f 2{u ,z)±  0, and 
corresponds to real transitions of individual e le c ­
trons from  the Ferm i sphere to unoccupied states 
out of it, by absorbing the energy Ku> and the m o- 
mentum fík. Outside the sp región the conserva­
ro n  of energy and momentum forbids any single- 
particle excitation of free  electrons. The reso - 
nance curve indicated with r  in Fig. l(a) is the 
región in which í (u ,z )  = 0 or f 1(/i,z) = - z 2/x2 [since 
/ 2(m,2 )= 0 outside the sp región], This defines a 
dispersión relation u = u(z), corresponding to the 
existence of an undamped mode of collective o s c il -  
lation of the electrón gas (plasmon).

We can separate the contributions to the valúes 
of L and I in the following way:

L ~ L S + L r , / = / ,  + / „  (12)

where L s and Is are the contributions due to single- 
particle excitations. These are to be calculated by 
integrating Eqs. (9) and (10) over the sp región, 
in which c2 (w, z ) * 0, and below the line u = w .

L r and Ir are, on the other hand, the contribu­
tions due to collective excitations, obtained by in­
tegrating along the resonance curve r ,  where the 
double integráis reduce to line integráis. There 
is a minimum velocity vc for plasmon excitation, 
corresponding to the p o in tzc,Mc (with z c =uc -  1), 
where the resonance curve m erges into the sp 
región [F ig . 1 (a)], that is , vc = ucvF.8

In order to write the integráis for  L r and l r it 
is convenient to express the energy-loss function 
as

/  - 1  \ 7t6(u -u (z ) )  , .
m \f.(f4,z)) 9T¿fi~¡zj7dü ’ 

using this expression in Eqs. (9) and (10) we get

:L („  (i4)

and

6 r*c
r = v *  JA •'mi...

-  , . 8 ^ ( 2 * ^ ,
<15)

where z («•) is the minimum valué o f z that enters 
in the integration and corresponds to the máximum 
valué of u : u = w .  The integráis of Eqs. (14) and 
(15) were calculated starting from  the point fac, z c) 
and running over the resonance curve r , with small 
negative increments of z ; for  each new valué of 
z  the corresponding valué of u was found from  the 
condition €í (fi,z) = 0.

Figure 2 shows the results for 7S—the contribu- 
tion of single-particle  excitations to the interfer­
ence term — as a function of the reduced velocity
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n , for í’f  = 0.75 a.u. and for several valúes of the 
internuclear separation r 0. We observe an approx- 
imate te3 dependence for low velocities, whereas 
for large te, I s tends to a constant valué. This 
behavior is due to the strong variation of the inter- 
ference factor g(z)  = s'\n(2kFr0z)/2kFr0z shown in 
F ig. l(b ), which tends to cancel out the integration 
over large valúes of z (when Is is calculated by 
integration over the sp región); it corresponds to 
the physical circum stance that “ cióse  co llis ion s” 
(high-fc excitations) do not contribute much to the 
interference effects.

The interference term I „  corresponding to r e so - 
nant excitations, is shown in Fig. 3 as a function 
of te. To analyze the effect of the interference 
factor g {z )  on the valué of the integral we note 
that, for large velocities, the most important con- 
tribution to resonant excitations is given by the 
low -* región. With increasing ir the integration of 
Eq. (15) covers  sm aller valúes of z ,  for which 
g (z )~  1; it may be seen that this gives place to a 
logarithm ic behavior of Ir for  sufficiently large 
valúes o f w, as observed in Fig. 3. The valué of 
tv for which this dependence is reached increases 
with r 0. This behavior may be physically under- 
stood by observing that fast charges excite p las- 
mons with a máximum wavelength proportional 
to v/i¿p (where u 2p = Anne2/m is the plasma fre - 
queney of the electrón gas), so that if v/up » r 0 
the excitation of the longest wavelength plasmons 
occu rs as if the particles were united.

FIG. 2. Results of numerical integration of the inter­
ference term /4 (corresponding to single-particle excita­
tions) as a function of the reduced velocity w=v /v F for 
1̂  = 0.75 a.u. and for several valúes of the internuclear 
distance

FIG. 3. Results of numerical integration of the inter­
ference term I r (corresponding to resonant excitations) 
as a function of the reduced velocity w - v / v f  for v r 
= 0.75 a.u. and for several valúes of the internuclear 
distance >•„.

The results for L s and L r correspond to the 
curves for r 0 = 0, shown in F igs. 2 and 3; the ca l- 
culation of these term s was previously described 
by Lindhard and W inther,1 and so does not deserve 
special comments here.

IV. LOW VELOCITIES

We consider in this section the case v « v F; that 
is , low reduced velocities as indicated by h\ in 
Fig. l(a ). It is  clear that in this case there is no 
excitation of plasm ons, the only excitations that 
take place being those in a thin horizontal stripe 
given by u « « ’ and In this región we
can use the following expression f o r / 2 (Ref. 7):

f 2( u , z ) = i n u , (16)

which is applicable over alm ost the whole región 
of integration (except for  a sm all triangle just 
above the poin tz = 1 , m = 0). We then get, f o r « « l ,  
the en ergy-loss function as

Replacing this expression in Eqs. (9) and (10), and 
using Eq. (8), we get fo r  the energy loss per unit 
pathlength

(d E \ _  1 ¡dW\
\dx 1 v \ d t  /

£ ^ K'[(Z i + Z *)C* +2iW J >  (18)



18 E N E R G Y  L O S S  O F  C O R R E L A T E D  C H A R G E S  I N A N E L E C T R O N  G A S

with

= ¿  = r
1 J0 [z2 +

- ¿ - ■ r

z 3dz
xaA (o ,* )]*  ’

z sdz______ sin(2fef rpz)
[z2 + X2 ftiO.z)]* 2kFrgZ

(19)

(20 )

The coefíicient CL depends only on the density of 
e lectrons through the valué of x2, whereas C, de­
pends both on x2 and kFr 0. The first term  in Eq. 
(18), proportional to CL, corresponds to the result 
of Lindhard7 for the energy loss  of two slow inde- 
pendent charges Z xe  and Z 2e ,  and it is character- 
ized by its linear dependence on the velocity. 
Equation (18) indicates that this linearity subsists 
fo r  the energy loss of slow correlated charges 
(because C¡  is also independent of the velocity).
The dependence of C¡  on kFr a may be understood 
in sim ple physical term s; for v « v F the electrons 
that can be excited are only those located in a thin 
spherical shell near the Ferm i surface (of width 
Ku ~ 2KkFv « E f = im vF), so  that the relative v e lo c i­
ty between these electrons and the external charges 
is ~vF; the natural param eter to describe the in- 
terferences is then the ratio between r 0 and the 
wavelengthÁF = k £  = fi/mvF of the electrons at the 
Ferm i surface.

The valúes of C L and C,  have been calculated for 
«^.=0.6 and 0.9 a.u., by num erical integration of 
Eqs. (19) and (20). In Fig. 4 we show the results

FIG. 4. Ratio between the interference coefficient C¡ 
and Lindhard’s coefficient CL for the case of low velo- 
cities, as a function of kFr0. We show the results for 
v jr= 0.6 and 0.9 a.u.

fo r  the relation C [/CL as a function of kFr0. We 
conclude from  these results that, for low ''c io c i-  
ties, interference effects in the energy loss are 
important for small internuclear distances, such
that kFr 0%2.

V. H1GH VELOCIT1ES

In order to calcúlate the energy loss for ve loci- 
ties v » v F [large reduced velocities, as indicated 
by w2 in Fig. 1 (a)], we can use the following ap- 
proxim ate expression for e(fe,w) (Ref. 7):

«(fe,u) = l +  (Kk2/2m^ P_ ( w + ¿6)4 (21 )

where 6 is an infinitesimally small positive quanti- 
ty. This approximation corresponds to the case 
t j )/ k»vF, but otherwise arbitrary k, and describes 
in a very sim ple way the collective and individual 
electronic excitations. For 5 —0, we get

Im ( (22 )
C(fe, w)) 2uik

with

coJ = o)p+ (Kk2/2m'f . (23)

Using Eq. (22) in Eq. (7) we get

where the valúes of and k2, for  (mv2/Ka>p)2 »  1, 
are given by

fej — wpfv , k2^2mv/K  , (25)

which correspond to the extrem e momentum trans- 
fers  Rk1 and fik2. Expressing the energy loss as 
in Eq. (8), we finally obtain

' i
(26)

I -  Irk2dk sin (feyo )- f  l 
k x

^ y F^ ¡p y  (27)

where the function F  (x) is given in term s of the 
cosine integral C i(*) as

F  (*) =x~l sinx -  C i(jf). (28)

In contrast with the case of low velocities, two 
characteristic distances appear here, r mlI= v/u>p 
and r mln = K/2mv, which are the reciprocá is of the 
wave numbers corresponding to minimum and 
máximum momentum transfer, respectively, as 
given in Eq. (25). They may be physically inter- 
preted as the adiabatic distance for plasmon ex- 
citation and the minimum impact parameter for 
the collision  between a c lass ica l particle and an 
electrón. By com parison of r 0 with these char-
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FIG. 5. Ratio between the interference term I and 
Lindhard’ s stopping number L as a function of ^¡.r^/v 
for vf = 0.75 a.u. and for velocities v = 1.5, 3.0, and 6.0 
a.u. The solid lines are the results of the analytical 
expressions [Eqs. (26) and (27)1; the dashed line cor­
responds to calculations by Brandt et al. (Ref. 3), the 
circles are the results of numérica! integrations using 
Lindhard’s dielectric constant.

acteristic distances we can distinguish the follow - 
ing limiting cases.

a. Separated charges.  If r 0 is much larger than 
the adiabatic distance, r Q» v / u P (and consequently 
r a»Ti/2mv), we can use the lim it .F (x ) -0  (for 
x-<*>), and then/  = 0. The energy loss is given by 
the first term in Eq. (8), with L given by Eq. (26). 
This corresponds to the case of separated charges 
dissipating energy independently.

b. United charges . This is  the case  for  r 0 « r mln 
= ñ/2mv, so  that the separation between the parti­
óles is unobservable, even for the closest c o ll i-  
sions. Using now the lim it r ( * ) - ( l -  y) + ln (l /x ), 
for  x  — 0, we get

I = \x\(2mv2/Kti}p) = L , (29)

and the factor between square brackets in Eq. (8) 
becom es (Zj + Z j^ L . This corresponds to the case 
of a simple charge of valué (Z^ +Z 2)e.

c .  Mixed case .  We finally consider the following 
condition: n / 2 m v « r 0 « v / u P. Using the appropri- 
ate lim its for F (x) we now get4

I = ( 1 - y )  + ln(v/rQu P) , (30)

where y = 0.577 is  Euler’ s constant. This lim it 
corresponds to the important case in which the 
charges behave as if they w ere separated with r e -  
spect to the closest individual excitations (because 
r 0»ñ / 2 m v),  but they act as united charges in the

excitation of the longest wavelength plasmons (be- 
cause r 0 « v/íc p).

In Fig. 5 we show the results for the relation l/L 
as a function of u pr j v  for  different valúes of the 
velocity v. Here the continuous lines correspond 
to the high-velocity analytical results of Eqs. (26) 
and (27), whereas the c irc le s  are the results of 
numerical integrations using Lindhard’ s d ielectric 
constant. Small discrepancies exist for  u = 1.5 a.u., 
whereas for larger velocities the agreement is 
excellent. The dashed curve is the result of nu­
m erical integrations of Brandt et al.3 on the basis 
of a high-velocity approximation; their curve shows 
a plateau for fí/2mv «  r0« v / w p, which is in d is- 
agreement with the results presented here.

We notice that, in particular, the valué of 
F(2m vr0/f¡) may be neglected for the case o f swift 
m olecular ions, as long as the condition ra» f í/ 2 m t  
is fulfilled, so that we can express the interference 
term /  as a function of the param eter rau¡p/v alone: 
I  = F (r0ü)p/v).

We finally observe that the valué of the ratio 1/L 
is an appropriate quantity to describe the relation 
between the energy loss o f correlated charges and 
the energy loss o f independent ones; in fact, the 
energy loss of independent charges is simply

and thus the energy-loss ratio becom es

VI. ENERGY LOSS AND PARTITION RULES

A sim ple argument to estimate the energy loss 
of a cluster of fast charges has been given by 
Brandt et a l.3,B on the basis of partition rules for 
the stopping and with the additional assumption 
that, if the separation r 0 between the charges Z¡e  
and Z 2e  is such that

fí/2mv « r 0«v/(j)p , (33)

they will act independently with respect to single- 
particle excitations (“ cióse  co llis ion s” ) and as a 
single charge, of valué (Z t + Z 2)e,  with respect to 
plasmon excitations (“ distant co llis ions” ). For 
Z l =Z 2 they give the following form ula for the en­
ergy -loss  ratio R:

fl =  1 + L j L  ; (34)

whereas according to Eq. (32) we get R = 1 +I/L. 
Using in Eq. (34) B ohr’ s equipartition rule for the 
energy loss , which states that the ener gies lost in 
cióse and distant collisions are approximately 
equal (Lt~ L s~{L),  they find R =  1.5. On the other 
hand, the partition rule of Lindhard and Winther
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States that Ls = L r+C,  where the partition constant 
C is a positive quantity independent oí the velocity. 
Using this latter rule in Eq. (34) m ore appropriate 
valúes o í R were found,6 always sm aller than 1.5.

We note that condition (33) is the one correspond­
ing to the mixed case of Sec. V, and furtherm ore, 
that the behavior of separated or united charges in 
this case is rigorously correct only if we consider, 
respectively, high-/? individual excitations, such 
that k » r " £ ,  or  low-fe resonant excitations in the 
sense that k « r ¡ ¡ 1. However for intermedíate val­
úes of k, which also contribute to the stopping, the 
variation of the interference factor sin (kr0)/krQ 
gives place to a m ore complicated behavior [see, 
for instance, Eqs. (10), (15), and (27)]. On the 
other hand, when condition (33) is fulfilled, Eq.
(30) gives a quite satisfactory analytical approxi- 
mation for the interference term I at high v e lo c i­
ties. This analytical result corresponds to inter­
nuclear separations such that the charges behave 
as separated with respect to violent individual ex­
citations [r Qk2 = r 0{2mv/ñ) »  l ] ,  and as united 
charges for long-wavelength collective  excitations 
(r0kl = r au)p/v « 1 ) ,  and where the interferences 
are adequately integrated over the whole interm e­
díate range of k. A s the internuclear separation 
r 0 increases (for constant velocity v), the contri- 
bution from  the collective  excitations to the inter­
ference term I decreases in a continuous manner, 
as our results show (Fig. 5).

In conclusión, the behavior described above does 
not support the existence of a general relation be ­
tween the partition rules for the energy loss of a 
single charge, and the energy loss of a cluster of 
charges with internuclear distances in the range 
ñ/2rnv « r 0 « v / u P. This conclusión also raisefc 
som e question on the use of experimental data for 
the en ergy-loss ratio between m olecular and 
atom ic ions, in order to get a quantitative evalua- 
tion oí the partition ru le.9

VH. DISCUSSION AND CONCLUSIONS

We have calculated the energy loss of a pair of 
charges in correlated motions through a degenerate 
electrón gas, within the linear response approxi- 
mation, and using Lindhard’ s d ielectric constant 
to describe collective  and single-particle excita­
tions. For sufficiently low velocities the energy 
loss of correlated charges depends on the relation 
between the internuclear distance r 0 and the wave­
length of the electrons at the Ferm i surfaceA F.
For r0» A f the interference effects on the energy 
loss  becom e negligible, as it is physically plausi­
ble.

Numerical calculations of the energy-loss term s 
(L r and 1T 3), have been perform ed over a wide

range of velocities, and the results compared with 
sim ple analytical expressions for the case of nigh 
velocities. We conclude from  this com parison that 
the analytical expressions give an accurate ap- 
proximation to the energy loss for r/vF ¿ 2 .  The 
results of this work do not support a proposed re­
lation between the partition rules for the energy 
losses of a single charge and the energy loss of a 
cluster of charges.

We will finally make a few comments in relation 
with recent studies of the energy loss of molecular 
ions traversing thin solid film s.3"6 In the velocity 
range that has been studied experimentally, both 
plasmon and short-range excitations of valence 
band electrons give the most important contribution 
to the energy loss . Clear evidences of molecular 
effects on the energy-loss ratio R have been p re - 
sented, and they were interpreted as arising from 
collective resonance excitations.

Tape et al.5 have remarked that the experimental 
results are clearly  lower than the valué R = 1.5, 
which might be expected from  an application of the 
equipartition rule; they are instead in better 
agreement with estimations6 using the partition 
rule of Lindhard and Winther. It must be admitted 
that one should not expect an accurate description 
of the energy loss in real media from  a direct ap­
plication of the results for a free electrón gas; 
however this procedure may give a reasonable 
estimation for the energy loss of swift charges due 
to the excitation of valence electrons.2 Using the 
results of our work it is quite straightforward to 
get an estimation of R for fast H2* ions incident 
on carbón foils ; we take r 0= 3 a.u., v = l  a.u., and 
wp= 0.9 a.u., which are appropriate valúes for the 
experimental situation.5’ 10 Using these valúes 
in Eqs. (26) and (30), we get11 R = 1 + //Z . = 1 + (1 .4 )/ 
(4.7) = 1.3, in fairly good agreement with the m ea- 
sur eme nts.

For a more consistent evaluation of the energy 
loss of swift m olecular ions in a film , one must 
integrate over internuclear distances which in- 
crease , due to the mutual Coulomb repulsión be ­
tween the ions, during their transit through the 
film . This can be readily accom plished when the 
analytical expressions (26) and (27) are used. 
Smaller effects in the case o f carbón targets are 
the excitation of the inner shell and the width of 
the plasma resonance, which however, may be 
taken into account in an approximate manner.
After perform ing these calculations, for H2* inci­
dent on a carbón foil, good agreement was obtained 
with the results of Tape et al. within experimental 
uncertainties. However, from  a quantitative point 
of view, we believe that m ore accurate experim en­
tal results are necessary to enable a conclusive 
com parison.
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