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In this paper we report on our theoretical studies of various aspects of the correlated stopping power of two
pointlike ions(a diclustey moving in close but variable vicinity of each other in some metallic target materials,
the latter being modeled by a degenerate electron gas with appropriate densities. Within the linear-response
theory we have made a comprehensive investigation of correlated stopping power, vicinage function and
related quantities for a diproton cluster in two metallic targets, aluminum and copper, and present detailed and
comparative results for three approximations to the electron gas dielectric function, namely, the plasmon-pole
approximation without and with dispersion as well as with the random-phase approximation. The results are
also compared, wherever applicable, with those for an individual projectile.

PACS numbgs): 52.40.Mj, 34.50.Bw, 61.85:p, 71.45.Gm

I. INTRODUCTION stopping power(SP of correlated charged particles in a
DEG. The simplest and yet physically relevant case is the SP

The stopping of energetic charged particles in a targeof an ion pair(a diclustey. We report on a comprehensive
material is a problem of long-standing theoretical and experiinvestigation, which is mostly numerical, of various aspects
mental interest. Early pioneering theoretical work by Bohr,0f a dicluster stopping in a DEG. Previous theoretical works
who had a lifelong interest in this problem, was followed by have considered this problem within the linear-response
Bethe and others. There is by now an extensive literature of€ory[9-11] and in a simple plasmon-pole approximation.
this topic. We refer the reader to two recent review articledn our paper, again in the linear-response formalism, we have
[1,2]. The problem in its generality is rather complex. How- used both the plasmon-pole approximati&®PA) as well as
ever simplified theoretical models have been applied witiihe full Lindhard expression for the random-phase approxi-
considerable success in explaining experimental data. Agnation(RPA) in the DEG dielectric function. As in earlier
suming a weak coupling between the energetic particle and $fudies we consider a diproton cluster as a projectile and
target material, especially a metal which is usually approxicompare our theoretical results with those of Basbas and
mated by a degenerate electron gas, a detailed theoretidditchie[10] who used PPA and with those obtained in RPA.
model has emerged through the works of Bohm, pineSWhenever applicable, the results are also compared with
Lindhard, Ritchie, and other authdf3—5]. those for an independent projectile.g., those due to Ya-

A comprehensive treatment of the quantities related tdolev and Kotel'nikov[7]). To our knowledge, no RPA re-
inelastic particle-solid and particle-plasma interactions, e.g:sults for a diproton cluster SP and related aspects have pre-
scattering rates and differential and total mean-free-paths andously been reported in the literature.
energy losses, can be formulated in terms of the dielectric-
response function obtained from the electron-gas model. The

results have important applications in astrophy$&3] and Il. STOPPING POWER

radiation and solid-state physif8-11], and more recently, et us consider an external charge with distribution
in studies of energy deposition by ion beams in plasma fuy_ (r,t) = Q. (r — Vt) moving with velocityV in a medium
sion target§12-1§. characterized by the longitudinal dielectric functiek, w).

Ong can think of several situations in which the prOJeCt|leW|th|n the |inear-response theory and in the Born approxi-
beam ions may be closely spaced so that their stopping igation the scalar electric potentia(r,t) due to this external

influenced by their mutual interactiOIﬁ$4,1ﬂ and thus dif- Charge screened by the medium is given[b}/
fers from the stopping of charged particles whose dynamics

are independent of each other. This can happen, for example,

in the case of very high-density beams, or more realistically, exgik-(r—Vit)]

when cluster ions are to be used instead of standard ion ¢(r,)=4m | dk Qex(k) 2 ' @
kee(k,k-V)

beamg16].

The stopping of uncorrelated or independent charged par-
ticles in a degenerate electron gd®EG) has been exten- whereQg, (k) is the Fourier transform of functio@q,(r).
sively studied in the literaturdsee, for example, Refs. The stopping power, which is the energy loss of the ex-
[3-9,13, and other references thergiThese studies have ternal charge regarded as a projectile, per unit path length in
been done mostly within the linear-response formalism andhe medium regarded as a target material, can be calculated
for the projectile velocityy comparable or greater than:, from the force acting on the charge. The latter is related to
the electron Fermi velocity. the induced electric fiel&;,q in the medium. For a three-
The objective of this paper is to make a study of thedimensional medium we have, for the SP,
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V One may consider an interference or vicinage function,
E—f dr Qex(r—Vt)- 7 Eind(r,1) which is a measure of the separation of single-particle con-
tribution from its correlated counterpart, to the stopping

2(2m)% Lk -1 power. This function is defined 440,14,15
=V f dk|Qex(k)| ?lmm- 2
Scorr(R,V)
F(RV)=—¢ . (8)
Equation(2) is applicable to any external charge distribu- Sind(V)
tion. We shall apply it to a cluster of two pointlike ions . .
having charge& e andZ,e separated by a variable distance Equation(4) can then be put in the form
R. For this dicluster
o 22,7,
) S=(ZHZDSn V)| 1+ 7 TRV (@
|Qexi(k)[?=——[Zi+Z5+2Z:Z,codk-R)].  (3) Lo
(2m)°

I'(R,V) describes the strength of correlation effects with re-
Then the stopping power of a dicluster may be written asspect to an uncorrelated situation. The vicinage function be-
comes equal to unity aB—0 when the two ions coalesce
S= (Z§+Z§)Sind(V)+ 27,75S:0n(R,V), (4) into a single entity, and goes to zeroRs-o when the two
ions are totally uncorrelated.
where S;,4(V) and S;,(R,V) stand for individual and cor-

related SP, respectively. From Eqg) and(3), IIl. THEORETICAL CALCULATIONS OF SP
202 (=dk (kv —1 The key ingredient in the calculation of stopping power,
Sna(V)= —f —f Im————owdo, (5) as outlined in Sec. Il, is the linear-response funcégk, )
mVv2Jo kJo " e(k o)

of the target material. The latter is modeled in most cases by
a dense electron gas neutralized by a positive background—

2e2 redk (kv -1 the so-called jellium model. The effect of the lattice is not
Scorr(R,V)=7fo ?fo |mmw dw included except perhaps through an effective mass of the
' electrons. This is a reasonable model for target materials like
2 Cu and Al.e(k,w) for a dense, and hence a degenerate elec-
Rsing \ [ kK2— w_) tron gas, has been calculated in various approximations in

V2 the literature. Two of them arél) PPA and(2) RPA. Ac-

tually the plasmon-pole approximation is a simplification of

the RPA response function. We shall consider SP in these
two approximations.

w
X cos( v R cosﬂ) Jo

(6)

Jo(X) is the Bessel function of the first kind and zero order
and} is the angle between the interionic separation veRtor
and the velocity vectoV. Equationg5) and(6) can also be A. SP in PPA without plasmon dispersion

obtained from the linearized Vlasov-Poisson equations for a pore we consider the simplest model of the dielectric
two-ion projectile system, as has been done by Ava@tzdl. ¢ nction of a jellium. In Ref[10] (see also the Ref15]) a

[14]. In their study the target material is a dense CIaSSicabIasmon—poIe approximation te(k, ) for an electron gas
electron gas.h h buti h ¢ was used for calculation of dicluster SP. In order to get easily
We note that there are two contributions to the SP 0f gypainaple analytical results, Basbas and RitEhi employ

two-ion cluster. The first one, given by the first term in Ed. 5 gimpjified form that exhibits collective and single-particle
(4), is the uncorrelated particle contribution and representggacts

the energy loss of the individual projectiles due to their cou-
pling with the target electron gas. The second contribution, -1 Tw?
the second term in Eq4), arises due to a correlated motion Im Ko) z—p{ H(ke—Kk) 8(w—wp)
of the two ions through a resonant interaction with the exci- AL @
tations of the electron gas. Both terms are responsible for an 2
irreversible energy transfer from the two-ion projectile sys- +H(k=K¢) 5( (Ol m)
tem to the target electron gas.

In many experimental situations, clusters are formed with . - . . .
random o)rlientgtions oR. A correlated stopping power ap- whereH(x) is the Heaviside unit-step functiofw, is the
propriate to this situation may be obtained by carrying out é)lasma energy of the electron gas, and the chdice

- : =(2ma, /%)Y allows the twos functions in Eq.(10) to
;%encal average oveR of the S,(R,V) in Eq. (4). We coincide atk=k, in the k-w plane.

The first term in Eq.(10) describes the response due to
5 nondispersive plasmon excitation in the regionk;, while
2e fwﬂ(sin(kR)kalm -1 odo the second term describes free-electron recoil in the range
RVZJo k? o eko) ’ k>k. (single-particle excitations This approximate func-
(7) tion satisfies the sum rule

: (10

§COI‘I( R,V)=
r
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F'm L da=T 1) SR = — | si| 2 (kR | —sif 2 (keR
wdo=—7— = —
o e(k ) 2 cord R, \) N2 Sk )\\/5( FR) | =sil 2N (keR) ]|,
(16)
for all values ofk.
In this approximation, iV>(fw,/2m)*?=V,, where
© sinx  sin(z
(M_ezwgln 2mV? 3, In(xzﬁ 12 Sip(z)= | dx—-= rs)—ci(z). (17
Sind(M) = V2 hwp _77)(2)\2 x z X
where N=V/ve )(2=1/7Tk,:a0=(4/9774)1/3rs' re B. SP in PPA with plasmon dispersion
=(3/4mnyad)'®, ngy is the electron gas density, ara Plasmons without dispersion are an idealization. In real

=0.53x 10 %cm is the Bohr radiuskg is the Fermi wave Systems plasmons are expected to undergo a dispersion lead-
number of the target electrons alig=2.18 GeV/cm. In our ing to a w(k). The actual dispersiofin RPA) can be ob-
calculationsy (orr) serves as a measure of electron densitytained from the linear-response functigsee Sec. Il Q.
The result in Eq(12) agrees exactly with the Bethe SP for- Here we shall utilize a dispersion that is valid for small and
mula, except that the plasmon energy of the electrorfigas intgrmediate values of the wave vectar Consequently we
appears instead of the usual mean atomic excitation energyrite
Equation (12) represents the contribution of valence/ 9
conduction electrons in a solid to the stopping of an ion. Im -1 _ ﬂé[w—ﬂ(k)] (18)

Using Eq.(10) in Eq. (6), in the high-velocity limitV e(k,w) 2w '
>V, (or A\*>y/\3=\}) one finds

where the dispersion is given by

Seord Ry 9,N) = %o cos( 2X keR costd 2 2. 3 2.2 hi2k
cor 1 Uy 77_)(2)\2 )\\/5 F Q (k)=wp+ gk UF+ m (19)
Mhod X 2 . . .
Xf 0_‘]0( X kFRsinﬂm) In this approximation when
1 X )\\/§ 3 ho 1/2
andx [ x2 V>(§v,2:+ Fp) =V, (20
+f YCo{ﬁkFRcosﬁ)
2ho we have, for individual and correlated SP,
X2
X Jo| XkeRsin® 1—m)]. (13 S (\) = 20 |r"2_3/5+ JIN2=3/5)2—4x?/3
nd mx°\? I 2)(/\/§ 7
If one ion trails directly behind the othe®=0) from Eq. 21)
(13) we find S0 [*+Mdx
Scord Ry 0,N) = f —
o 2x NE] - XN ) X
Scor,(R,O,)\)=2 22 co )\\/ngR In ” b1(x)
X xcos(l—kFR cosﬂ)
2y 2\
+Ci(2NkgR) —ci —kFR)], (14 X
A3 xJO(%\)kFRsina). (22)
where cig) is the integral cosine function Herek- is the Fermi wave number. and
F 1
ci(z)=—dexﬁ (15 2,12, 2
, < P1(X)=\/ X +€x +16x°/3, (23

One sees a characteristic oscillatory behavior for large

3
interionic distanceR. As discussed in Ref16], fluctuations $a(X)= \/4()\2— g) X2 (x*+16x°/3), (24)
the leading ion. The wavelength of these fluctuations is
~2mVlw, for high-velocity projectiles.

in the stopping power of a medium for a cluster as separation
increases are due to electron-density variation in the wake of 3 32 2.2
X+(N)= \/2 N— -+ \/(xz— —) 0 . (25
5 5 3
In the case of randomly oriented clusters from Ef).we
find In the case of randomly oriented clusters we find
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— S,
Sco RN = ﬁ{siz[kmxf(m—siz[kFRmx)]}.
(26)

C. Stopping power in RPA
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In order to evaluate the integrals ovein Egs.(30)—(32)
at A<1 (in the low-velocity limi) we split the integration
region into two domains: €z<1-u and l-usz<1+u,
where Im e~f,#0. However, at\>1 (in high-velocity
limit) we need to take into account the regiosd<\, 0
<z=<u-—1, wheref, may vanish. The integration in this

Now we will derive the analytical expressions for the gpregion includes the excitation of collective plasma modes

of a dicluster in a fully degeneratd €0) electron gas. For
this purpose we use the exact RPA dielectric response fun

tion obtained by Lindhardi4]

2

e(zw=1+CIfzu+ifzw], (@)
z
where
f I PR
1(Z,U)—§—§( + )nU+—1
! U2 -1l V- 28
+§( - )nU,—l' (28)
.
1[1—(u—z)2]' lu—1|<z=u+1
8z '
0; O<z=su—1,
fo(z,u)= 0: z=u+1, . (29
! 0 1
— - g g J—
5> mu; z u

\

Here, as in Refd.6], [7], [13], and[15], we have introduced
the following notationsz=k/2kg, u=w/kvg, andU_.=u
+z. With these notations Eq$5), (6), and(7) read

Sind( )\)

6% (5. [ fo(z,u)udu
= —f Z dzJ > ,
w2 x*\%Jo 0 [Z2+ x*f1(z,u) P+ x*f5(z,)

(30
620 @
77_2)(2)\2 0 z
fo(z,u)udu

A
<
0 [Z2+ x*f1(2,u) 1%+ x*3(z,u)

Seor N, R, 3) = 34z

zu
X cos( ZT keR cosf})

2

u
XJO( 2zkzRsind 1—;), (31

SR = 2020 (% ok Ro)22d
corl RAN) = 2 RJo sin(2kgR2)z°dz
fo(z,u)udu

A
fo [Z%+ x*f1(z,u) >+ x*f5(z,u)

. (32

(plasmong by fast charged particles. Consequently, although

g_p_:O, the integrals in this region are not equal to zero. A

calculation of the collective part of SP is facilitated if we use
the following known expression:

x*fa(z,u)
[22+ x?f1(z,u)]2+ x*f3(z,u)

_ 5[Z_Zr(X’u)]
22t X2ty (2.0 72l

— w22+ x*fa(z,u)]

(33

where z,(x,u) is the solution of the dispersion equation
e(k,w)=0 in variablesz andu.

Figure 19 shows the solutiory(y,u) for various values
of x (solid line, y=0.5; dashed liney=0.15; dotted line,
x=0.05). It may be noted that the integration domain O
<us\, z>u+1, wheref,=0, does not contain the dis-
persion curvez (y,u) calculated for metallic densitieg
~0.5 (rs~2). Consequently the SP in this region of vari-
ablesz andu vanishes and there is no plasmon excitation.

Let us consider the low-velocity limit\(<vg) of Egs.
(30) and (31). In this limit one can obtain simpler expres-
sions for SP. From Eg$30) and (31) we have

(N)= 20 )\fl z%dz 34
Snd )= mx? Jo[Z2+ x?(2)]?
S )\Rﬁ)~320)\fl i [®,(zkR)
bon(M. R, _277)(2 o[22+ x%f(2)]? 1zke

+ ®,(zk=R)sir? 9], (35)

where

1 1\
D,(8) —[(52— §>Sln(2§)+6005(2§)}, (36)

=§3
® B 1 (3 2) ) 3
(6)=5|| 3~ |sim2e) 5 ecos20)|, (@7
B 1 1-7% 1+z
f(Z)=f1(Z,O)=§+ 47 |I’]E. (38

From Egs. (36) and (37) it follows that ®4(¢)
— 213, ®,(&)—0 até—0, and consequently, as expected,
Secord MR, 9) — Sing(N) when R—0. Note that(as is well-
known [4,13]) in the low-velocity limit the SP is propor-
tional to the velocity of the particl€Eqgs. (34) and (35)].
Thus the vicinage functioh’'(\,R,9) atA<1 depends only
on interionic distanc&® and orientation angle.
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Al Target; R = 10%cm Cu Target; R = 10°cm
34 34
—_ ~
: :
; 24 ; 24
S 8
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= =3
R =
g 14 g 1
Q N
v %)
0 0
0 0
FIG. 1. S/2 of a diproton cluster witlR=10"8 cm, vsV/v for FIG. 3. S/2 of a diproton cluster wittR=10"8 cm, vsV/v for

the Al target (s=2.07). =0 (dotted ling, 9= 7/2 (dashed ling the Cu target (;=2.68). 9=0 (dotted ling, 9=x/2 (dashed
and ISP(solid line). The lines with and without circles correspond line), and ISP(solid line). The lines with and without circles corre-
to PPA with and without dispersion, respectively. spond to PPA with and without dispersion, respectively.

IV. NUMERICAL RESULTS AND DISCUSSION diproton cluster are expected to reduce asymptotidahyR
. . tends to infinity to those for two uncorrelated protons, the
ol ne heoretc) resuls o Secs | 4 I e D¥eter bang refeed o as ndvidual SASPL Angl
. . ; . . veraged SHASP) has been treated in the same way. We
guantities. In this section we present detailed numerical re- : . .
would like to mention that in the text we have used the

sults for two target materials, Al and Cu. These two targetsnotations e.g., SP, ISP, and ASP, and in the figures for the

have been chosen because of their frequent use in expel: o quantities we have us&dS,q, andS,,.

ments and also because of their different electron densities. . -
In our calculationsy (orrg) is a measure of electron density In_our calculations of these quantities we have employed
As a simple but genesric example of a projectile, we ha\}cathe Ilnear—_response approach, Wh'Ch assumes a swift ion-

considered a diproton clusteZ{=Z,=1) for whi(;h we cluster prqecule and also that the ion clustgr_presents gweak

present theoretical results for the 2following quantities Ofperturbatlon on the target plgsma. The Va“dlw of the Ilnear-.
hysical interest: stopping poweSR), vicinage function response apprqach to s_tudy ion-cluster stopping has been dis-

phy ' pping p ' ge fun cussed in detail by Zwicknagel and DeutddfY]. We refer

(I'), angle-averaged stopping poweB,(2=Snq+ Scon),  the reader to their insightful discussion.

angle-averaged vicinage functioh' {=S..,//Si,q) together We model the Al and Cu targets by a deridegenerate

with the dependence @&/2 andI’ on R, the interionic sepa- electron gas neutralized by a positive backgrouiié jel-

ration distance within the cluster. The reason why SP halum mode) with electron densities appropriate for the re-
been divided by a factor of 2 is that the SP results for aspective targetf18]. The linear response of the target elec-

Al Target; R = 5x10*cm Cu Target; R = 5x10°cm
3 34 S
----- #=0
= = -—=8=a2
§ §
>, Z
8 8
< <
oy
2 2
814 g 14
Q Q
A %)
0 0
0 0
FIG. 2. S/2 of a diproton cluster witlR=5x10"8 cm, vsV/vg FIG. 4. S/2 of a diproton cluster wittlR=5X10"8 cm, vsV/vg

for the Al target.9=0 (dotted ling, 9= 7/2 (dashed ling and ISP  for the Cu targetd= 0 (dotted ling, 9= 7/2 (dashed ling and ISP
(solid ling). The lines with and without circles correspond to PPA (solid line). The lines with and without circles correspond to PPA
with and without dispersion, respectively. with and without dispersion, respectively.
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10 10 "
Q Al Target; R =10%cm 9 Cu Target; R = 10" cm
: 8=0 &8=0
----- d=n2 ] seeee G=mf2
0.54 Q 0.5
« P ‘o.‘°"°"°'-o-.o.-o-'o"o' «
“fl0.0"
2 : &
R g
[ 001 [~ 0.0
-0.5 T T T -0.5 T T T
0 2 4 6 8 0 2 4 6 8
Vivg Viv,
FIG. 5. VF of a diproton cluster witR=10"2 cm, vsV/v for FIG. 7. VF of a diproton cluster witR=10"8 cm, vsV/v for

the Al target.9=0 (solid line) and 9= #/2 (dotted ling. The lines  the Cu target:d=0 (solid line) and d= #/2 (dotted ling. The lines
with and without circles correspond to PPA with and without dis- with and without circles correspond to PPA with and without dis-
persion, respectively. persion, respectively.

tron gas, which couples the cluster projeptile to the target, ??wo ions in the dicluster are maximum and minimum, re-
considered at three levels of approximations to the d|electr|% ectively. for these two values @ The obiective is thén
function e (k,w) as discussed in Secs. Il and Ill. In the con-t(? see h)(/)'vv for these maximum .and minJimum configura-
text of stopping power these approximations are Sub]eCt t%ons SP dépends dRandV/vg. Figure 1 shows SP for Al
the following general remarks: The PPA is valid only in thetarge,t WithR=10"8 cm. as a ?Linction of//ve for the two
high-velocity regime when the mean velocitof the cluster above-mentioned valués of, within PPA TheF lines without

is >vg, the Fermi velocity of the target electrons. Pér : '

<wvg and for velocities near the threshold of collective modeCIrCIes correspond to PPA-1 and, with circles, to PPA-2. The

excitations, this approximation is not adequate. The RPAanguIar dependence of SP is particularly noteworthy. It is

overcomes this limitation although it cannot account for>cen that in a medium velocity rang¥{2vg), SP has a

short-range correlations in the electron gas. Within PPA it_remarkably higher value for the larger value &f This is

self, PPA-1 (without plasmon dispersionis more limited likely du.e to single—.particle excitatipns in this velopity range.
thaﬁ PPA-2 (with plasmon dispersion The figures we In the higher velocity range, the dicluster wake-field excita-
present serve as a comparative study of how these levels anS become important and we find that the situation is re-

approximation affect the various physical quantities relate er‘j,?ﬂ (l)n.thle hlghtehr veflo%tx ra/r219®’1>2v F) for which SP
to stopping power. or 9=0 is larger than fory= /2.

Figures 1—4 show cluster stopping powsP and its de- In the low-velocity range the difference between PPA-1

pendence on various quantities of experimental intgrest and hP_PhA—Z(lfor_tboth “}:‘t’h?”‘j‘jgf’z) IS ncguceable Wh'lei. 'F‘bl
us first note that these figures are presented for two specif € high-velocity range this difference becomes neglgibie.

values, 0 andr/2, of the angled. Correlations between the his is again due to single-particle excitations in the low-

1.0 1.0
Al Target; R = 5x10”cm Cu Target; R = 5x10°cm
é=0 ] é=0
----- ¢=n2 seees B=m2
0.5 0.5
< <
& &
E .8
—  00- —~  0.0-
0.5 05
0 0
FIG. 6. VF of a diproton cluster witR=5x10"8 cm, vsV/vg FIG. 8. VF of a diproton cluster witR=5x10"8 cm, vsV/vg

for the Al target.9=0 (solid line) and 9= /2 (dotted ling. The for the Cu target:d=0 (solid line) and 9= /2 (dotted ling. The
lines with and without circles correspond to PPA with and withoutlines with and without circles correspond to PPA with and without
dispersion, respectively. dispersion, respectively.
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1.0
Al Target Al Target
i —s, =10°%
3 w ] R=10 CT
/é\ """ R=10c@ | 1 R =5x10%cm
- — = R=5x10%m
o
; 0.5
6 2- E wo_o—o—o—o—o—o—o—o—
< ey
é .E 0e0--0 «0--0-°0
o) 5 0.0 o: 00 o9
_E l- L‘ . “20..00 70"
Ql
5
75}
-0.5 . T v T . T .
or 0 2 4 6 8

Viv

F

FIG. 11. AVF of a diproton cluster wittR=10"8 cm (solid
line) andR=5x 108 cm (dotted lind vs V/vg for the Al target.
The lines with and without circles correspond to PPA with and
without dispersion, respectively.

FIG. 9. S,/2 of a diproton cluster witrR=10"8 cm (dotted
line) andR=5x%10"8 cm (dashed lingvs V/vg for the Al target.
Solid line, ISP. The lines with and without circles correspond to
PPA with and without dispersion, respectively.

Hever whenR is small, each ion is influenced by the un-
screened field of the other ion. For model solid targets, the

When we increase the interionic separation distaRce Cherenkov cone semivertex i%c=a}>rcsin(V°O.GUF/V) [108]'
J¢ is approximately equal to 22.8°, 7.4°, and 0.08° Yor

from 108 cm to 5x10 8 cm, keeping other physical pa- .
rameters the same, some interesting changes occur, as can b&VF: V=6VF, andV=10, respectively. Consequently
seen from Fig. 2. A noticeable change is that now, Vor in the high-velocity range the trailing ion moves inside the

<2vg, SP for9=0 is higher than that fory= /2. This Cherenkov cone of the leading ion only for almost aligned

L ; - diclusters. The behavior of SP shown in Figs. 1 and 2 reflects
sensitivity of SP to the anglé, asR s varied, may be due a t[hese features within the linear response and for PPA. It will

combination of factors. The dicluster behaves like a compagt .
. ; s e noted that the high values of SP are due to the PPA-1
project for smallR, and like an extended projectile for large approximation. PPA—% decreases these values to a small ex-

R. This has a bearing 08, given in Egs.(13) and (22). e
Correlation effects are expected to be maximum when th ent._Later, when we use a more realistic, namely, RPA, for
e linear-response functioffrigs. 20—23 SP considerably

two ions are aligned with each other in the direction Ofdecreases in strength
propagation of the dicluster projectile motio®€0) while Figures 3 and 4 show SP for Cu, another commonly used
they decay(at least forV>uvg) when ¥ tends tow/2, the : , -

metallic target. These figures show patterns similar to those

latter behavior being related to the wake-field due to the .
leading ion. The oscillation amplitude i,,,, tends to de- in Figs. 1 and 2, except that SP and ISP have lower values

_ _ ~over the entire range o¥/vg. This is because Al has a
crease from¥=0 to d= /2 (the Cherenkov cong How higher-electron density than Cu.

velocity range. For comparison, we have also presented t
uncorrelated stopping poweSf,) -

Cu Target Lo
34 S, Cu Target
5 R=10%m R=10 C:l
§ ———R=5%10°%m | 1 s R = 5x10"cm
~.
E ) 0.5 Q4 o
S 5
< Ry
& .E .p-e0-"0=" 0 o-:0m"0
= 2 0.0- % oo 0T
.- 1_ L‘ '+ *20-007"
Q
5
v
0 -0.5 T T T
0 0 2 4 6 8
Vivg
FIG. 10. S,/2 of a diproton cluster wittR=10"8 c¢m (dotted FIG. 12. AVF of a diproton cluster witiR=10"8 cm (solid

line) andR=5x10"8 cm (dashed lingvs V/vg for the Cu target.  line) andR=5x10"2 cm (dotted lin@ vs V/vg for the Cu target.
Solid line, ISP. The lines with and without circles correspond toThe lines with and without circles correspond to PPA with and
PPA with and without dispersion, respectively. without dispersion, respectively.
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1.5 1.0
Al Target; V =3v, Al Target; V =3v,
8=0 —_—d3=0
----- &=nf2 mee- O=mf2
—_
g
S 104}
' <
S o A
~ B LN T Y T Y A 5] [ Ay
< .8
[aW
A 051 ~
g
Q
wn
0.0 T T
0 10 20 30

-8
R (10°cm) R (10°cm)

FIG. 15. VF of a diproton cluster with=3v¢ vs R for the Al
target. 9=0 (solid line) and 9= #/2 (dotted ling. The lines with
and without circles correspond to PPA with and without dispersion,
"respectively.

FIG. 13. S/2 of a diproton cluster withV=3v vs R for the Al
target.9=0 (solid line), 9= =/2 (dotted ling. The lines with and
without circles correspond to PPA with and without dispersion
respectively.

oscillatory character of SP with respectRoThe oscillations
are the highest fofy=0 and lowest ford= 7/2. The role of
PPA-1 and PPA-2 is clearly seen fé=0. Figure 14 shows
a similar behavior of SP for Cu although the amplitudes are
now weaker. In the same way VF is plotted in Figs. 15 and

As stated in Sec. Il, an ASP is of experimental interest.16’ for Al and Cu targets, respectively.

. . Figure 17 shows ASP VR for both Al and Cu targets.
Figures 9 and 10 show ASP for Al and Cu, respectively. ISI:)The difference between PPA-1 and PPA-2 is negligible and

is also shown, for comparison. The role of PPA-1 and PPA-2[he Cu target has ASP smaller than for Al. Now, there is

IS how more clea_rly seen. - something interesting about Fig. 18 that shows AVF. The
In the same spirit we have plotted averaged vicinage funcdifference between PPA-1 and PPA-2 is again nedlidible
tion (AVF) for Al and Cu in Figs. 11 and 12. The role Bf 9 gigrole.

is highlighted in these figures. However it will be noticed But let us note that data for both Al and Cu lie practically on
that PPA-1 and PPA-2 make. ractically no distinction forthe same curve! Recalling the definition of VF, &), one
AVE P y can see from Eqg12), (16), (21), and(26) that AVF has a
) . weak dependence on target density. Also, whenV/vg
We have so far plotted SP or ASBivided by a factor of ~2, S, does not noticeably depend on PPA-1 and PPA-2.

2 in both the case)wg the _beam velocity/ug, for some These features combine to lead to the behavior of AVF as
values of the separation distanReWe now look for some seen in Fig. 18

c_omplementarylnformanon about SP, af‘d plot SP. as a func: We have so far presented results for PPA-1 and PPA-2. A
tion of Rwith V=3uvg, for an Al target. Figure 13 shows an - :
more realistic linear-response function, namely, the exact

The vicinage function(VF) given by Eg.(8) has been
plotted as a function of the beam velocity for Al target in
Figs. 5 and 6. This function shows an interplay between
and R more strikingly than SP. Figures 7 and 8 display a
similar behavior for Cu target.

1.5 1.0
Cu Tm("g:t:) V=3v, Cu Target; V =3v,
1 ¢=m2 % . 322/2
g
§ 1.04
8 5
< A
=

& O 5 -
g -
Q
%)

0.0 T T

0 10 20 30
R (10°cm) R (10°cm)
FIG. 14. S/2 of a diproton cluster wittV=3vr vs R for the Cu FIG. 16. VF of a diproton cluster witl'=3v vs R for the Cu

target. 9=0 (solid line) and 9= =/2 (dotted ling. The lines with  target.9=0 (solid line) and 9= =/2 (dotted ling. The lines with
and without circles correspond to PPA with and without dispersionand without circles correspond to PPA with and without dispersion,
respectively. respectively.
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V=dv, Al and Cu Targets; R = 10%cm
——o— Al Target 34 Siua
—o—CuTarget | 0 #=0
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FIG. 17.S,/2 of a diproton cluster witV=3v¢ vs Rfor the Al FIG. 20. S/2 of a diproton cluster witiR=10"8 cm in a RPA vs

(the lines with square symboland Cu(the lines with circlestar- v/, for the Al (the lines without symbojsand Cu(the lines with
gets. Dotted and solid lines, PPA with and without dispersion, re<ijrcleg targets.=0 (dotted ling, 9= /2 (dashed ling and ISP

spectively. (solid line).
1.0
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FIG. 21.S/2 of a diproton cluster witlR=10"8 cm in a RPA vs

FIG. 18. AVF of a diproton cluster with'=3v g vs R for the Al
V/vg for the Al target.9=0 (dotted ling, 9= m/2 (dashed ling

(the lines with square symbogland Cu(the lines with circlestar- > Al
gets. Dotted and solid lines, PPA with and without dispersion, re2nd ISP(solid line).

spectively.
Al and Cu Targets; R = 5x10°cm
04 E o
~ -—=d=a2
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01t
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u
FIG. 22. S/2 of a diproton cluster wittR=5x10"8 cm in a

FIG. 19. Relation between (x,u) andu, as obtained from the RPA vsV/v¢ for the Al (the lines without symbojsand Cu(the
dispersion equatiore(z, ,u)=0. y=0.5 (solid ling); y=0.15; lines with circles targets.9=0 (dotted ling, 9= 7/2 (dashed ling

(dashed ling y=0.05 (dotted ling. and ISP(solid line).
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FIG. 23. S/2 of a diproton cluster witR=5%x10"8 c¢cm in a
RPA vsV/uv for the Al target.9=0 (dotted ling, 9= 7/2 (dashed
line), and ISP(solid line).

1.0
Al and Cu Targets; R = 10%em

I' inRPA

_0¢5 T T
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Vv,

FIG. 24. VF of a diproton cluster witR=10"2 cm in a RPA vs
V/v for the Al (the lines without symbojsand Cu(the lines with
circles targets.9=0 (solid line) and 9= /2 (dotted ling.

1.0
Al and Cu Targets; R = 5x10%cm
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FIG. 25. VF of a diproton cluster witlR=5x10"8 cm in a
RPA vsV/v for the Al (the lines without symbo)sand Cu(the
lines with circleg targets.9=0 (solid line) and 9= /2 (dotted
line).
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FIG. 26. S,/2 of a diproton cluster wittR=10"8 c¢m (dotted
line) andR=5x10"8 cm (dashed lingin a RPA vsV/v for the
Al (the lines without symbo)sand Cu(the lines with circlestar-
gets and ISRsolid line).
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FIG. 27. AVF of a diproton cluster witiR=10"8 cm (solid
line) andR=5x 108 cm (dotted ling in a RPA vsV/uv for the Al
(the lines without symbojsand Cu(the lines with circlestargets.

S/2 in RPA (GeV/cm)

0.0 T T
20 30
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FIG. 28. S/2 of a diproton cluster with/=3v¢ in a RPA vsR
for the Al (the lines without symbo)sand Cu(the lines with circles
targets;S,y/2 (solid ling), 9=0 (dotted ling, and 9= /2 (dashed
line).
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ences between PPA and RPA become particularly striking.

A similar contrast is provided by a comparison of Fig. 29
with Figs. 15 and 16, for VF vR& in RPA and PPA, corre-
sponding toV=3vg and ford=0 and=/2. For comparison
AVF is also plotted in Fig. 29.

This completes our extensive presentation of figures ex-
hibiting various aspects of the stopping power of a diproton
cluster in PPA and RPA, for Al and Cu targets.

I' inRPA

V. SUMMARY

In this paper we have presented a comprehensive theoret-
ical study of stopping power of a dicluster of protons in a
0.5 - v metallic target. After a general introduction to SP of a cluster
0 10 2 30 of two pointlike ions, in Sec. I, theoretical calculations of

R (10°cm) SP based on the linear-response theory and using PPA with-
out and with plasmon dispersion and then with RPA, are

FIG. 29. VF of a diproton cluster witt=3vg in a RPA vsR  discussed in Sec. lll. The theoretical expressions for a num-
for the Al (the lines without symbojsand Cu(the lines with circles  ber of physical quantities derived in Sec. Ill lead to a detailed
targets, AVF(solid ling), #=0 (dotted ling, and 9= =/2 (dashed  presentation, in Sec. 1V, of a large collection of data through
line). figures on correlated stopping power, vicinage function, av-
erage stopping power, and average vicinage function of a

RPA will now be used for the metallic target. The theoreticaldiproton cluster projectile for two metallic targets, Al and
results for SP, etc., have been presented in Sec. Il C. As paftu. Whenever relevant, we have also provided a plot of in-
of calculating SP in RPA, it is useful to examine the plasmordependenti.e., single-ion stopping power for comparison.

dispersion obtained througf(z, ,u)=0, wherezanduhave ~_ With the proviso stated in Sec. IV, SP and related quan-
been defined in Sec. IIl C. Figure 19 displag€y,u) vsu lities have been studied within a linear-response formalism;
for three electron-density parameter values. some analytical and all numerical results have been obtained

Next we present ISP and SP in RPA, for Al and Cu incorresponding to three approximations to the dielectric func-
Figs. 20 and 22, corresponding R=10%cm andR=5 tion of the target electron gas—the PPA without dispersion
%10 8cm, respectively. For the sake of a better presentatiof?PA-D and with dispersion(PPA-2, and also with the
of the data we have also separately displayed the Al data iRPA: To our knowledge this is the most comprehensive cal-
Figs. 21 and 23. The RPA results show that SP and |gBulation of_ the SP-reIa_ted physmal quantities using all the
decrease in strength with an improved linear-response fundhrée dominant approximations to the linear-response func-
tion. This should be of relevance to experiments. tion. The results we have presented demonstrate that with

Next, VF in RPA vsV/v; is presented in Fig. 24, for Al régard to several physical quantities of primary interest the
(lines without circles and for Cu(lines with circles, corre-  difference between PPA and RPA is substantial while for

sponding toR=10"8 cm and ford=0 and=/2. This figure others, especially for average quantities, this difference may
may be compared with Figs. 5 and 7. Pdfve<2, the NOt be of practical significance. , ,
curves for VF in RPA tend toward finite values whereas the 't Will be of interest to go beyond RPA in order to include
VF curves in PPA do not, although the angular trend is simi-S0Me short-range correlations in the electron gas and to study
lar. A similar contrast may be noted between Figs. 6 and g0 dicluster SP is affected. However calculating the linear-
and Fig. 25, corresponding ®=5x 10" cm. Again, these '€SPonse function by including electron energy bands is
findings are of experimental relevance. rather involved and detailed theoretical studies of SP with
Averaged SP v¥//ur in RPA is presented in Fig. 26, for band-structure effects included have not yet been reported in

Al (curves without circlesand for Cu(curves with circleg  he literature. One can include some aspect of band structure
along with ISP, corresponding tR=10"8 cm and 5 in a rather approximate manner through an effective mass for

X108 cm. This figure may be compared with Figs. 9 andthe electrons.

10. Figure 26 shows an expected overall decrease in the ANOther aspect we have not considered in this paper is
strength of ASP in RPA. some effect of disorder in the target medium. In real metals

electrons suffer collisions with impurities, etc. We intend to
Ftddress this issue in the context of stopping power in a sepa-
rate study.

There are similarities but also some interesting differ-
ences if we compare Figs. 11 and 12 with Fig. 27. The latte
shows AVF in RPA for Al(curves without circlesand for
Cu (curves with circles The differences are more notewor-
thy for R=10"8 cm.

SP vsR in RPA is plotted in Fig. 28, corresponding to It is a pleasure to thank to Dr. G. Zwicknagel for useful
V=3vg, for Al and Cu in the previously stated scheme. discussions. The authors are grateful to V. Nikoghosyan for
When Fig. 28 is compared with Figs. 13 and 14, the differ-technical assistance.
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