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Interaction of ion clusters with fusion plasmas: Scaling laws
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The interaction between large ion clusters or very intense ion beams with fusion plasma is studied using the
dielectric function formalism with appropriate quantum corrections. The contributions from individual and
collective modes to the energy loss are calculated. The general properties of the interference effects are
characterized in terms of the relevant parameters, and simple scaling laws are obtained. In particular, the
conditions for a maximum enhancement in the energy deposition are derived. The study provides a unified
view and a general formulation of collective effects in the energy loss for low and high velocities of the beam
particles.[S1050-2947®@7)02104-3

PACS numbd(s): 34.50.Bw, 52.40.M;j

[. INTRODUCTION properties and scaling relations are studied in Sec. IV, and
the main conclusions are summarized in Sec. V.

The interaction of energetic ion beams with dense and
dilute plasmas is one of the fundamental processes in plasma
physics and fusion studies. The research in this area includes Il. FORMULATION
relevant applications to magnetically confinddCF) and A. Main parameters
inertially confined(ICF) fusion. . . .

In particular, the use of intense atomic beams provides a The main parameters in the probl_em of partmle—plasma
very effective method to reach the high temperatures relnteraction are the particle chargg, its ve!quty v, the
quired to approach break-even conditions in tokamak sysPlasma density,, and temperatur&. In addition, for cor-

tems[1,2]. Recently, interest has focused also on the app"_rela'[ed ions one should include the internuclear distances
' ' ; in order to describe interference effects.

cation of pulsed beams of ions or atomic clusters in ICF'i g .
studieg 3—6], after the main advantages of this method were Other quantities of interest are the plasma frequency

demon oy, thermal electron velocity+, and Debye length\p,

strated, in particular with regards to an efficient beam-9iven by (atomic units will be used throughout this paper
target coupling, with the possibility of adjusting the energy o _ _ N
deposition profiles to obtain high energy concentrations and “P~ 4mhp,  v7= VkeT, Mo=vrlwp= kBT/47Tnp('1)
fast repetition ratef3—6|.

On the other hand, the existence of interference effects in
the interaction of swift clusters of ions with matter has been The value of\p is representative of the interaction be-
known for some time, for the case of both sdli®-10] and  tween slow iongi.e.,v <v+7). The screening in this case may
plasma targetgl1-13. According to recent estimat¢$4—  be represented by a Yukawa potential with a screening dis-
16], consideration of collective effects arising from the si-tance\, and so the interaction between slow ions will be
multaneous interaction of various ions with the plasma elecsignificant only for distances<\p,.
trons may be relevant to account for the energy loss of very On the other hand, in the case of swift ionsXvt) the
intense ion beams or clusters with plasmas. In a previoupduced perturbation spreads over a more extended range, of

paper[17] we have studied the way in which collective in- the order of the dynamical screening length,
teractions can modify the energy deposition in the medium,

including several cases dealing with dense and dilute plas-
mas. We have found that under appropriate conditions the
coherent interaction of large clusters with the plasma can
produce a significant enhancement of the energy loss.

The purpose of this paper is to provide a more general
approach to this problem, using a theoretical framework thatelated to the so-calledrakelength\,=27mv/w,, which is
applies to nearly all the cases of experimental interest. Ththe characteristic wavelength of the oscillatory perturbation
developments are based on the classical dielectric functioproduced behind the particle trajectdid8]; this process is
formalism with appropriate quantum corrections. Useful ap-due to collective phenomena induced in the mediim.,
proximations will be made in order to integrate the interfer-plasma waves or plasmon excitatipnand in this case the
ence effects for large clusters of particles. The results will belominant mechanism of energy exchange is given by long-
described in terms of a few scaling functions which dependange interactionéwith r ~\,) between separated ions.
on the main parameters of the beam and the system. The characteristics of the interactions between pairs of

The formulation is described in Sec. Il and Sec. Il con-correlated ions in plasmas have been discussed in detail in a
tains calculations for several illustrative cases. The generairevious papef19].

A
Mv)=wip=%, @
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B. Energy loss of ion clusters ing effective number of neighbors at larger distancesthin

According to the dielectric formulation, the mean energythe cluste{20] [in particular,p(r)=0 whenr=2r].

loss for a cluster oN ions with chargeg. and positions According to this model, theair correlation function
. 98 P : gq(r) for a cluster ofN ions with radiusr; may be written
can be separated as folloWs]:

in terms of the correlation function for an infinite system
go(r) as follows:

N

%%—ﬂ3=22%wH22@um@,($
dx/ =1 7 r

gcl(f)ZCNgo(r)p<7), (8)
whereSy(v) is the usual stopping power of single ions, and o
I(Fij ,J) denote the interference term for a pair of correlatedwhere
ions, with internuclear distancéj=Fi—Fj. The values of
So(v) andI(rj;,v) are given, in terms of the longitudinal ik, x<1
dielectric functione(k, ) (nonrelativistic velocities are con- p(x)= 0 x=1 ©)
sidered by [9] ’

Lo andx=r/2r.
So(v)= 1 f dgk(k-_v) Im -1 4) Following Ref.[20], the functiongy(r) will be taken as
2% 2 e(k,w)|’ constant for distances larger than the correlation-hole radius
ro, Namely,
I(7.6)= 5 jﬁ%ﬁﬂy [_1 ik, ©
ro)= —|Im cogk-r), 0, <
v)= 5.7, 7)™ Kw) 0o(r) = = (10
1, r>rg.
with w=K-v.

It should be noted that the present description does not The value of the constar@y is obtained from the nor-
include the energy losses that may arise from the excitatiomalization condition:
or ionization of bound electrons in the moving ions, and we

assume that the ions have reached a state of charge equilib- 4 _N-1 11
rium with the mediuni1,4,14. We shall assume also that all Nel rgal(r)= ' (12)
the ions move with the same veloc'vt?y _ _ _ _
The obvious limits of Eq(5) are the following:(i) for ~ whereng, is the density of partlcles in the cluster.
ry=0:1(F;; ,v)=Sp, and Sy=(3I.,Z)2S,, and (i) for From Egs.(8)-(11) one finds
rj—oe:1(rij,0)—0, and Sy=(2IL,Z%)S,. The first case N_1 1
corresponds to the limit of united ions, and the second to a CN(XO):< )( . - )
collection of uncorrelated ions. N J11-8xp+9%Xp—2X%g
In the case of homonuclear cluste®,=Z;=2, to be
considered here, we can simplify the previous expressions as ) o
follows: with Xo=| - (12
Se=NZSy(v) +1(v)], (6) In addition, the values of, andr are related to the
. densityn by
where | (v) is the averaged interference function for the
whole cluster, defined by 4m , Am ,
?ronc,zl, ?rdnd:N, (13
()= <3 1y 0) (7)
V)= lij,v).
‘ Nizg Y and thereforer(y/ry)3=N.

In particular, forN>1, we getCy— 1, as should be ex-
C. Cluster model pected.

The case of atomic and molecular clusters interacting with
dense media has been considered in detail by Abail. [20]
taking into account the internal correlations among the par- We can now express the value Igf by transforming the
ticles in the cluster. It was shown that a satisfactory represum in Eq.(7) into an integral, taking into account the cor-
sentation of spherical clusters may be obtained with a ratheelation effects described hy(r), as follows:
simple model, where the internal correlations are repre-
sented, in an average way, by introducing a correlatmn _ 3
exclusion volume of radius, around each ion in the clus- IC'_nC'f dr ga(nH(r.v), (14
ter. In addition, the effect of the finite size of a cluster of
radius r,; may be incorporated in a statistical function where the interference terh(r,v) may be written, after per-
p(r), which takes into account, also in average, the decreagorming the angular average in E@), in the form[9]

D. Cluster integration



55 INTERACTION OF ION CLUSTERS WITH FUSION ... 2875

I N Zfdkfk” do | 1 |sintkn) 1of I I ' ' ' ' ' -
o=z ) o @0 M dke) | g T (@
(15 _g 0'8._ low-velocity integration |
= 06 ~
and a similar expression is obtained f&(v), with % Lo =
sin(kr)/(kr) replaced by 1. The stopping power for the whole Z. 04T ;' 777777 o D T
cluster is given by Eq(6). = o2} ! ]
From Egs.(14) and(15) we can also write .o - \
N 00 KV\ ””””””””” CIIIIIIITTETEeEEeeT o
2 (dk ko -1 = [ \
= | — - o 02} i
ICI_WUZI k Fcl(k)fo o do Im E(k,w):|, (16) 4_ I I I I I I I I ]
o Ry 05 1.0 15 20
whereF (k) is given by r/rd
sin(kr) . . _ ,
Fc.(k>=nc|f dr go(r) — (7 ' — ' ]
Using now the model of Eq$8)—(12) for the pair corre- %
lation function, we get L
©
3 2rg dr 3? |
lg=4mngy(2r) CNJ Ss—P(ri2rg)l(rv), (18 =
ro 2lal = osf .
. O r =2vle
where N r =10vio_ | |
5 a
P(X):X p(X)1 (19) 15 1 " 1 1 N 1 !
0.0 05 1.0 15 2.0
in terms of the functiorp(x) of Eq. (9), with x=r/2r . r/rCI
We show in Fig. 1 the function of interest for the integra-
tion of I in Eq. (18), namely,P(x)I(r,v), for two typical FIG. 1. FunctionP(r/2ry)1(r,v) in the integral of Eq.(18),

cases of lowFig. 1(a)] and high[Fig. 1(b)] velocities. We  hich determines the interference term for the whole clustefain
show the behavior of this function in ca¢® for rq=2Ap e show two examplegvith ry=2\p andr4=10\p) correspond-
and ry=10Np, and in case(b) for ry=2v/wp and ing to the low-velocity range, and i) we show two cases
ra=10v/wp. We notice an oscillatory behavior in the case (r=2v/wp andry=10/wp) in the high-velocity range.

of high velocities which is due to the functidrfr,v). As

mentioned before, an important difference between the lowrection introduced bk® . produces a decrease of the stop-

and the high-velocity cases arises from the different forms opjing integral, so thaSOnEXSp (cf. [19,22).

the interaction between pairs of ions, produced, respectively, The separation of individual and collective excitations in
by the adiabatic and the dynamic response of the plasmge energy loss integrals has been discussed in [26f,
electrons. based on a detailed study of the plasma resonance frequen-
The integrations of the stopping and interference termsgjes in the complex plane. It is found that a simple way to
So(v) andl(r,v), were performed as discussed in detail ear-separate both contributions is to consider the integrations in

lier [19], for the case of single and pairs of ions. The dielec-the ranges €k<kp (collective modep and kp<K<Kpmax
tric function for a classicalnondegenerajeplasma was pa-  (individual modey wherekp=1/\p .
rametrized as follows:

Ill. CALCULATIONS

1 2
e(k,w)=1+ —) W(z), (20

Khp

In order to demonstrate the main features of the vicinage
and collective effects in the energy loss we studied the de-
whereW (z)=X(z) +iY(2) is the plasma dispersion function pendence of the interference term on velogitycluster ra-
[21] andz= w/kv . diusr, and correlation distandger exclusion radiusr o, for

The integrals ovek in Egs.(4) and(5) are restricted by various plasma parameters in the range of interest for both
an upper limitk,,y, given by the minimum between the ICF and MCF plasmas. Due to space limitations we will

guantum and the classical cutoff valu@s a.u): include here a few illustrative examples.
In Fig. 2, we show the velocity dependencelgffor a
ki o= 2(v+uv7), kﬁiaxz(van v%)/z. (21 wide range of velocities. The results in this case depend very

much on the exclusion radiugor r in the range 200-500
For light ions,Z~ 1, one usually finds tha?_,<k&_..in  a.u) but not on cluster radiugor r,=10% 1%, and 16 a.u).
this case the integration is independent of the ion charge anthis is due to the value of the main integration parameter:
one can identify the value db, with the proton stopping rwp/v, which becomes very large for-r.
powerS,. For highly charged ions, the classical Bloch cor- A different situation is shown in Fig. 3. In this case the
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FIG. 2. Calculations of the interference terig in Eq. (18 - E i | | T
versus cluster velocity for a dense plasma and for various cluster ' ' ' ' ' .
parameters, andr (in a.u), as indicated in the inset. ar r,=1000 a.u. DDDDD(C)‘_
2 o o” Pog
interference term increases strongly with velocity, reaching a 0 ﬁ%iﬂs'gi'iﬁ“" (N ——
maximum atv ~ 30 a.u. Moreover, at large velocitiéshen L \DDDD ]
rowp/v<1) the results become independent of the value of i —o— el
ro. 4 —8—10 Ilnd _-
A simple analysis helps to understand the difference be- I . I . I
tween both behaviors. Thus, for example, for an intermediate 0 0 20 30 40 50 60
velocity v ~30 a.u.(in the interval studied heyeve find that v (a_u_)

the interaction range is of the order &v/wp~130 a.u.

for the case of Fig. Zi.e., similar to thery valueg, whereas

in the case of Fig. 3 we get~2x10* a.u. (similar to the  tions of collective and individual modes in the plasma, for three

ro value. values of the correlation radiug. The figure illustrates how col-
Therefore the oscillatory behavior in Fig. 2 is due to in- lective modes become dominant for larger valuesyaind for large

terferences arising from the interaction between close parelocities.

ticles, with r~rg~\; this is the so-calledricinage effect

Instead, the maximum in Fig. 3 arises from a coherent interusing the correlation radius, as a free parametéactually

action among many particles in the cluster, a process that, would be linked to the density of particles in the cluster

becomes dominant when the dynamical interaction length ng), for the casega) ro=10 a.u.,(b) r,=150 a.u., andc)

is comparable to the cluster rading; this is then thecol- ro=1000 a.u.

lective effectto be discussed in detail here. We find that for small values af, [case(a)] the excita-
Another guestion of interest is to show the relative con-tions of collective and individual modes are nearly equally

tribution to the interference terrh, of both the collective important, but with increasing values iof [casegb) and(c)]

(0<k<kp) and individual kp<k<kms) modes contained the collective modes completely dominate the interferences.

FIG. 4. Contributions to the interference tetgpdue to excita-

in the plasma response functip2d].

The first case (p=10) may be important for compact clus-

To illustrate this point we show in Fig. 4 results obtainedters incident on deng¢CF) plasmas, whereas the other cases

0.8

nF.=1018 cm™

=105 a3
ng=10">cm

(ro~ 100-1000 may apply to ionized clusters exploding
while penetrating dilutéMCF) plasmas. We also notice that
the oscillations in the velocity dependence Igf become
very important wherr, matches the characteristic plasmon
wavelength parametex .

3
m‘“ 06 ry=3x10* a.u. ] IV. GENERAL PROPERTIES AND SCALING FUNCTIONS
2, %o —o— 1,=500
T osf —e—r,=1000 . Many of the results derived from this description can be
= 0l —a—1,=3000 ] analyzed in terms of the parameters introduced before.
A Therefore it seems worthwhile trying to express the main
0.0 A - e . H . . .
I Qﬁ:; quantities in terms of a few scaling functions. This is the
02 . . . L] question that we will consider now.
0 10 20 30 40 50 60 Using the expression for the cluster stopping power, Egs.
v (a.u.) (6) and(14), we can write

FIG. 3. Same as in Fig. 2, for,=3x 10" and various values of

N2
ro (in a.u). Sa=NZ

. (22

SO(U)+nclf d®r ge(r)I(r,v)
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and using Eq(15) for I(r,v) we can transform this as fol-

lows:
S—szzfmdklw k fkv do Im | ——
0=NZ2 s | SC[1+Fa(0] | o do Im | s,
(23)
whereF (k) is given by Eq.(17).
Moreover, using Eqsi8)—(12) for gq(r) we get
o
Fa(k)=Cy Ne(2ro)*fe(kro, 2kry) s
6 .e.F
= —NCyfe(kro,2krg), (24 Iy
™ fe!
where we have replacet,(2r )%= (6/7)N, from Eq.(13).
The functionfy(p,q) (wherep=kry, q=2kry) is given
by
1 sin(gx) 3 1 [ ]
= 2 — — —x3 S5 N 1
fd(p,q) fp/q4ﬂx dX (1 2X+ ZX ’ (25) | a=5 \,\\- 4
6 T
H H L1 el ETETEEETT | sl i1 oeaasal
and can be calculated analytically, with the result 01 1 10 100 1000
1 1~4_312/~2 3 2 -6 b
2. fa(P.@)=[2p"—2p"(q"+4)+pg’+3q°+12]q
o3 9 316 FIG. 5. Low-velocity scaling functiom®®,(a,b), in Egs.(33)
xcogp)—[2p°=3p(q°+4)+a°]q and(35), for a=0, 1, 5, and 10, versus the varialle
Xsin(p)+3(q*~4)q~°cogq) - o . .
_ A similar expression is obtained f@&,, with F(k) re-
—12q9°sin(q). (26)  placed by 1, which by integration yields
Then, we can write the cluster stopping power as in Eq. __2npv | 2w 3’2| A "
(6): Su=NZ[Sp(v) +1(v)], with =35 ligr) M @D
& (0)= Wivsz%(fkvw do Im 6(; t)) , 27 where Im\; is given in this case by
S | InA —fkmax—z—ksdk =2/ IN(1+X)— ———|, (32
and = (K+Kk3)2 2 " ) (1+X) ) 32
6 2 (=dk with X= (Kmax/Ko)?.
le(v)=| —NCy W—vzfo 1 fakro, 2kre) The value ofkpay is given by [22] Kmae=min{2mu+/2,
ks T/Z€?}.
kv — From Eg.(28) and using the same approximation, Eq.
Xf o do Im ko)l (28)  (29), we find the relation between the interference and the
0 ' individual stopping terms:
an(\er?i V\r/]illvglcz)v(\:/igeesrive the scaling laws for the cases of low E_ ENC ®,(a,b) e b3®,(a,b) -
9 ‘ Sy 7 NI, Nt TR
A. Low velocities where

We can approximate the dielectric function by the low

frequency limit[21], namely, a=kpro=rowp/vr,

(34)
-1 2 3/2 npkw b=2kDrC|=2rc|wp/vT,
e(k,w)| \kgT/ (k*+kp) and®,(a,b) is the low-velocity scaling function, given by
with kp=1/Ap=wp/v7. Then from Eq.(28) we get = x3dx
d)l(a,b)=J mfd(xa,xb). (35)
2np ( 277)3/2f0cd K3F (k) 0 °
o7 37 \kgT) Jo (K2+k3)? (30 The form of the functiorb®®,(a,b) is shown in Fig. 5.
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We observe that for small values afthere exists a maxi-

mum atb=8.5 (i.e., rq~4\p). Going back to Fig. (a we

N. R. ARISTA AND E. M. BRINGA 55

infinity [as well as in Eqs(30) and (39)]. This is usually a
good approximation in as much &s,,#>1 for all the par-

find that this maximum corresponds to conditions such thaticles in the cluster. Otherwise, the upper limits of integration
most of the particles in the cluster interfere in a positive wayin Egs. (35 and (42) would be given byk.ot/wp and
For larger values ob the situation is similar to the case kv/wp, respectively.

rq=10np in Fig. 1(a), where positive and negative contribu-

tions to the integral cancel partially, and the valuebd®,

The form of the functiorb®®,(a,b) is shown in Fig. 6,
which for clarity is split in two parts. The analysis of this

decreases. Figurgd also serves to explain why the values figure is similar to the one given for Fig. 5.

of ®,(a,b) become negative with increasing valuesayf

The main maximum foa=0 in Fig. 6 is characterized by

due to a larger contribution from the negative part of thethe values

integrating function displayed in that figure.
The existence of an absolute maximum 6+ 0 in Fig. 5

is an important effect which will give place to a maximum in
the energy loss of the whole cluster. The values correspond-

ing to this maximum are the following:
bmacs 8.5,

(36)
[b3®,(a,b)]ma=4.83.

B. High velocities

bma= 3.6,

(43
[b3®5(a,b) Ima=4.28.

The oscillatory effects observed ndwonexistent in the
previous case of Fig.)5are typical of the high-velocity re-
gime, and arise from the oscillatory behavior of the dicluster
functionl (r,v) in Fig. 1(b). The origin of this behavior is the
wakelike characteristics of the induced potential arising from
the excitation of collective modegplasma wavesby fast
particles ¢ >v1).

We can use in this case the so-called plasmon-pole ap- Moreover, the results foa=3, 5, 8, and 10 in Fig. ®)

proximation[18]:

-1

'
ko) —wpd(w—wp). (37

2

Im

Then, from Eqs(27) and(28) we get

w 2 max w 2
So(v)z(—P> fk %=<7P> InA, (38)

v wp /v k

and

2= dk
f , ?fd(kro,Zkrd), (39)
wplv

6 wp
IcI(U)E;NCN o
with In A,=In (Knaw/wp), and the value ok, is given in
this case byf22] Kpa,=min {2mu/k, mv?/Z€e).
Therefore thd/S ratio now becomes

3
where now
a=ro/N=rqwplv,
b=2ry/A=2rywp/v, (41)
InA,= In( kro”)a:)) ,
and\ =v/wp.

The high-velocity scaling functiod,(a,b) is given by

©

<I>2(a,b)=f dYXfC,(xa,xb). (42

1

It should be noted that the integration limits in ke and

show the importance of these oscillations even in the limit of
very large clustersif— o). This limit will be discussed in
the next section.

C. Infinite-cluster limit

Let us now consider the form of the scaling functions in
the limit of very large clusters, namelyb>1 (i.e.,
re>vr/wp andv/wp, respectively.

Taking the limitq—< in Eq. (26) we get

41 .
fd(p,q)z(?)[p cogp)— sin(p)]. (44)
Using this in Eqs(35) and (42) we find the corresponding
limits:

3

47\ [a

<I>1<a,oo>=(? bl e, (45
47\ (a)\®

<b2(a,oc>:(? b) ea(a), (46)

where
3 (= dx ]
p1(a)= ¥JO m[ax cogax)— sin(ax)], (47
and
3 (~dx )
ps(a)= 53-L F[ax cogax)— sin(ax)]. (48)

The latter integral can be calculated analytically, yielding

eal8)=Cila) + o -

1 1

¥+ 5 sin(a), (49

@, functions, Egs.(35) and (42), have been extended to in terms of the cosine integral function @)
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la_ ¢a(a)
4 gz |I’1A1 ’ (50)
with a=r0/7\D=r0wp/vT.
]| 2. High-velocity case:
] le _ ®a(a)
- S A, 51

with a=rg/N=rqwp/v.

The functionsp4(a) and¢,(a) are shown in Fig. 7. Both
functions are negative fa<4. Thus we find a rather unex-
pected result: the averaged interference effects for very large
clusters are predominantly negative; this indicates that the

4k : | positive interferences between closest neighbors are over-
L a=1 taken by the negative contributions from more distant neigh-
a=r /n . ] bors (cf. Fig. 1.
25 0 T The limit a>1, where bothyp; and ¢, functions vanish,
b=2r /A : corresponds to the limit of separated ions, interacting with
3L o . the plasma without interfering among them.

T ; We should finally note that the infinite-cluster limit as
derived here requires both>1 andab>1. Actually, the
second condition may become more difficult to achieve. For
instance, using the values of E@l), the conditionab>1

b implies

12 — —rrre — ——rrr T —rrr 2r0rc|>(vlwp)2-

10:‘ (b) e ) a=5 A — T T T T T T T

Sr | a=r )
sF lb=2r | - ]

L cl |
10 F i

12k el -]

L1 PRETIT TR R I PRI
102 10+t 1 10 102 103 104
b

FIG. 6. High-velocity scaling functiob®®,(a,b), in Egs.(40)
and(42), fora=0 and 1[in (a)], and fora=3, 5, 8, and 1Qin (b)],
as a function of the variable.

Finally, using Eqs(33), (40), (45), and(46), and replac-
ing (4m/3)ngri=1, Eq. (13), the I/S ratio takes now the FIG. 7. Functionspy(a) and ¢,(a) in Egs. (45—(48), which
following very simple forms. determine the average interference effect for very large clusters,
1. Low-velocity case: Egs. (50) and(51).
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FIG. 8. I/S ratios numerically calculated from Eq&l6) and
(17) and scaled to the maximum values predicted by &8) for

the high-velocity case. The data shown here were obtained from

calculations in the following caseglensities given in cm®): (a)
np=10% ny=10% v=20 a.u, (b) np=10"° ny=1.6x10%,
v=35 a.u., (c) np=10% ny=10" v=20 a.u., (d) np=10%,
ng=10°, v=60 a.u., (& np=10" ny=10, v=10 a.u., (f)
np=10% ny=10", v=20 a.u.

For rather dense plasmas, wheig~0.1-1 a.u., this
condition may be fulfilled for reasonable cluster sites.,
rq>10° a.u.). However, for dilutgMCF) plasmas, where
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FIG. 9. Conditions required to obtain a 100% enhancement in

wp~1075 a.u., much larger clusters should be consideredhe cluster energy loss. The figure shows the values of the cluster

(e.g., ro~1fau., ry~10au., v~10a.u.; then

a~1,b~1000); the latter situation may be achieved if a

whole bunch of particlerom a pulsed beajris considered.

D. Resonant effect in cluster stopping power

Let us further analyze the conditions for a maximum en-
hancement of the cluster stopping power due to the collectiVﬁ1

interaction.

As shown before, the conditions to reach the maximum

values in the energy loss are given by E@&) and(43), for

low and high velocities, respectively. In terms of the physica

parameters, and using Eq84) and (41), these conditions
read(i) low-velocity maximum:

U
M 4251 =428y,
wp

(52)
lg| 48
(5) IR
(i) high-velocity maximum:
max v
rd=1%;, (53)

(uj 43 ur
g max_mnd( w_P .

densityn,, (left scalg and cluster radius (right scale, as given
by Eq.(53) for the casely/Sy) =1, with plasma densities, rang-
ing from 132 to 10?® cm 3.

In both cases we have s€{=1, which is a very good
approximation for large clustefdN>1, ry<<2r,, see Eq.
(12)].

In a previous papefl7] we have numerically approxi-
ated the stopping power maximum in the case of high ve-
in  the form rg®~2v/wp,  (1o/Sp)max
~(Hng(v/wp)®. We can now understand the origin of these

locities,

Iapproximations in terms of the more general scaling proper-

ties derived here. The conditions for the high-velocity maxi-
mum are given by the more accurate values of (&8). The
factor 3 previously reported is only a rough approximation to
4.3/InA, with InA=12+2, as can be found for the cases
calculated in Ref[17].

The calculations reported previoudl§7], together with
several new cases, have been rescaled and presented in Fig.
8, according to the predictions of EGJ3), in order to illus-
trate the applicability of the scaling relations. We note that
the cases presented in this figure cover very wide ranges of
cluster and plasma densities n(~10"—10% cm 3,
np~102-10°° cm %), and they are all contained in the
present formulation.

As a final question we address now the problem of pos-
sible applications of this effect in plasma heating experi-
ments or fusion research. Let us consider for definiteness the
conditions required to obtain an enhancement effect of
~100% in the energy loss, i.e.l {/Sp)max=1- Using Eg.

(53) we can determine the values of the cluster parameters
corresponding to this case. In Fig. 9 we show the relevant
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parameters, cluster density, (on the left scalg and cluster The study of the scaling properties was performed for the
sizer (on the right scalefor a wide range of plasma den- cases O.f low anpl high v§I00|t|es, through the derivation of
sitiesnp and for velocitiesy =10, 30, and 70 a.u. appropriate scaling functionsp,(a,b) and ®,(a,b), Egs.

As may be observed, in the range of interest for tokamak35 and(42), which depend on the main parameters of the
experiments iip~102-10" c¢cm™3) the conditions may be beam and the plasma through the dimensionless variables
achieved with particle bunches of size©.1 cm and densi- andb [Egs.(34) and(41)]. The ratios between the interfer-
ties ny~10°—-10° cm 2 [of course, if higher cluster densi- ence terni and the individual stopping ter®, are given in
ties were used the enhancement effect should still be largegimilar ways by Eqs(33) and(40), for each case.
provided that the cluster radius satisfies the resonant crite- A maximum enhancement of the cluster energy loss is
rion, as predicted by Eq53)]. On the other hand, we find obtained in the regime of strong collective effects, both for
that for applications to ICF experiment:if~10?>-1¢?>  low and high velocities, when the parameters satisfy the con-
cm3) it would be necessary to use very compact clusterglitions for maximum coherent interference for the whole
(ng~10®-10*" cm™3, ry~20-100 A; these conditions cluster. These conditions can be cast in the form of E&f3.
may be fulfilled using large molecular-ion clusters, a caseand(53), respectively.
that is currently being considered and has also been explored We find that these collective effects can modify the en-

in various recent publicatiorf46,20,23. ergy loss of ion clusters or very intense ion beams in plas-
mas, in cases of interest for MCF and ICF studies as well as
V. SUMMARY AND CONCLUSIONS in experiments using pinched or focused plasmas. Several

examples have been given in a previous pdfét.

The energy loss of large ion clusters in plasmas has been Hence we expect that the general properties and scaling
studied, with particular interest in a theoretical understandingaws derived in this paper will be useful in a wide range of
of the general properties, and the derivation of analyticatases or applications pertaining to collective effects in beam-
expressions to describe the results in terms of a few scalinglasma interactions.

functions.
Different cases have been considered in order to charac-
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