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ABSTRACT

.We investigate. the interplajr of the nuclear and Coulomb interaction in the
fragméntation of relativistic *Li—projectiles incident on several targets. The YULi nucleus is
assumed to have a cluster—like structure, with a (bound) di—neutron system coupled to &
" 9Li—ore in & s—state. It is shown that, _while the Coulomb contribution can be fairly well
déscribecl in such model, the obtained nuclear cross sections show markedly differences with
. the experimental data. But, since the separation of the Coulomb and the nuclear
con.tribution is theoretical in principle, this comparison points out ambiguities in the

analysis of the experimental data.
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The fra,gment,a.tioq of neutron—rich nuclei has led to many wnusual speculative ideas
about their structure. Perhaps, the most_iaterc_%ti_ﬁg one is due to Hansen -and -J_onson”,
who proposed a clust.erlik_e_ structyre for 1Li as éompc_)_sed by..a di—seutron - system
looéely—bound to a SLi—ore. This hypothesis has had a general support from several other
authors”™®. It seems that such cluster structure occurs very often in light—neutron~reich
nuclei and results from a delicate balance between the ‘neutron—neutron-and neutron—core
interacticons”. The Hansen—Jonson model is'supported by several faets. . Firstly, the
separation energy of two neutrons from ULi is very IOWT—S}, Sy, =250 + 80 KeV.
Otherwise, the nucleus_s WL does not existg_),_ ‘having a .resonant coi_n;i_nuum state ab
800 £ 250 KeV. This means that the neutron—peutron interaction acquires- a.stronger
attractive character in the presence of the ®Li-core.  Secondly, -the experimental

measurements of total reaction cross sections'®

of neutron—rich nuclei incident on several
targets at 0.8 GeV fnucleon reveal an rms tadius of 3.14 + 0.06 fm for ULi, compared to an
rms radius of 2.41 + 0.02 fm for 9Li. A large increase of matter radius from 2Be to 14Be,
and possibly from 5B to 7B, is also observed. The lasst two neutrons are r&sponsible for
the unusual increase of the matter radius and for the appearence of a "neutron-halo" in
these nuclei. In the cluster model the existence of such halo can be easily-expla.ined as due
to the low binding energy of the di—neutron system. In fact, by assuming a deuteron—like
wavefunction for ULi and adjusting it to reproduce the binding energy of the dineuiron
systern, an approximate rms mean distance of the dineutron to the core of 6 fin is obtained.
This rould essentially explain the rms radius of ULI as roughly given . by
R /11 4 9RO /11 = 9% 6/11 4 241/11 231 fm. | :
_ Another support for the cluster—model for #Li is that :the experimentally
determined'® electromagnetic dissociation cross sections for ULi can be well described .
16}

theoretically The momentum distribution of the 9Li—fragments are also well fitted

within this model, as was shown in ref4d. In contrast .10 this, conventional shel model
11-13}

ealculations performed by Bertsch and collaborators were not able to reproduce the




amount of electric dipole strength in !Li necessary to explain the electromagnetic
dissociation cross sections. As coneluded by Bertsch and Foxwellll it may be essential to
take cluster aspects into account. The failure of t.he shell model calculations to determine
the enhancement of the electric dipole strength of ULi at low energies ~ which is needed to

reproduce the experimental data — has lead the authors in ref.13 to argue if experimental

values of the electromagnetic dissociation cross sections!” have been correctly extracted:

from the total cross sections.

‘Their point is that in ref.10 one assumes that the nuclear cross section scales as
Oy = 21r(E‘.P + RT)A which is—ch&ra.cterisﬁc of a peripheral process concentrated in a
..small ring width” A at' the surface of the projectile. By adjusting the parameters of this
scalling law for ©2C targets, where the Coulomb contribution to the total cross section is
negﬁgible, the "experimentsl" values of oy Were obtained for other targets, and Coulomb
contribution o, t0 the cross section were inferred by substraction. But since MLi has a
long tail in its matter distribution, such procedure is doubtful. Assuming that the target is

a"black disk" the nuclear striping of the outer nucleons in MLi should be

oy ~ 27 (Rp + R)A P(Ry) . 1

where:'P(R;) is the probability that the outer neutrons will be removed from 11Li. Due to
long matter tail, this probability is not independent of RT Actually it shoud be
approximately. proportional to the area A of overlap betwen the target and the neutron
halo in 1Li. From simple geometrical considerations it is possible to shwo that A'“ R..

That is;" @,

w Should increase like R.; » which has also as a consequence that "gg%P"

should-be smaller shan the values determined by Kobayashi et a.l.m), and would come

closer to the RPA calculations of Bértsch et al.''™12) for e This is indeed a very

relevang pomt since the electromagnetxc dissociation of neutron rich nuclei reveals _

unpcrtant aspects of their intrinsic structure’

In this paper we analysed the interplay of the nuclear and the Coulomb interaction

in the reaction process
ULI + target -+ %Li ++ anything (2)

at kinetic energies of 800 MeV/nucleon. As shown in ref.4 the nuclear Coulomb
interference for the process (2) should be at most 5% of the total cross section. The, we

may write the cross section as

T = a]()N) + aéN} + Tq . . 3@

N)'is the elastic (diffractive) nuclear breakup of ILj - SLi +.(2n) by the target

where ¢:|'](J
and aéN) is the inelastic (stripping) cross section arising when the (2nj—system suffers an
inelastic collision with the target, while 9Li survives intact. 9. s the electromagnetic
dissociation (Coulomb) cross section for ULi - 9Li + (2n).

Nuclear peripheral process in high energy collisions involve the calcutation of eikonal
phases which are dependent on the nuclear densities at the surface and on the
nucleon—nucleon scattering amplitudes. For a projectile a indident on a target. A, the
Cross sections fpr peripherally induced processes are well described by adjusting the tails of
the density functions so as to reproduce the correct values of the eikoal phases. This

procedure results in an effective optical potentialn_l‘r') of the form

ad 33

Upp = <tyy> 277 5,(0) 5 (0) 2 A/ @

where the nucleon parameters are given by



- . o, 4R+ t2
a = |a® + at , % = ———

e T A - ¢ 5
R, = L.07AY?m | t = 24fm (5)

R2 /a2
34, e /e -t
g(0) = n [1 +(#* t/19.36 R%)]
R

1

There free nucleon—nucleon amplitude <tNN(E)> at forward direction (@ =0°%) can be

deduced from the experiment. It can be written as

E .
- <tn (B> = g <o [-<aNN> +|].

where the brackets mean an isospin average of tyn(E) and ey, over the projectile and

NN
target nucleons. For 800 MeV /nucleon, one may use'®

Gpp = 41.3mb , | _

€ = 379mb C(8)
a,, = 0.06

oy, = -0.2 .

One observes that at such emergy the nucleon—aucleon scattering amplitude is

almost totally imaginary, meaning that the optical potential (4) is almost completely

~ - absorptive.

The iransition matrix element for the elastic (diffractive} breakup in DWBA is

v = { xé_') @®) ¢f;3f(f)_|[u m'[i‘@]# U.."A[f.b,\] v, A[RA] "?(:é;q;}-(ﬁ)-ﬁ;_?i.
a S o : Koo ;

Q)

where §, . iz the wavefunction for the relative motion of xH4'b: clusters (in-our case
b = dineutron, a = 1Li, and x = 9'Li), and x§+)_ is the distorted wave for.-a. :Inthe final

state xg_) represents the distorted wave in the c.m. or x + b. In the way (7) is wril;ten,'

..rshe matrix element of U_, is zero because <¢i§?£ ¢:((:3i' =4,
We use the c.m. distorted waves

. iK; R o Z ] g
XH@E = ' e { —,Ié#f U, (2 b)dz' + wc(b)} . (7a)

—m .
g —lg(f B @ ' N -
xﬁ}* =e exp{;ﬁgj U_, (' b)dz’ +i¢c(b)} {7.b)

z

CZZ, @ e : :
where ¢,(b) = —an‘:—tn(kb) is the Coulomb phase, and @ = 1/137.

For the relative motion wavefunctions ¢£’;)i and qb)((;)f we use simple Yukawa and
plane—wave functions as in ref.3. All coordina.tg are referred to the lab—system, with the

target origin. The coordinates f';A and i'-b A are defined by

L, Iy

Ta =Bt :
- mx .

o = R+t

»




Most of the integra.ls involved in (7) may be calculated analytically and the details of the
calculations will be shown elsewhere”). The breakup cross section is obtained by standard
integrations over the phase—space of the fragmentsm. For R“Li and Rzn wé use, 5.8,
2.4] and 1.6 fm, respectively. These values are compatible with the cluster wavefunction of
ULi, adjusted to- reproduce the -binding epergy of the dineutron. The three—body
calculations of ref.6 have shown' that the most probable separation between these neutrons
83.3fm.

The "stripping" (inelastic breakup) cross section is given byls"lg)

og = :%J.dsz $,(by) 2J‘dﬂbz,, : [1— Spa(bag)

éuLi( ’ bx_b2n I )

7T ®

where [S,(b,}|? is to be interpreted as the probability that the fragment x(%Li) will

survive when hitting the target at an impact parameter b,. Otherwise, 1-S,(b,,)? is
the probability that the 2n—system will suffer an inelastic collision with the target, and
darznlfﬁuﬁ(lsx—szn])z is the probability that the 2n—system is found at distance
[f)x—gml from SLi. The factor is in front of (8) comes from the assumption that buy;

can be described by & gaussian wave—function, so that-

(6, [ = Ao [0 )] e [-45, 547 ©)
Li T T

Eq.(8) was obtained after an integration over z; and z,,. The parameter A was chosen

so that the stripping cross sectioons obtained by using (9) do not differ appreciably from

what is obfained by using Yukawa—type wave—functions. The proper value of A was

found to be given by A ={11.2fm)". This parametrization allows us to write the

stripping cross section in an elegant form as

x

og = !_’\f.z. [1—T§2“’(A)J T () (10.2)
j=0 .
T @ 2.2
i oA (7 ajm —ADY 2
TPy = 2 [ s (10)
: ._

where (I = x or b).
The expression (£0) is obtained by means of a series expansion of the Bessel
function which resulis from the integration of (8) over the azimuthal angle. The factors .

|8;(b;)1? are given by

I5:(b9)|" = exp [—Ekf |im U, (bi,zi)!dzi} (11)

where U; are the optical potentials for 2n + Target and 9Li + Target, parametrized by
eq.(4).

In addition to the nucléon fragmentation there is an important contribution from
Coulomb dissociation, especially for large Z—targets. We can use the-formuias obtained in
ref.3 for the Coulomb dissociation of eluster nuclei, which in the limit of very. low binding

energy, can be written as

s = %irz_%aﬂ [%]2[11’_::33;_%]2.17}; (& (B -5 L (2a) ._

and

(12.b)



The total Coulomb cross section is given quite accurately by (M1 does not contribute
‘significantly)

+ 7

- (12.¢)

c El

In the above equations, 7= (1—v2/c2)_1/ 2 6=0891..,e= h252/(2pe,) is the binding
energy of the cluster nucleus, and € = eby;, /(1hv). We use by = Riyy, + Ry, with

Rp=12A Y fm.
The cross section of the nuclear elastic breakup ”Sfa)m , stripping a?:zl , electric
dipole o-. and electric quadrupole of, are givem in table 1 together with the

El E2
experimental data for the two—neutron removal of !Li incident on 2C, 63Cu and 208Pb.

The 051;2“ and crgl:zi for €=0.2 MeV were multiplied by a factor 1.23 in order that
their sum with the Coulomb con_tribution would result in the experimental value for 12C,

" which is 220 mb. The cross sections were also calculated for several other binding energies,
from 0.17 MeV to 0.33 MeV.

The elastic breakup and particularly the total Coulomb cross section decreases
appreciably with the binding energy, whereas the stripping cross section, having a
geometrical character, does not depend on "¢ (if one assumes that the 11Li radius is fixed).

In figurel we plot the nuclear contribution to the two—neutron removal cross
" section as compared to the experimental data. Due to the uncertainty of the binding
energy of the dineutron, the calculated values lie between the two solid curves. One indeed
observes that the calculated cross sections grow faster than the Al 3—1aw, a result thas

13) with a different method.

wag also obtained by G. Bertsch et al.
By choosing the binding energy of €=02MeV, we find the following

parametrization of o, with Ap

oy = [a A,;.Ia +b A%”s + c}mb {13.a)

with

10

a=987 , b=2284 and c=-25.89 . _ (13.b)

For large values of AT i the above equation results in an a;pﬁrecié.ble-déviatiou fr.o:h'i.:he'
A,}./ ¥ scaling law'?). '
The electromagnetic dissociation experimental cross sections obtained in ref, 10 are
within the limits of the theoretical results, as shwon in figure 2. We observe that the scale
is logatithmic and that the Coulomb cross section is strongly dependent on’ the binding'
energy of the dineutron++9Li. This dependgce is approximately proportional to tﬁe inverse

of £ (see eq. 12a). The lower solid curve in figure 2 corresponds to & = 0.33 MeV, while

_ the upper curve corresponds to £ = 0.17 MeV. If the nuclear contribution to the process

actually scales as in eq.(13), the experimental values of the Coulomb contribution
(figure 2) should be smaller. In this case, the cluster model would n(.;ot reproditce the
experimentél data on Coulomb dissociation, being larger by 20-30%, especialljr for high.
Z—targets. s o

The success of the cluster model lies on the fact that it giveé the neeessary amount

of the electromagnetic dipole strength at low energies, so that the Coulomb éjssocia.tion

. cross section of 1Li is rather well reproduced. The matrix elements for the

photo—disintegration of 1Li within the cluster model were firstly calculated in ref. 3. From

their results we obtain for the electric dipole strength distribution

dB(E1;]) _ 3he? [Zx my — 2 M, * (e — o) -~
§t ~ e m, T (e

where () is the reduced mass (binding energy) of the cluster—system. The dipole
stregth function for !Li, assuming € = 0.2 MeV, has a pesk at fhw = 0.32 MeV. - ‘This
should be compared to fig. 1 of ref. 11, where the dipole response of 1Li was calculated

within the random phase approximation. One sees that the strong peak at very low energy
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in the cluster model is compleﬂy absent in the RPA approack. In spite of the fact that the
cluster—model as described here is very.simpliﬁed, the above results indicate that in order
to obtain the necessary amount of electric dipole strength of Li at low energies, it is
neoessa.rj} to include cluster aspects in the shell model calculations, as was done in refs. 5
and 6.

From (14) we obtain that the total dipole strength in the cluster model, integrated

 over energy, is given by

Z — 4 2
B(EI) - 3h%’ x mb b mx:l - (15)

I6r by, € m,
for MLi, using € = 0.2 MeV, we obtain B(E1)/e? = 2.25 fm® in the cluster model, which
is about 7% of the (non—energy—weighted) cluster sum rule for dipote excitations®®). This
means that in order to reproduce the experimental data on the Coulomb dissociation of
HLi, an appreciable amount of the strength of the dipole response in 1Li should be located
at the 9Lj + 2n — channel. The Coulemb cross seetion is given by o, = fn(w)a,},(w) dw/w,
where av(w) is the photonuclear cross section and n{w) is a smooth function of w
(approximately a logarithm of w). Therefore, the key information about the nuclear
structure is contained in f 67(w) dwfw which is directly proportional to the {non—energy
weighted) integrated B(El)—valu%n‘”).

The Coulomb dissociation of neutron—rich nuclei is an extremely useful tool to
investigate thei-r structure. If one could perform these measurements at Brookhaven
(14.5 GeV/nudeou) and at CERN (E;,, = 200 GeV/nucleon) for example, one would
obtain a-Coulomb dissociation cross section of about two and three times as large as that
measured by Kobayashi et al. !9,

the investigation about the nuclear structure aspects of neutron—rich nuclei would be more

free of bias:

The nulear contribution would be not so relevant, and -
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TABLE CAPTION

) l t . ) A I IR . . : - o ‘.

1. The elastic (gy "), inelastic ("), nuclear [UNi;_' a\ila‘*h +=.a§?e.l],_f electric:dipole
(o’El), electric quadrupole (am), Coulomb [a-c.;_-dm + am]-,-__miclear-expe'r_ii'n"glital
(o), and Coulomb experimental {¢™F) eross. sections: for - the. dissoeiation of ULi-
(0.8 GeV/Nucleon) projectiles incident on several targets; as a;:fﬁ.nctiéne 6f_the-biudiﬁg

energy of the 9Li 4 dinewiron system.




FIGURE CAPTIONS

Figure 1.

Figure 2.

Two—neutron removal cross sections of ULi (0.8 GeV/nucleon) projectiles
due to the nuclear interaction with the targets, as a function of the target
number: Due to the uncertaintly of the binding energy of ULi, the
theoretical results- lie between the two solid curves. The experimental data

of ref., 10 are also shown.

Same as figure 1, but for the electromagnetic dissociation of ULi.

HLi + X = %L1 4 anything

16

. TABLE I

o{mb}
L + 12
N N
€ e lase i nel O‘N EEI O-Eg e G_;xp szp
0.17 79 136 215 9.1 0.5 9.6
0.2 76 136 212 7.6 0.4 3.0 20 0
0.25 73 136 209 5.9 0.3 6.2 =10
0.3 70 136 206 438 0.2 5.0
0.33 69 136 205 4.3 0.2 4.5
1Lj + 83Cu
N N X
£ Felast 7§ net Ty a1 Tgg 7e a:ev\cp ngp
0.17 187 223 410 203 3 211
0.2 180 223 403 169 6 175 320 210
0.25 179 223 393 131 5 136 =20 +4(0
0.3 162 223 385 105 4 109 )
0.33 158 223 381 94 3 97
ILj 4 203Ph
N N
g Tolast  Tinel N TE1 Opg e ";xp ‘szp
0.17 339 315 654 1565 43 1608
0.2 324 315 639 1295 33 3128 420 890
0.25 304 315 619 996 24 1020 30 *100
0.3 289 315 604 803 17 820
0.33 281 315 596 717 15 732
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