w

UNIVERSIDADE D!E SAU PAULU

WSTITUTO DE  Fisice
~ BAIXA POSTAL 20516

01498 - SAD Pﬂ!ﬂ.ﬂ Rl

EE BRASIL

" IFUSP/P-845

DIRECT PROJ ECTILE BREAK-UP AND ITS RELATION

SERVICO DF
BiBLICTEDa £
INFORMAT A

TO THE ASTROPHYSICALLY RELEVANT FUSION

. REACTIONS

- CA. Bertdlam _ e
Instituto de Fisica, Universidade cheral do RIO de Janeiro | R
- 21945 RIO de Janeiro, R.J., Brazil -

M.S. Hussein - 7 . _
Instituto de Fisica, Universidade de Sio Paulo -

Maio/1990




DIRECT PROJECTILE BREAK-UP AND ITS RELATION
. TO THE ASTROPHYSICALLY RELEVANT FUSION
' REACTIONS* '

C.A: Bertulani

* Instituto de Fisica, Universidade Federal do Rio de Janeiro, -
21943 Rio de Janeiro,_R.J., Brazil

and
M.S. Hussein

tnstituto de Fisica, Universidade d2 Sao Paulo,
C.P. 20516, 01493 Sao Paulo, S.P.. Brazil

“ABSTRACT
The break—up into two pieces of weakly bound nuclei passing by the Coulomb field

of a large Z nucleus can provide useful information on the inverse fusion reactions which’

are important for the elemental formation in the stars; However, the nuclear interaction

complicates conside'fably the extraction of such information. We make a study of the-

contributions of the Coulomb and nuclear interaction to the process, showing when the

Coulomb break~up prevails and how a reliable separation of multipolarities can be done. .

- *Supported in part by the CNPq and FAPESP.

April /1990

INTRODUCTION

The synthesis of elements i the Universe s characterized by radiative capture.

reactlons at extremely low energies. well below the (oulolub bartier. The eross aecttom for

these reactlons are of relevance lbr determining the elemental ahumlancew at \armuﬂ' -

astrophysical sites. Experimentally, the reproduct ion and meaburemeu;_ of radiative
capture cross sections in the laboratory is extremely dilficult, due to their [ow va[uel)_. I

view of this fact, it has been proposedg) the o.\:periménta] study of Lhe break—ub of a

projectile a-b+c into two fragments by the Coulomb field of a target ‘nucleus, as a.

p0551b1e way to extract the radiative capiure cross sections for the m\.erse process
b+c~a. This idea has been discussed by several authorsg_ﬁ) and first ewcper:mentaj .
tesults along this line are encouragmg‘_s} :

- Some crlsttmsms to this experuuental approach has been raJsed) 9} . One of the

main problems is the contribution of the nuclear mteractlon to the break—up process which

complicates the extraction of the photedisintegration cross sections. This could be avoided_ '

" -in subbarrier coliisions where the nuclear interaction is unimportant' However a.r, these

energies the break—up cross sections are very small and do hardly provide any ad»amage :
over the direct measurements of the astrophysical reactions in the laboratory AL hlgh
energiey _t_he break-up cross sections” 3) are large but one has to be able w separat.e the
nucléar and the Coulomb contribution to the proceqs Preuous studies" ) have shovm'
that the ideal situation is attained in coII:smns a.round 100 MeV/nucleon Also. t.he

break~up process maybe resonant {sequential), in which the projectile is e:_cci_ted w0

* resonant stales above the break—up threshold. or direct 1o the free continuum states. The -

sequential break--up is expected to be important for fracrments with approxiniate equa.l
"charge—to—mass" ratio, like in SLi-a+d. The dr:tmuc»e features ot' dJrecz a.nd"
sequential break—up of L projectiles has been m»eﬁuoaned in ref.6, where support Lo thxs

statement is found. As pointed out by those authors, while sequenua_l break—up can be




-'l\é]l described, such as Coulomb excitation to bound states which live longer than the L — o +d : : S ] (Lc)

colhsxon, the diréct bteak—up involves energy dependent transition matrix e[emems into _ C : Ti  — a4+t : L Ty

the commuum of the fragmem. states. These continuum states are, moreover, d:storted by .
the Coulomb field of the target. Nonetheless, for projectile energ:es above some tens of
| \IeV per nocleoo the COulomb distortion on the final states will be small. At such energles
it is also expected Lhaz the direct break—up wxll be domma,nt especially at very forward
_ angle, ) ) _
Only ; few multipolaritios contribute to the radiative capture cross sectioos due‘t.o‘
:‘selecuon rules. - For example, the fusion reactmn &+ 2C — %0 + 7 is dominated by El
and E2 matrix elements The relative 1mportance of each of these two multtpolantles as
 well as their mterference, to the total cross section is still controversial in _low _energy
. réo'ct.ions;w)..' The advantage of the use of the Coutomb break-up to infer the (invefse)
' matrix e!elneolo is that each multipolarity depends differently on the projectilé energy, s
. well as on the target charge and mass. Therefore..one could separate the different
. multlpolanues by making small modifications in the expenmental setups
At hwh energies the elastic break—up w1ll only occur in penpheral or d:stant
' .colllsaon_s.- Since ;he_re is almost no overlap of the nuclear matter of the nuclei, a reliable
. aoproximanion c’;;n be made for the nuclear hreak-up mechanisxh in the fra.mework of the

soft spheres model of Karol“)_ whose inputs are the nuciear densities at the surface and the

nucleon—nucleon transition amplitudes at forward angles. The Coulomb contribution to -

the break-up can be handled in the traditional fashion with a straight—forward multipole
.expanSlon ’
-\b examples of break—up reactions whlch are related to ra.dlatwe capture processes

- of interest in a.ST.['O;)hjSlCS, we cite

4

‘Be — ‘a +%He . (1.a)

160 — BC4a {Lb)

Tho t.hreshold energies to lg,mte these reaciions are, respecmely, 158 MeV,

7.162 MeV, 147 MeV and 2.47 MeV The reaction 3He(*He 7Y Be affects the solar

neutrino flux at solar temperatures and is closely related to the solar neutrino problem

The reaction '2C(a,%)'%0 is important for the stellar hehum—burmng in red giant stars

and for the determination of the C/O ratio. The formation of Li and 7Li is relevant for
testing the standard Big Bang model and the nucleosynthesis in the early Universe. All

these reactions are nceded at verv low center of mass energies, corresponding to the

. o : 2
temperatures in the stars )

" By means of the detailed balance theorem the radiative capture reactions can be

related to the p!aotodisintegration reactions, which are favoured by the phase space except

in the extreme case very close to the threshold. On the other hand, the copious source of
. virtual photons present in the Coulomb field of a large~Z nucleus.offers a more plolnising

.way to study the photo—dissociation process.

" As shown in ref. 2 this eucouragés the experimental studies of Coulomb break—up of
loosely bound nuclei incident on heavy targets to have access to Lhe radiative capture Cross
sections of intcrest in astrophysics. -

In this amcle we study the interplay of the nuclear and Coulomb interaction in the

elastic break—up ProCess. Althoug;h some 1mp0rt,ant mgredlents of the problem, like '

ﬁna,l-—state interactions between the fr agments, "post«—at.celeratlon" effec!.s ), etc., are not

con51derod here, our results envisage Lhe regions of phase—space where experlmental efforts

should be concentrated. In section 2 we develop a oalculauon of the matrix elements l'or

the elastic break—up based on the “soft-spheres” model of Karot'l).  Since the -
nucleon~nucleon scattering amplitudm are ysed as input, it is necessary to include

"in—_mediurn"' corrections, namely the Pauli-blocking effect. This is done by means of the

R
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"local density approximation". This allows us to obtain an effective optical pot,ehtial
approptiate for collisions at energies around 100 MeV/nucleon. Alter that we perform a
multipole expé.nsion of both Coulomb and nuclear potentials, what leads to a separation of

the centet—of—mass and intrinsic coordinates of the clusters. In section 3 we use madel

wave functions to deduce the center—of—mass scattei.'ing amplitudes and the amplitudes for

the transition from the bound to the continuum states of the clusters Ciosed—form

expressions are obtamed Section 4 deals w:t.h the agplications of the forma.hbm developed 7

in the previous sections. Some simple situations are chosen, for which good experimental

strategies could be accomplished. Our conclusions are given in section 5.

2. ELASTIC BREAK-UP IN EIKONAL APPROXIMATION

We consider the reaction
a+A — bix+A B (2.1)

t

where a is a cluster—iike projectile which fragments into two pieces (b+x) when it hits a

target A. The transition matrix element in DWBA is {see fig.1)

Tz = <x:,£:(ﬁ) ;"’i;?r(f}! {Lu\ lfwx] * Ub*\,[?br\] _Uar\(ﬁ)]. i+% (®) a’(‘:)‘( )>

where the U's are optical potentials, ¢, is the wevelunction of relative molion of x+b,

+)
and X = isthe distorted wave for a. In the finul state X represents the distorted .
wave in the c.m. of x+b. In the way (2.2) is written, the matrix element of Ua 4 I8 zero

because _<d:( t¢>(+’ >=0. Al coordinates are referred to the lab—system, with the

a

(22)

target as origin. The coordinates 1, and ?, . are defined by ;

& m,
_ _rxA = ""f _
_ (2.3)
-+ mx :
?bA =R + "Ifl: I3
For the nuclear optical potentizl, we use the Karol model ), which gives for example
. .
. — —r xA .
. 3/ ad a} ai+ai 2.2,
UxA = NN(E)>I pﬁ(o) P ( ) —37_ . + rxA -
(2 4)

where p(r) is the nuclear density parametnzed by p(O) e " / a, , mth a.msted p(O) and'”

approximation, and <t (E}> is a nuclear matter average of the nucleon—nucleon

amplitude at © = 6.

Assuming that the actual nuclear matter densities can be described by a Fermi

distribution
olr) = ——1 (23),
1+exp[%'ﬂ]
where - - ' Lo _ . :
= 107 a3 ‘ S R
R = 1074 S S e (28b)
d = t/44 : t=241m ; d=054fm U (asey
o(0) = SA [1+(§2t2/19.35 R:')]' o (2;},(*) .
47R3 o o S S B

i in order to reproduce the §  matrix for the eia.st,:c scaLt_ermg in the WKB ;
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Pauh—blockmu effects in nucieus—nudeus collmom we use the result

' —r:!/a; . .
and companng wnh the Gaux,man adjust p(O) e A gt o= RA and r= RA + t/2, one

.-.'-ﬁnds_-.

ﬂlo) _7 R /a'" - o . . ' . {2.6a)

s . 4Rt+t? _ Rt - -
AT Ims YT - S - (26Y)
The free nucleon—nucleon amplitude ENN(E) can be deduced from the experiment,

It can be written as

Sy 4xhd W tot .
tonlE) = ——.“T,F{w:e,“} ‘-:T-aN,f; [1_—_1 eep(BY | (271
where a::.‘ is the total cross secmon for free nucleon—nucleon collisions, v is the relative
vetocity,- g is the reduc_ed mass and

“p(n) = Re[fw_nﬂ)]/lm[f (e=0% T (28)

Cis determmed expenmentallvu A3), For UNN We USE AN average over isospin in the form

o .f!" Y K ., eff | L etfl 9 :
<oill> = T HZ.-,ZA_“‘ NN, ata e (2N + N ] e

: -'The same averaue of aexp can be made in terms of app and O To correcy for the

14)

efl'{E)

B |

. . . free . . :
P[E. ke - kFJ of IH(E) e

- the Fermi energy. if .kF> = 1..35 frmt .

o

 where P is a reduction factor of the cross section for nucleon~nucleon collisions in the

nuclear medinm. In the local density approximation the Fermi 'rnomenta. kF ~and l\:F
3
are related to the local denmle: by k PF p] . Since the nuclear break~-up -

happens at the surface, we use p a,nd 2, caleutated at = R, and R, , respectively, ie.,

pl(r =R,) and p (r=Ry). Inthis approximation,

) | ) Y l' ree(q)
) “ - 3 . . 3 - - . P4
P{L.._ kpl. kFg] (jT kJ ) (4T ) f d ]\[d k2 Q(knkUkQ) ﬁ i;ee{k)

(2.11)

where K and fc are the momenta of the nucleons, X is their relative momentum and
2q= |kl—l\ +k|. The function 0(k, El,ﬁz) is obtained analvbically under the assumpiion

of cHergy and momentum conservat.lon of the pair and that they cannot scatter into the

' '(ﬁlled) tocal Fermi spheres of radii kF and sz. Due to the cylindrical symmetry in the
. L iy . :

momentum space distribution, eq. (2.11) ean be reduced to a five—fold integratibn14}. In
fig.2 we present the results of a numerical calculation for P, as a funcﬁioh of the variables
£= l\/kD_ and = ky Jky . where k_ [ F<] is Lhe_. larger (smaller) of_kF[ and sz

For simplicity ‘we use a-\f;;“" = (app+ 7,,)/2.  We observe that there will be an

appreciable reduction of the free nucleon—nucleon cross section up to k/kF> ~4 dueto

the reduction of the available phase space for scattering. This means that Pauli blocking

influences the nucleon—nucleon cross section for energies of relative motion up to 17 times

As an example, for 60 + ?9%Ph at

100 MeV/nucleon. the averaged nucleon-nucleon cross section in the surface region is

reduced by a factor 0.63 as compared to the {ree nucleon—nucléon cross section. In our







calculation, <LW(E)> .. as it appears in (2.4}, includes the medium effect in the way

described above.

As a result of the paramemza.tlon of the opt ‘cal potentials in the form (2. 4) we

obtamthat
mb2 o mb - 2
LxA+Lb.-\—UaA (R} - | r-+2ma1'R [ati +
m,}2 m, Z, Z, Z
+exp[ [[ﬁf} r'"’—2m— R]/a"}—l}+z e'[ b-+-rx—1,t—a]=
a a X
= V_N(I'.f{)+\f°(?,ﬁ) o : (2.12)

where atzal+alwalvalval+ a.2 Now a muitipole expansion can be carried out,

both for the nuclear as for the Coulomb part, resulting in -

L.¥

I ‘... m,r}? m, o
ViR = s, w1 Y o YLM(R) YLM(I)[exp[ [%] ]jn‘[i2ﬁi——§—§-]+

m,r}? m, | . S A '
+ («-I)L_exp[- [@H J'L[i 2@%5” -1 | (2.13)

and

VEER) = 422, € Y [zb [-ﬁ-"-
SRR :

. (2L+1)“

L+l :M_(R) Youl®) - o {2.14)

Since the nuclear break—up occurs near the surface. we put R inside the a“r?u'ment of jL-- .
L m, Re My R.rr
equal to R =R +R,. Then,eg j |[12— is replaced b
1 ST Tl A P JL[ m, ?} P 4 JL[ m, a?
: : . ; NEIEINE (+) HB
With t;ms approximation the matrix element <‘\a‘E(R) oxb.'[(f)[\ . ?.R]}Xa i b

factorizes and becomes

. 4,;2 <x”(R Y (®) U_’:A(R)lxiﬂ(flb x

g Z <¢'( bl 11V} () YL\I( ”‘t')((:).“b

j=x,b
S L - ey
where
. m;r)? TR ] : o
Vi = (ul)lj exp[— {ﬁ] | JL{I 2, —agJ S AL

with | = L for j=x. and ;=0 for j=b. In (2.15), T is theelastlcfactorofcm
scat.termo of the projectile by r.he nuclear field and T‘ < isthe excuatlon factor
The Coulowmb amplitude also factorizes into an elastic and an excnauou factor. _

where ‘ _ _
T:i=T§n'_Tc o R '_'(2_17)__.'

exc

with

Ty = 472, @ i <X{ (R’l L“ Rt
o X :

and







)

<0 bfmfr \L“{r)lwxb (5> (219)

[ S

c N m ] {mb“
- .T-ex'c___: z [Zb [“?ﬁ;'} +Z‘ LE{;J

[t is just the matrix element.s in (2. 19} wh:ch are of interest in nuclear astrophysms

B In order 10 extracz information on these matrix elements one has to be able to perform an

' accurate mea.surement of the break—up differential cross sections. When the spin
: onemauen are not «'pecnfied the break—up cross sections when the center—of—mass wave

‘vector of the fragments lies between kf and k,+dkf . and the relative motion wave vector

lies between & and a-t?dd , ig given by

.ddq
_HET 6.(Ei_Ef) =

(27}

B ALE
(275 v

_ where'_\}(E) is the velocity (energy) of the projectile,

ko= ky + Ky |
(2.21)

my, ,. Oy 5

q = m; kx—'ﬁi—; l\b

a.nd N U‘bx} is the reduced mass of the S)::E.em at: Af b+\} ’[‘he rela.twe kinetic energy of
o the fracmemb after the brea.k_up s Ty = frq"/ ’,ubx Using the energy and momentum

' cnnaenauon laws “e can also réew nte 2 0) as

LERIE ' ' . _
y {TL“~§-TL“]| A dey, )
t | )

-
B

1 m k,

Ty (27)®

2 {TlL’\‘l LM ” a2 da kb RS | ‘(;“_-22)--
T : g

A theoretical calculation of the differential and total cross section from (2.20) er
(2.22) is far from trivial and involves a lage set of numerical integrations to determine the ..
matrix elements TLM . However, by using appropriate scattering wave functions some

analytical results maybe carried up to a point where numerical calculations are feasible.

~This is done in the next seclion. But. already ab this point, some simple conclusions can be

done in terms of the form of the mawix elements T, . First, the amplitude TLM
decrease with increasing multipolarity L, exponentially (_nuci(-ar case), or as a power of
R,/ Ry = R /(R +R,) {Coulomb case).. Therefore, only some few multipolarities néed to
be consifiéred. We only account for the first two 1ﬁultipolarities, L él and L=2.
Secondly, depending on the masses, or charge—to—nass ratio of ‘the fr_agments, the.'
contributiou of the fiest multipolarity méy be identically zero. The L :II multipolarity
corrcsponds to the homogeneous part of t.he field. If the masses of the fraﬂments are equal

(m = mb) from (2.15) and (2.16) one ubaerves that the L =1 nuclear component is nu.[l

This happcns because the homogeneous pa,rt. of the nuclear force acts equally on both

. fragments and does not transfer a net relative momentun to them. Therefore, only the

tidal (L = 2) cumponent of the field is effective in dissociating them: In the case of the
Coulomb fiéld the same happens for equal charge—to—mass ratio fragments, ie., for
Zjm, = beleb'. because although the Coulomb force is proportional to the charge of each

fragment. the resulting acceleration is proportional to the inverse of their masses. Thisisa

well known result in Brenunstrahlmg of heavy ion collisions which vauishes for equal

charge-to—mass ratio pariuers.







' 3.COMPUTATION OF THE MATRIX ELEMENTS -~ . Inserting (3.1) and (3.2) into the matrix elements (2.15), (2.18) and (2.19); one

obtains after some approximations,

The éenter—of—ma.ss wavefunctions x:": and. xi} which enter into the matrix _ _
eleménts of eqs. (2.15) and (2.18) are evaluated within the eikonal approximations, as done - . [TI:L] =< xf,'%(fi)!Y:M(R) UI:A(R”X‘,(;'-%U’{)S -
_ _ o . _ - : LM T '
in Refs. 16 and 17 for the inclusive break—up cross section: ' _
_ ' —Q;a% o s
ey _ kel ik 0 s S =-wChye | FB@) R R o SN
xiﬂ(R) =e " exp ‘"gf U_,(2',b) dz' + i¢ (b} o (3.1a) - whete o S L e T
. and . .
. e ‘ L o s . o : . a a: ag .._.:: -
XL (@R) = e exp _éﬁf U, () d2' + 19 (b) o @) _ "’ > <t N(EJ>P s T2 B3y
2,0 — 1' i o LM . -
. —+ ~Iv% ). +vl} 2 A e
where ¢ (b} = r—[——jln(kb) is the Coulomb phase, ard o= 1/137 y J 7 (L) 1 (LM (-1} 3 L+M=even |
i H . . . y
3 The excitation matrix elements for the tra.nsmon Gyi ™ Gypp 8T€ Just those that . . By =1 . o o (3 3C) : ._
one is interested in astrophysical reactions. We shall use simplified model wavefunctions . : '_ P o : L+M odd o e
for this transition in order to obtain the general properties of the elastic break—up - _ - : R ' N o LT L ; l\
differential cross sections. o B : . A ' and
' In the case of a §~potential corresponding to the assumption of zero—range nuclear
forces between the clusters in the projectile, we may use tae following wavefunctions o ' : S : b/a? o T e sl
. S : o . o : ' FM(Qt) = f bdbJ,(Qpb)e exp{iCe. + 2i_¢c(b)} T 3ad)
s = g (3.20) | o S e [h
" amd . : ' . : SR : : _ S .- In the above expressions Q, and Q  are the components of - Q parallel’and - o ;
o ) R o , perpendicular to the z-axis, respectively: and. Jy () ‘is the Bessel function of first kind, '
Y Sl = T | (3.20) - o

The integral {3.3d) has to be petformed numerically and it governs the amount of

'

, /2 ' momentum transferred. -
thh 4§ given by (2.21), and N (‘"ﬁubxelh Yie is det.(rmmed by the ‘ieparatlon energy, -

. . £, ofthe clusters: b+x.
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- ’F!;e-'nucleér- excitatiou matrix elemeny is, accordingly

[ o 2 <oy f“ Ivlu Lw(') YLNI(E)ltp)(L:)I(r))
. . e‘c th __x b .

= o ¥y (@ {Gygtm) + () Gpyme)]
. " where

(l‘hi)

: : A ) m R .
. . . -pr ., N P s Y
I-G.Lhi(mj)- = f drere ™ JL(qr) JL[ZI T a
o0

8 e AL
My H (@)

C-=V2IZZ'______
-[rd]LM = (4n) Aé (2L+1){L-1)!t

*".where ..

] ’ 232

Hyy() = L bdb3yQ) S

T with K V{x)’ equal to the modified Bessel function of first kind.

E The Couldxhb excitation amplitudes will be -

L Y L . L - e L
ST e . My 7 51132] 1! {2q) .
o {re\c]L“ _ “f L}l{q) [Zb[ ma.] * ‘t[ ma. {”2‘{,(!9)!%{ :

" The Coulomb én1plitudés for the center—of—mass scattering are fonnd to be

L/2(le) exp{x ce® fa® ¢ (b)]

(3.§a) .

(3.40)

(3.5b)

{3.6)

16 .

4. APPLICATIONS AND DISCUSSIONS -

As an application of the formalism developed in the last two sections \;ve. take the
reaction . _ | _ ' _ . . _
| ik ar 4P )
at 100 MeV per nucleon. Co ‘

In figure 3 we show the contour plots of the differential cross section dﬂa/dkfdki ,
where ki is the {final) vransverse momenturm of the respective cluscér j- This quantity
is ‘especially useful sinee it can he maasured éxperimentally without much difﬁculfy. it can

be caleulated from (2.22) by usin}; clﬁx v '21rkfdki/k§ + which is a good approximation for -

fastly moving particles.

- One observes [roun this figure that there is a ridge in the cross section for kfg k}.

_Su'ch feature is also observed for other break—up reactions and is peculiar to the peripheral

ta)

processes The distribution has a maximum for transverse morentum equal to .

0.7 fm*t, which corresponds to a transverse energy of the fragment.s of order of 2.5 MeV.

_That is, the peak in transverse energy of the fragments is approumately of the same

magnitude as the binding cnergy of the clusters Such feature is also common to the

peripheral dissociation of luosely—bound particlesls).

- Infigure 4 we show do/df,, as a function of ., , for the same reaction (4.1),
where 8, is the scattering angle of the center—of—mass of the clusters, as seen in the

laboratory.  We show separately the Coulomb, ‘nuclear contributions and the interference

. between the two. Except for the very forward scattering angles, the Cdulomb contribution

* prevails over the nuclear one. Interference is negative and two orders of magnitude smaller-

Lﬁan the Co{:Iomb dissociacibﬁ, and may be negiected. The L=1 terms in Coulomb and -

* nuclear dissociation accounts almost entirely of the calculated cross sections. In this -

particular case, one ohserves that by selecting the angular interval between 1 and 3 degrees







©one obtams the Co ufomb (umnbuuun to the {11‘-\U(Idt ion with only a 10‘/ influence by the

nuclear interaction.

In table I we show the contributions from each multipolarity 1o de/d,, for the

dissociation of "Be.’Li.'®0 and °Li projectiles incident on **Ph at 100 MeV/nucleon, and |

for 8, =3°. We ohserve that. in those cases where tie masses (charge—to—mass ratios)

~ of the fragments are equal, or nearly equal, the nuclear {Coulomb) L =1 contribulion te
the cross section are drastically reduced. This occurs due to the selection rules for the
dissociation amplitudes, as discussed in section 2. The final staﬁe interactions hetween.nhe
fragméms' may mddify such results, and are not considered here. But, a more exact
treatment of the dissociation process s_hou]d not destruct completely the fingerprints of
- these effects. .

In figure 5 we plot the différemial cmés secLion da/ds for the sa,mé reaction, as a
funcnon of the relatwe klnctlc energy € im the final stave of fragmom:: One observes that
the Coulomb interaction favours the break—up into low relative kinctic energies, while the

‘nuclear interaction develops a long tail for the kinetic energy distribution. Also shown is

- the Coulomb—nuciear interference, which is negative. Again one sces that the peak on the

relative kinetic emergy occurs for kinetic energy of order of the binding energy of the
clusters. ' ' '
In figure 6 we present the triple differential cross section d3s/dQ GHHAE , lor the

_emission of &Fpartic!es at 3° and tritium at 1° in the lab—system, as a function of the

Kinetic energies of the a—particles. The Coulontb (solid curve) and nuclear (dashed—curve)’

are shown separately. Again we sce that the Coulomb dissociation prevails over the

nuclear éne in a narrow energy region. The width of the Coulomb peak is apprcéiab!y
. ~ smaller than the width of the nuc_lear peak, silﬁilar!y tor what was shown for the relative
energy distribution of figure 5.

. From what was shown in figs. 2-6, it Sé{‘iﬁ% cloar that, only in the véry forward

angular regions, and for a very narrow energy interval, the Coulomb contribution to the

dissociation process can bhe 1oa~otlablx disentangled from the nuLiear romrllmnon "This
mieans that very dedicated experimental efforts have 10 be put in order u)'arhic\'ﬂ this goal =

and relate the break—up experiments to the a<<ucinw<] fusion reaction. Reu‘m e\penments

19.20}

on BLi and 7Li break—up at 26 MeV/nucleon dild 9 \[e\ jnuclm)n eﬂpr'cuvelv have

shown the feasibility of the method. - However, as was bU““t‘Slt‘d in ref, 2 .' the 1dea]_ '
situation occurs for beam energies around 100 \Ie\'fnucleon' -\t such energies it ma.) be

cmmal to determine the relative energy of the frawments from r.he lab—measuremems In

2

re[atlon- to this. the so—called "magnifyng—glass” effect”
a precise information about the :elauve energies.

In any case it seems clear hhat o hdve access to the Coulomb matrix e[emems from

hreakwup reactions, one has to either have a good knowledge of the nutlear contrlbutmn to’
the dissociation, or to look for Lhoae situations where the (‘oulomb mteract:on is the_:_ :
dominant one. In table II we show the total cross sections for the dhsoc:amon react,:ons of -
eqs. (la—d), with 2%%Pb targets and incident energ:es of 100 .\Ie\f'/nucleon. The Coulomt_: .
and nuclear parts of the total cross sectiéns are given. The sum of the two parts is not
-equal to the total cross sections due Lo a small contnbuuon fron nuclear-—Coulomb‘_
uucr{erencu wluch is always negative. The besz results are for 'Be and- L| break-up_

reactions, in which cases she L= 1 Coulomb interaction is by far the most effective one.

1

5. CONCLUDING REMARKS

Experimental studies of the elastic break-—-up of Ioo%lv bound nuclei hme been

proposed Yasa pomble way to investigate the nuclear fusion cross secuona of mteresn in .
aslrophysncs. To this aim it is necessary to determine the break—up Cross secuon at low B

relative energy of the fragiehis. it is also necessary 190 diseritangle the t_:uclea.r and o

may be of cruc:_ai h_elp to exnr_act_







Nta

__-Louiomb mteracuon effecu m 1he cross secuom as well as the comributions of the

mffenm mu!npolant:&; tc the prmeas We have shown in thns article that, due to its

N penpﬁeral nature. the nuuea.r interaction e{fects may be well accounted Eor in the "soft

apher es” model of harol v.inch depends on the nucleon—nucleon scattering amplitudes at

' me ﬂudear surface.

-\ mulnpole expresmon of -the Coulomb. and nuclear, * interaction is

: _-aua.lgb;—mma.rd and is helplul in order 1o understand the character of the break—up

! “process. In mosz cases, either the Coulomb or the nuclear L =1 terms of the expansion
" dominate over the. L > 1 terins, largelv Thxs means that, in those cases where the

Y. radiative capnu:e “¢ross section have lmportant participation of high multapolantles

L 2), the der.ermmat.son of such comnbuuons from elastic break——up experiments, is

. t.lO]JelE.Sb -\150, if the nu(,lea.r interaction dommates the break—up process, very good

expenmen;al strateoaes ha\.e 10 be found in order to eliminate the nuclear contribution.
“The best perspectnes occu: for clusters v.n,h unequal charge—mass ratios, like o+ t,
Ca + 3He etc. In view of the Lremendous d:fﬁculues Lo determme the fusion reactions at

L low relamve energlea it 1s unquesuonable that such- expenments should be encouraged
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B &3
o

L=1 L=% L=3 ¢ N Total -
"Be 252 12 258
C N ¢ N C N o : o
; g : : 160 9 52 56
e 122 - 45 -3 22 47 0.3 _
S o ' Li 125 8 131
%O 0 s 52 48 - 29 3.1 _ _ , o
_ : : . 6L 11 Sy 27
7L 501 41 29 24 2.4 0.2 , :
SLi 0 - 2318 C 1 L 2.0 TableIl—  Total cross sections. in b, for the elastic break—up of loosely—bound nuclei
' ' L incident on ***Pb targets at 100 MeV/nucleon. ‘The Coulomb and nuclear .
S . _ . _ coniributions are shown separately and the total cross section includes a -
: ‘TableI— . Differential cross section, do/df}, in mb/sr, for the elastic break—up at {negative) contribution of the Coulomb-nuclear interference, S

8., = 3° of several loosely—bound nuclei incident or 2%Pb targets with

. L ) .
b -7 100 MeV/nucleon. The contribution of ‘several Coulomb and nuclear

- multipolarities are displayed separately. SRR
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