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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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ABSTRACT

Energy spectra and angular dlstrlbutlons for perlpheral reactions

1 s 2 '
1nduced by 6O on 08Pb at 20 MeV/A can be explalned in terms of the N

intrinsic nucleon motion of the excited pro;ectlle, in a manner similar to

the interpretation of projectile fragmentation reactions at 2.1 GeV/A.
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Both at low and relativistic energies, the energy spectra produded

in heavy-ion reactions are often dominated by a broad peak in the continuum ’

centered. at energies well above the Cbulomb barrier. At low energies
[(E-Vc)/AjS 5 MeV/A], this peak is’often aﬁtriﬁ#ted to two-body reacfions
[1-4] populating a high density of final states in the residual nucleus.

At relativistic enérgies, the other hand, the continuum is produced by
'fragﬁentation of the projectile [5] in thé field of the target nucleus,
either by the fést‘libér;tionAéffclusters [6,7] or by the slow decay of the
e#cited projectile [6?8], At these epergies, the intrinsic motion of the
nucleons inside the érgjectile has béen’fgund to be important for-understénd—i
ing the momentum (or‘energy) distributions §f the observed fragments [6,8,9].
In this letter, we show that the energy spectra énd angular distributioﬁs
observed [ldJ in peripheral reactions of lsQ—ions on 208Pb at.20 MeV/A
incident energy also can be well understood in terms of the intrinsic nucléoh
motion in the projecfile.
Vl:Féf p;ojééfiié fragmentation reactions at ;elativistic énergies, the
momeﬁéﬁﬁ:éist£i£utions iﬁ the projectile rest fréme wére well described,by’

Gaussian distributions predicted by simple models [5,6]

o —(p-p,) /20
dp
where
= - ~1). } . 2
o 9, mf(mp mf)/(mp 1) (2)
Here, m and4mp.are'the masses of the observed fragment. and the projectile, v

£

respectively. For 16O ions of 2.1 GeV/A, the value of 0, = 86 MeV/c has

0
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been determined experimentally [5]. The centroid of the momehtum distribution

depends on the observed fragment and can be related to fhe momentum transfer

. [
-due to the excitation of the projectile [7]. The momentum p0 is found to be

opposite to the beam direction and Py << ¢g. Using eq. (1), a rest frame R

can be found in which fragments of mass m_ are emitted isotropically

. f
[5], i.e.

v e L v . : - ' ' o C(3)

iﬁ;the'iabbretofy System, the Gelodity vk of the rest frame R is slightly
smaller than the projectile velocity Vo Denoting the laboratory energies
,Oﬁ fragments at rest in the frame R and in the projectile‘rest frame by
ER and EP' respeetively, one obtains [10] from the‘model of ref. [7]:

E* _ , (4)

2 - . . . .
where YP = (l—vP/cz) }/2 and E* is. the excitation energy of the projectile

in its rest frame. - As -shown .in fig. 1, the centroids of the observed energy
distributionsmfor‘an~incident~energy of 20 MeV/A are in good agreement with

the kinetic energies E_ .expected from eq. (4), if E* is taken to be the minimum

R

* energy. reguired to dissociate the projectile .into the observed fragment

together with nucleons,. except for the case of carbon which was assumed to

be produced together with an alpha pafticle. (Tﬁe predicted lqcations for.
N, c, B, “Be and Li, which are thevisotopes produced with the

largest cross sections, are shown.) Furthermore, for the lighter fragments

(Li, Be, B),the values of AE = EP - ER at 2.1 GeV/A are observed to be

approximately three times greater than at 20 MeV/A [10], as predicted by eq. (4).
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It has been pointed out [6,7,11] that the momentum distributions can
result from a fast statistical projectile fragmenté;ion process and that the

width oo‘can be connected to the Fermi momentum pF of the projectile by

%
For an 16O nucleus, the ﬁalue of pF = 230 MeV/c has been defermined from
electron scaftering (121, which implies, from eq. (5), a value of g, = 103
MeV/c compared to the value of 86 MeV/c obtained [5] from 160 projectile
fragmentation studies at 2.1 GeV/A. However, the observed momentum distributions 
also can be explaiﬁed [6] by the assumption that the excited projectile decéys
after attéining thermal equilibrium at a temperature T. ?he width oo_is theﬁ ;

given by [6]
6> = m_ T(m -1)/m : | | | (6)
0 mN P P

where mN is the nucleon mass. The results at 2.1 GeV/A correspond to

T~= 8.5 MeV, almost equal to the average nuclgon:binding energy. Although

it is not possible to distinguish between the processes implied by egs. (5)7

and (6) from the experimental momentum distributions alone [6], in both cases

the inﬁrinsic motion inside the projectile determines the main features of

the momentum distributions of the observed fragmentsbét relativistic energies. -
Very similar assumptions give a rather satisfactéry description of -

the observed widths of the energy spectra and angular distributioﬁs at 20 MeV/A.

Transformation of eq.. (2) into the laboratory system yields

a‘c U 7 __£ N 1/2. 2 ' .
deEL " mf Z@fEL exp[ 02 (EL 2a EL COS‘O + a”)] (7)

= PF / /g .. : o (5) . e
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with

a.‘ ="mf VR /2 ’ o - : . ] ' ) (8)
where EL is the laboratory energy. The laboratory scattering angle OL-of
the outgoing particles was shifted by 10° (i.e. OL = 0 + 10° in eq. (7)) in
order to include the Coulomb repulsion from the target nucleus in an approxi-
mate way. The resulting energy spectra and angular distributions are compared
to the experimental data in figs. 1 and 2. The solid curves were calculated

using o, = 103 MeV/c (the value corresponding to eq. (5)) and the dotted

0

lines were calculated'using o, = 80 MeV/c (corresponding, from eq. (6), to

0

T = 7.3 MeV, which has been.used previously to reproduce the isotope-production

cross sections [12]). For each element, the curves were calculated for the

. . ‘ ) . 2
- 1sotope produced with the largest cross section; the parameters a were

chosen to reproduce the position of the maxima of the energy spectra (seeA
Table I). These energies corfespond closely to the values ER predigted for
fragmentation processes. Since the width o depends most strongly on isotope
number for me Q’m'p [see eq. (2)1, calculations have also been performed for
14N fragments using GO = 103 MeV/c { see dashed lines). Althpugh an exact
description of the experimental data cannot be expected from such a simple
approach, the widths of the energy spectra and the siopes of the angular
distributions are reproduced remarkably we117

| The applicability of tﬁe simple model developed for projectile
fragmentation reactions at relativistic energies to reactions at 26 MeV/A
is in accordance with the observed similarities [13] of cross sections at
these energies. The angular distributions and the energy spectra at both

energies appear to be dominated by the intrinsic nucleon motion in the

projectile. It is intriguing, however, that the distributions at 20 MeV/A
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are qualitatively similar to those encountered in reactions at lower incident -
energies [10], where so far the effects of intrinsic motion on the energy

spectra and angular distributions have not been treated explicitly.
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Table I. Parameters used for the calculated curves in figs. 1
and 2. The widths oy = 103 MeV/c. and op = 80 MeV/c have been

used for the solid and dotted curves, respectively.

Element . - N : C B - Be

'mf(amu) 15 (14) 12 11 9

a’(Mev) 280 (270) 220 160 110

Li

65
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FIGURE CAPTIONS

Fig. 1. Energy spectra [10] of reaction products N, C, B, Be, Li measured

Fig.

8 1
0 Pb by 6O*_ions of 315 MeV at the laboratory

in the bombardment of-2
angle of 15°. The curVes.aie calculated from eq. (7) as explained in
the text. The arr6ws denoted by Vé:and‘ER correspond to the exit-
channel Coﬁlomb barrier and the energy'predicted for a.fragmentation of
the projectile iﬁto the obsgé?ed fragment together wifh individual
nucleons and alpha bartic;es.

,2; Angular distributions [10] of reaction producté'N,C, B, Be, Li

8

measured in the bombardment of_20 Pb by 160 ions of 315 MeV. The

curves are calculated from eq. (7) as explained in the text.



 _10- S © LBL-6551

60,2080, | A
315 MeV, 15°

400

~ Nitrogen
Ve

)

200

RO S BT W SR TR N P

R ‘ T 1 I—I‘ﬁI
L .

. ]
400 T
T
I
200 .
[ ]

Lot by o

. AL l iy T ‘ﬁ_‘
.

wn
(] L]
'1 IflT! T 1

{,

(o)

100

wn
(=)
oxrlf]‘|T|1xT
N

(=]

XBL 7761141 A

Fig. A1



_11- : LBL-6551
}’_ I | T [ T ‘ T :
i ®0. 2%®pp |
1000 = 35 Me\/ =
100 :— Nitrogen =)
|- § —.
1000 = =
100 = 3
& (000 . =
0 n N
\_E’ - -
% 100 -
\ - —
N B ]
o L ]
|0J’_ ":“9
i 0 7
100 — —
u 7
- =
|0‘7 ’z;
- ¢ Lithium 1
100 =
1
|00

XBL776-1142

Fig. 2



U&J‘:’J*ia‘-}""a"gi

This report was done with support from the United States Energy Re-
search and Development Administration. Any conclusions or opinions
expressed in this report represent solely those of the author(s) and not
necessarily those of The Regents of the University of California, the
Lawrence Berkeley Laboratory or the United States Energy Research and
Development Administration.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

-





