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ABSTRACT 

Energy spectra and angular distributions for peripheral reactions 

induced by 
16o on 

208
Pb at 20 MeV/A can be explained in terms of the 

' .. ~ .,. 
'· 
intrinsic nucleon motion of the excited projectile, in a manner similar to 

the interpretation of projectile fragmentation reactions at 2.1 GeV/A . 

* . Work performed. unde:f·the'auspices of 'the u.s. Energy Research and 
Development Administration. 

t . . . .· .. 
On leave from University of Florence, Italy. 

* On leave from University of Caen, France. 

* On leave from Centre d'Etudes Nucleaires de Saclay, France. 
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Both at low and relativistic energies, the energy spectra produced 

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

centered. at energies well above the Coulomb barrier. At· low energies 

[ (E-V )/A ;55 MeV/AL this peak is' often attributed to two-body reactions 
c 

[1-4] populating a high density of final states in the residual nucleus. 

At relativistic energies, the other hand, the continuum is produced by 

fraginentation of the projectile [ 5] in the field o.f the target nucleus, 

either by the fast liberation of clusters [6,7] or by the slow decay of the 

excited projectile [6,8]. At these energies, the intrinsic motion of the 

nucleons inside the projectile has been found to be important for understand-

ing the momentum (or energy) distributions of the observed fragments [6,8,9]. 

In this letter, we show that the energy spectra and angular distributions 

b d [ 10 ] . . . f 16 . 208 I o serve _ 1n per1pheral react1ons o 0-1ons on Pb at 20 MeV A 

incident energy also can be well understood in terms of the intrinsic nucleon 

motion in the projectile • 
. '· 

For projectile fragmentation reactions at relativistic energies, the 

momentum distributions in the projectile rest frame were well described. by 

Gaussian distributions predicted by simple models [5,6] 

3 
-+-+ 2 2 

-(p-p ) /20 d (J 

"' e 
0 

dp3 

where 

2 2 
mf(mp-mf)/(mp-1). (J oo 

Here, mf and.mp are the masses of the observed fragment and the projectile, 

respectively. For 
16o ions of 2.1 GeV/A, the value of cr

0 
= 86 MeV/c has 

(1) 

(2) 

• 
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been determined experimentally [5]. The centr9id of the momentum distribution 

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

' -+ 
-~ue to the excitation of the projectile [7]. The momentum p

0 
is found to be 

opposite to the beam direction and p <<a. Using eq. (1), a rest frame R 
0 

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

[ 5], i.e. 

.. 

3 
. d a 

3 
dpR 

'V e 

2 2 
-p /2a 

R· 

In the ·laboratory system, the veloCity vR of the rest frame R is slightly 

smaller than the projectile velocity vp. Denoting the laboratory energies 

of fragments at rest in the frame R and in the projectile' rest frame by 

ER and Ep, respectively, one obtains [10] from the model of ref. [7]: 

mf 
E ~ E y B* R P- :Pm 

p 

where y = (l-v
2 
/c

2
) -_l/2 and E* is the excitation energy of the projectile 

. p p 

(3) 

(4) 

in its rest frame. ·· As shown. in fig. 1, the centroids of the observed energy 

P _ dis:tributions for· .an incident energy of 20 MeV /A are in good agreement with 

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

··energy required 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 particle. (The predicted locations for 

15 12 11 9 7, 6 . . . . 
.. N, C, B, Be and Ll, wh1ch are the 1sotopes produced Wl th the 

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

(Li, Be, B),the values of ~E = E - E at 2.1 GeV/A are observed to be 
p R 

approximately three times greater than at 20 MeV/A [10], as predicted by eq. (4). 
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!t has been pointed out [6,7,11] that the momentum distributions can 

result from a fast statistical projectile fragmentation process and that the 

width cr0 ·can be connected to the Fermi momentum pF of the projectile by 

cr =p ;IS 
0 F 

16 
For an 0 nucleus, the value of pF = 230 MeV/c.has been determined from 

electron scattering [12], which implies, from eq. (5), a value of cr0 = 103 

MeV/c compared to the value of 86 MeV/c obtained [5] from 
16o projectile 

(5) 

fragmentation studies at 2.~ GeV/A. However, the observed momentum distributions 

also can be explained [6] by the assumption that the excited projectile decays 

after attaining thermal equilibrium at a temperature T. The width cr0 is then 

given by [6] 

'2 cr = ~- T(m -1)/m 
0 N p p 

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

T = 8.5 MeV, almost equal to the average nucl~on binding energy. Although 

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

(6) 

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

the intrinsic motion inside the projectile determines the main features of 

., 

\. 

the momentum distributions of the observed fragments at relativistic energies. "" 

Very similar assumptions give a rather satisfactory description of 

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

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

mf 1/2 2 
exp[- 2 (EL~2a EL cos 0 +a)] (7) 

cr 
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with 

2 
a 

where EL is the laboratory energy. The laboratory scattering angle 0 -of 
L 

the outgoing particles was shifted by 10° (i.e. 8 = 8 + 10° in eq. (7)) in 
L 

(8) .. 

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 a0 = 103 MeV/c (the value corresponding to eq. (5)) and the dotted 

lines were calculated using a = 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 

isotope produced with the largest cross section; the parameters a
2 

were 

chosen to reproduce the position of the maxima of the energy spectra (see 

Table I). These energies correspond closely to the values ER predicted for 

fragmentation processes. Since the width a depends most strongly on isotope 

number for mf ~ mp [see eq. (2)], calculations have also been performed for 

14 
N fragments using a

0 
= 103 MeV/c (see dashed lines). Although an exact 

description of the experimental data cannot be expected from such a simple 

approach, the widths of the energy spectra and the slopes of the angular 

distributions are reproduced remarkably well. 

The applicability of the simple model developed for projectile 

fragmentation reactions at relativistic energies to reactions at 20 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. 
• 



'- "· 

0 0 . 
' . .. ~ 

<I' 8 0 

-7- . LBL-6551 

REFERENCES 

1. For references, see e.g. , "Symposium on Macroscopic Features of Heavy-

Ion Collisions'', Argonne National Laboratory Report ANL/PHY~76-2 (1976) 

unpublished. 

2. T. Tamura, T. Udagawa, D. H. Feng and K.-K. Kan, Phys. Lett. 66B 

(1977) 109. 

3. W. Norenberg, Phys. Lett. 52B (1974) 289 •. 

4. J. Wilczynski, Phys. Lett. 47B (1973) 484. 

5. D. E. Greiner, P. J. Lindstrom, H. H. Heckman, B. Cork and F. s. Bieser, 

Phys. ReV. Lett. ~ (1975) 152. 

6. A. S. Goldhaber, Phys. Lett. 53B (1974) 306. 

7. N. Masuda and F. Uchiyama, Phys. Rev. Cl5 (1977) 1598. 

8. H. Feshbach and K. Huang, Phys. Lett. 47B (1973) 300. 

9. A. Abul-Magd and J. Hlifner, Z. Physik A277 (1976) 379. 

10. C. K. Gelbke, C. Olmer, M. Buenerd, D. L. Hendrie, J. Mahoney, M. c. Mermaz 

and D. K. Scott, Lawrence Berkeley Laboratory Report LBL 5826. 

11. J. v. Lepore and R. J. Riddell, Lawrence Berkeley Laboratory Report 

LBL 3086, 1974, unpublished. 

12. E. J.·Monitz, I. Sick, R. R. Whitney, J. R. Ficenec, R. D. Kephart .and 

W. P. Trower, Phys. Rev. Lett. 26 (1971) 445. 

13. M. Buenerd, C. K. Gelbke, B. G. Harvey, D. L. Hendrie, J. Mahoney, 

A. Menchaca-Rocha, C. Olmer, and D. K. Scott, Phys. Rev. Lett. 37 

(1976) 1191. 

14. V. V. Volkov, in "Classical and Quantum Mechanical Aspects of Heavy-

Ion Collisions", edited by H. L. Harney, P. Braun-Munzinger and C. K 

Gelbke (Springer, Heidelberg, 1975), p. 253. 



-8-

Table I. Parameters used for the calculated curves in figs; 1 
and 2. The widths o0 = 103 MeV/c and oo = 80 MeV/c have been 
used for the solid and dotted curves, respectively. 

Element. 

mf(amu) 

2 
a (MeV) 

N 

15 (14) 

280 (270) 

c 

12 

220 

B Be Li 

11 9 7 

160 110 65 

LBL-6551 
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FIGURE CAPTIONS 

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

208 16 . 5 in the bombardment of Pb by 0-1ons of 31 MeV at the laboratory 

angle of 15°. The curves are calculated from eq. (7) as explained in 

the text. The arrows denoted by V· and. E correspond to the exit-
c R 

channel Coulomb barrier and the energy predicted for a fragmentation of 

the projectile into the observed fragment together with individual 

nucleons and alpha particles. 

Fig. 2. Angular distributions [10] of reaction productsN, C, B, Be, Li 

measured in the bombardment of 
208

Pb by 
16o ions of 315 MeV. The 

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