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the shapes of the inclusive energy spectra as well 

as for the isotope yields at both energies. The relative 

cross sections are target independent (i.e., factorize) 

for the data at 315 MeV incident energy, but limiting 

fragmentation (i.e. isotope yields independent of energy) 

applies only at higher energies. The differential cross 

sections peak at the grazing angle or decrease exponentially, 

depending on the incident energy and the mass of the 

ejectile; the distributions are described by classical 

trajectories and diffraction models for which the reaction 

time is estimated to be typical of direct reactions. The 

kinetic energies of the reaction products depend primarily 

on their charge and only slightly on their mass number. 

For the 315 MeV results, the velocities of the reaction 

products at the ma.xinrum of the spectn.un and at the grazing 

angle are slightly less than the beam velocity and decrease 

rapidly for larger scattering angles. The results are 

interpreted with simple friction and fragmentation 

models, and are compared to observations at 33.6 GeV. 
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* REACTIONS INDUCED BY HEAVY IONS 

t C. K. Gelbke, C. Olmer, M. Buenerd, D. L. Hendrie, J. Mahoney, 
t . 

M. C. Mermaz and D. K. Scott 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

ABSTRACT 

Collisions of 160 ions on targets of 

942 197A 208Pb, and 232111 . . d · .d r, u, are 1nvest1gate at mc1 ent 

energies of 140 and 315 MeV, and compared to published 

data on peripheral collisions at 33.6 GeV. At 140 

MeV, the isotope-production cross sections resemble the 

ground-state Q-value systematics characteristic of a 

partially-equilibrated, di-nuclear system formed in 

deeply-inelastic scattering. The yields are independent 

of shell and pairing effects in the target and residual 

nuclei. These Q-value systematics fail at 315 MeV, where 

the relative element yields are similar to those at 33.6 

GeV. A theory of projectile fragmentation accounts for 

. . 
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1. INTROOOCTION 

With the availability of beams as heavy as uranium up to 

energies of 10 MeV 1 A and of lighter ions up to energies of 2 GeV I A, 

it has become feasible to study the characteristics of nucleus-

nucleus interactions over a wide range of incident energies and 

for a large variety of colliding nuclei. A substantial amount 

of data is now available for heavy-ion collisions at energies of 

a few MeVIA above the Coulomb barrier [for recent references see 

e.g., (Refs. 1-4)], and at relativistic energies of a few hundred 

MeVIA to 2 GeVIA. The intermediate energy range of a few tens to 

a few hundreds of MeVIA is still largely inaccessible with existing 

accelerators. 

The significance of this energy region is illustrated in 

fig. 1, which relates the relative velocities (v) in heavy-ion 

collisions at touching distance, and the associated interaction times 

(t), to the kinetic energies per nucleon above the Coulomb barrier. 5 

M:>st heavy-ion research has been performed at relative particle 

velocities of vic< 0.1. Since these velocities are smaller than 

the average nucleon velocity inside nuclei (the average Fermi velocity 

vplc is approximately 0.2, corresponding to a transit time for 

nuclear dimensions of t = TN) , the macroscopic features of reactions 

may be characterized by a variety of equilibrating phenomena ranging 

from non-equilibrating direct, quasi-elastic and deeply-inelastic 
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11 . . 3,4,6 •th . d f .l.b . 7-12 co ISions WI various egrees o equi I ration to complete 

fu . . 13,l4 . wh .. h . . 1 .l.b . f h . sion reactions In IC statistica equi I ration o t e composite 

system is finally attained. Recent experiments have been performed15 -18 

at incident energies between 1-2 GeV/A. Here the relative particle 

velocities (v/c ~ 0.9) considerably exceed the Fermi velocity, and 

peripheral collisions are characterized by rapid processes such as the 

abrasion of nucleons or projectile fragmentation. Because of the short 

interactio~ times, equilibration phenomena are considered to be unimportant 

during the primary interaction of the two nuclei. Nevertheless the 

subsequent statistical decay of the primary reaction products can still 

be of major importance for understanding the observed particle yields. 18-24 

The incident energy of 20 ~VI A marks a transition between these two regimes, 

since the corresponding velocity (v/c ~ 0.2) is close to the Fermi velocjty. 

At such a boundary, qualitative changes in the characteristic heavy-ion 

. . . h b d 18 ,25 Th. 1 d f. Interactions rn1g t e expecte to occur. IS energy a so e Ines 

the threshold of the supersonic region, where particle velocities exceed 

th 1 . f d . l 18,26,27 A d . . e ve ocity o soun 1n nuc ear matter. secon transition 

region may be defined18 ,25 at energies of 140 ~V/A, corresponding to 

the meson threshold. · In this domain only a few experimental results 

are available28 and indicate that the reaction yields closely obey two 

asymptotic limits, originally developed for elementary-particle interactions 

1 • • . • 29,30 Th "1• • • f • II h h • at re atiVIStic energies. e · Lmiting ragmentation ypot esis 

predicts that spectra and yields of fragments will become independent 

J • 
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of bombarding energy at sufficiently high energie,s; and the "factorization" 

hypothes"i's asserts that spectra and yields of projectile (or target) fragments 

will depend on the target (or projectile) only via trivial geometrical 

factors. 

In this paper we report on experiments performed with 16o ions of 

140 arid :hs MeV beam energy ort heavy targets · (A > 90}, which provide 

a lirik betwee~ low.:en~'i·gy ([E-V]/A ~ 5 ~V/A) equilibration phenomena 

and.high-e~ergy ([FV]/A~ 1 GeV/A) projectile fraginentationphenomena. 

Our initi~l ·resuits31 , 32 indicat~d that the particle-production cross 

sections are' significantly different at l40 and 315 MeV but rather 

similar at 3is MeV and 33·. 6 Gev: The data ·emphasize. the need for a 

theory •. incOrporating aspects of both deeply- inelastic and fragmentation 

phenomena. In the absence of ·such a theory, we approach· the data from 

several exist:irig 'quali tath~e viewpoints .... 

Experimen.tal details are given in Section 2. In Section 3 the 

energy sp~cfra. are pr~.s·ented and di~cussed 'in terms of a semiclassical 

theory of direct.reactions, and of'a fragmenthtion model developed for 

similar reactioris at telativist:ic energies. The m6st probable kinetic 

energy losses are compared with various classical models used for the 

interpretation:'of quasi-elastic and deeply-inelastic reactions' and 

with experimental results15 ,l6 obtained at relativistic energies. The 
. .. . _., . 

angular distributions are presented in Section 4 and are discussed in 

terms of classic~i trajectories· as well as diffraction and Regge-pole 
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parameterizations. From the shapes of the angular distributions, the 

reaction time scale is estimated. In Section 5 the peripheral nature of 

the reactions in relation to central collisions is treated. The 

characteristics of the energy spectra and angular distributions are 

compared in Section 6 to deeply-inelastic scattering phenomena observed 

at energies only a few MeV/A above the Coulomb barrier. In Section 7 the 

d Q 1 . 33 '34 f . du . groun -state -va ue systematics or ISotope-pro ct1on cross 

sections observed in deeply-inelastic scattering are applied to the 

cross sections at 140 MeV, and evidence is presented that shell effects 

and pairing energies of the residual nuclei are of minor importance 

for the understanding of relative particle yields. The energy dependence 

of the cross sections is discussed in Section 8. The isotope yields are 

compared with the predictions both of the ground-state Q-value systematics 

and of a simple ablation mode1. 22 Whereas the ground-state Q-value 

systematics fail to reproduce the trends of the isotope-production 

cross sections at 315 MeV and 33.6 GeV, the ablation model accounts rather 

well for the experimental particle yields. The similarity of cross 

sections at 315 MeV and 33.6 GeV is emphasized, together with the 

implications regarding the hypothesis of limiting fragmentation. In 

Section 9 the target dependence of the cross sections is discussed and 

it is shown that,eve~ at incident energies as low as 315 MeV, the 

concept of factorization applies over the range of target nuclei 

investigated. A summarr and conclusions are given in Section 10. 

··~ 
;.· 

• ... 

J • 
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2. EXPERIMENTAL DETAILS 

The experiments were perfonned with 140 and 315 ~V 16o beams 

produced by the 88-inch cyclotron at the Lawrence Berkeley Laboratory. 

Cross sections were ob~ained for targets of 94zr, 197Au, 208Pb, and 
232 2 Th of O.S, 1.8, 0.7 and 10 mg/an thickness, respectively. Isotope 

identification was achieved by means of triple llE-llE,;..E solid-state 

detector telescopes of 17, ~6, 3000 lJlll. and 40, 80, 3000 lJlll thickness at 

the energies of 140 and 315 MeV, respectively. Some spectra at 315 MeV 

were also taken with the 17, 26, 3000 lJlll detector telescope in order to 
.. 

increase the dynamic range; for these spectra, however, the isotope 
' ' . . 

separation in the high kinetic energy region of the energy spectra was 

insufficient for a quantitative analysis of isotope-production cross 

sections (see Section 3.1). The data were stored as multiparameter 

events on magnetic tape and analyzed off-line. 

Absolute cross sections were obtained from the integrated beam 

current, the target thickness and the solid angle (lln = 0.17 msr) of 

the detector telescope. From a comparison of this absolute normalization 

. h h d . d b . 160 1 . . . 197Au 208Pb Wit t at enve y measurmg . e ast1c scatter1ng on , 

and 232Th at small angles, where the· deviations from Rutherford 

scattering are only a few percent, the associated uncertainties in 

this normalization are estimated to be less than 20%. The absolute 

error of the cross sections for the 94zr target is estimated to be 

smaller than 25%. 
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In order to reduce the effect of different angular distributions 

for different reaction products· (see Section 4), cross sections at 

140 MeV incident energy i\rete·integrated ~~er angular intervals of 

15°-30° fo:r the 94zr· target and 20°·-45° for the 197 
Au and 208Pb 

targets. At 315 MeV, the cross sections were measured betweeri 10° 
197 232 . : .· 

and 20° for the Au and Th targets and between 6° and 50° for the 
208 . . .. · .. 94 

for the . Ph target; for the Zr target, the differential cross sections 

at the laboratory'angle of 10° were measu;ed. The angle-integrated 

part;icle yields 'are'; listed in Tables 1 and 2. In Table 2, the cross 

sections for ~08Pb were obtained by extrapolating the distribution over 

the ,entire,angular range. The cross sections for particles with Z > 9 

were· estimated to'·'be less than 5% of the cross sections for smaller 

values. of Z .. 

The cross sections at 33.6 GeV used for the discussion of the energy 

dependence of the particle yields were taken from Ref. 16. 

• • 
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3. ENERGY SPECTRA 

3.1 Characteristic Features of the Energy Spectra 

Since the energy spectra obtained from the different targets are 

qualitatively very similar, only spectra resulting from the reaction 

of 16o on 208Pb will be discussed in detail. The yields from the various 

targets are compared later in Section 9. 

The energy spectra of nitrogen, carbon, boron, beryllium and lithium 

ions measured at the laboratory angles e1 = 40° for E1 = 140 MeV, and 

e1 ~ 15° for E 1 = 315 MeV are shown in figs. 2 and.3, re$pectively. 

These angles are close to the "grazing" angle where the elastic scattering 

starts to deviate from Rutherford scattering (see, for example, fig. 15). 

For orientation, we denote some characteristic energies on. the figures by 

arrows: the energy corresponding to the ground-state (g.s.) of a two

body final state transfer reaction; the energy CBrJ corresponding to a 

final fragment velocity equal to the ~itial velocity of the projectile 

(as will be shown later, this energy is almost equal to the optimum 

final energy expected from semiclassical matching conditions in a two-

body transfer reaction); the energy (EF) expected from a simple 

fragmentation process; the exit-channel Coulomb barrier (Vc)' calculated 

as 
(1) 
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where zl '2 and ~ '2 denote the charge and mass numbers of the final ·~ 

nuclei, and the parameter r
0 

= 1. 44 fm has been used. These quantities 

have been calculated for the ~sotopes with the largest measured cross 

sections assuming a two-body reaction mechanism. The energy spectra are 

broad and bell·shaped, and their maxima systematically correspond to 

smaller energies for iighter elements. At both 140 and 315 MeV incident 

energy, the spectra near the grazing angle are peaked at energies expected 

from simple fragmentation processes. For particles close to the projectile 

mass. (nitrogen and carbon isotopes) ,these peaks also correspond to veloc-
- ' 

. it ie·s which are almost equal to the beam velocity. For the lightest 

partitles. (lithium isotopes), the energy spectra peak close to the exit

channel Coulomb ·barri'er for the incident energy of 140 MeV; at 315 MeV 

incident energy~ ·however, they ar~ peaked at energies significantly 
. . . 

, .higher than the exit-channel Cotilomb barrier. The energy corresponding 

to the exit~channel COulomb barrier is characteristic of complete equilibra

tion o.f the. kinetic ·energy of relative motion into internal excitation of 

the frc~.gments as obser\red in deeply-inelastic scattering. 

Whereas the energy spectra close to the grazing angle. show only 

one peak, two peaks are ·observed in the nitrogen and carbon spectra at 

315 MeV incident energy for angles larger than the grazing angle. This 

eff~ct is illustrated in fig~ 4 .for the angie of e
1 

= 25°, where the 

low-energy components, peaked 1_1ear the exit-channel Coulomb barrier, and 

the high-energy components are of nearly equal strength. These low-energy 

components will not be discussed in detail, since they constitute a 

small fraction of the total cross section, and furthermore they may be 

distorted by reaction products c~ 30%) from light contaminants in the 

heavy targets. 

. . 
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Energy spectra showing two broad peaks are well known from studies 

of deeply-inelastic scat~ering6 and have been interpreted as the result 

of partial orbiting of the colliding nuclei which leads to large energy 

35 losses due to a longer action of frictional forces (see also the 

discussions given in Sections 4 and 6). 

A comparison of the shapes of the spectra .shown in figs. 3 and 4 

might suggest the presence of two unresolved cdmponents in the boron 

spectra, such that the high-energy component dominates at forward angles 

and the low-energy component ~ominates at backward angles. Since the 

separation of these components is arbitrary, the entire spectrum is 

integrated for the discussion of the isotope-production cross sections. 

Contributions from light contaminants amount to less than 10% in the 
·.. . . . .; 

boron spectra and to less than 3% in the beryllhun and lithitnn spectra. 

.· 
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3.2 Semiclassical Analysis of the Energy Spectra 

For the case,of the single"'"ilucleori stripping, the low-excitation 

J;'egion qf the.: energy spectra (shown in fig. 5) contains well-separated 

transit~ons to single-p~:~.rticle ·states Which can be described within the 

framework of direct reaction theories. 36 ··However,· only few attempts 

have been made. to extend these theories to the description of the complete 

e!lergy speC;tnnn .. First·promising'results have been obtained by incorporating 

statistical-aspects intd direct reaction .theories. 37 -39 The present 

data qmld provide· an interesting test case for these theories since 
' • • I 

the nuclear structure of the projectile and target nuclei are well known 

and a.large range of in:cident energies is covered. However, it is not 

the aiJn of -the-present paper to attempt a microscopic description 

of the reaction mechanism and, therefore, only gross properties of 

the energy spectra will be discussed using a semiclassical model. 

In a semiclassical model, 40 ' 41 the transition probability for the 

direct transfer of a cluster from an initial state, specified by orbital 

and magnetic quantum numbers (R,1 ).1), to a final state (R-2).2) is given by 

P(~z.~l) « exp H~k r (~ f] (2) 

where 

tJ< = ko - ).1/ ~ - Az!Rz (3) 

~L = Az - ).1 + 1/2 k0 (~ - Rz) + Qefr/~v (4) 

c 
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(5) 

In these equations, k
0 

= .1M v/n, R = ~ + Rz, tJ.1 is the mass of the 

transfe~ed cluster, v is its velocity in the region of transfer, and 

~~ Rz are the radii of the projectile and target nuclei. The parameters 

o1 , o2 measure the widths of the 6k and tiL distributions. By including 

the details of.angular.;;momentum coupling41 --which we omit in eq. 2 

and in the following discussion of the· contimn.un -- this theory gives a 

satisfactory description of the transitions to discrete states for a 

wide Variety of heavy-ion reactions. 41 , '42 ·•· 

For transitions to the cdntinuum, the maximum value of P occurs when 

6k = 61 = 0, corresponding approximately to conservation of linear and 

angular momentum. · Since the initial intrinsic spin is small in the 

reactions discussed here, we set >.
1 

= 0, and then eq. 3 gives 

>. = k R_ = J (6) 2 .· o·.-l . f 

where J f is the spin of the residual nucieus, assumed perpendicular 

to the .reaction plane. Then eq. 4 leads to 40 

~ff = - 6Mv2 /2 = - 6M (E . - V . ) 'MP" c.m.,1 c,1 (7) 

~...; 

whereMp is the projectile mass, E . the incident energy, and V . c.m. ,1 c,1 



-12-

the entrance-channel Coulomb barrier. Equation 7 gives the preferred 

energy lo.ss for the reaction and the corresponding final energy of the 

fragment coi~cid~s closely with the arrows labelled Ep in figs. 2 and 3. 

In general,, the ~xperimental yalues of Qeff are larger than predicted 

by eq. 7 due to additional energy dissipation (see Sections 3. 4, 3. 5). 

For our pre~ent purposes we adjust the optimum Q-value to agree with 

the experimenta~ value, and use eq. 2 to calc~late the probability 
. 16 12 

distribution as a funct1_on of Q an<;l 1. ... The results for the ( 0 , C) 

reaction are shown in figs. 2 and 3; for b~th incident energies, the 

value of cr1 = ,3.5 was 11sed, close to the theoretical value 40of n. 
:. ' ,. 

(For a calculation of the locus of optimum excitation, it is not necessary 
. . ' 

to specify cr2, since for each Qeff the value of A2 to make 6L in eq. 4 
. ' - . 

identically equal to zero is deduced). This simple calculation fails 

to reproduce the observed width of the distribution, although it 

does give rise to an approximately symmetrical distribution of 

excitation strength about an·optimum value, as observed experimentally. 

In a more detailed treatment it l}light be necessary to incorporate a 
. ~ . :.-

correction for the density of levels of simple configurations in the 

residual nucleus. 43 
As later discussions in the paper will show, an 

appreciable contribution to the continuum cross sections at 315 MeV 

arises from a fragmentation process, rather than a two-body transfer 

reaction; however, there is a close similarity inthe form of the transition 

,, 
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probability calculated for these two reaction mechanisrns. 44 A simple 

treatment of the spectra at 315 MeV using the theory of projectile 

fragmentation follows in the next section . 

3.3 Analysis of Energy Spectra by Projectile Fragmentation 

A simple approach to projectile fragmentation has been applied 

to heavy-ion collisions at 2.1 GeV/A. In this theory, 20 the spectral 

distributions are governed by the nucleon_momenta in the projectile; 

in the projectile frame of reference, the momenttun distribution of the 

fragments has the fqrm: 

N(p) « exp [ 

(8) 

where p is the rnomenttun corresponding to the peak of the distribution, 
0 

of width cr2 given by 

2 
0. = (9) 

MF and Mp qre the masses of the observed fragment and the projectile, 

respectively. An analysis15 of reactions at 2.1 GeV/A leads to 

a 
0 

= 86 'fleV/c. (The associated Fermi momenttun20 of PF = -15" a
0 

= 192 'fleV/c, 

should be compared to PF·=.230 'tleV/c, obtained45 from electron scattering 

on 16
0.) 
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If, instead of assuming a sudden liberation of virtual clusters, 

one assumes 20 that the projectile has come to thermal equilibrium at 

an excitation energy of temperature T, eq. 9 follows once more 

with 

(10) 

where m is the nucleon mass. The results at 2.1 GeV/A lead to 
n 

T = R. 5 Mev~ 15 

We shall show later in Sectiori S, that a plausible description of the 

·isotope yiel~ at 315 MeV can be obtained by.the decay of an excited 16o 

nucleus at a temperature of 7.3 MeV, from which a = 80 MeV/c is obtained, 
0 

a momentum surprisingly close to the_value of 86 MeV/c in the relativistic 
. , 

region. 

A consistent description of the energy spectra at 315 MeV can be 

obtained using eq. 8 with this value of a . The calculations are shown 
0 

by the dotted curves in fig. 3. In each case a value of p
0 

was 

chosen to locate the theoretical distribution (transformed to an energy 

distribution in the laboratory frame) at the experimental maximum. 

(As discussed ih Section 3.4, the experimental peaks are close to the 
\,. . . ·. . . 

energies 'expected from a fragmentation .model, labelled EF in fig. 3). 

Although in a more detailed treatment, the energy distributions 

depend on the· details of the fragmentation channe1,46 the above simple 

• 

C'· -
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model already gives a satisfactory account of the shapes of the energy 

distributions, .apart from. the low-energy tails which become most 

pronounced in the B and Be spectra. At lower incident energies 

(<20 ~V/A), this tail develops into the deeply-inelastic, equilibrated 

component. It is an interesting question at what energy this .relaxed 

component disappears or ceases to be fully relaxed. 47 In some cases, 

the presence of a low-energy tail, deviating from the Gaussian momentlDTI 

distribution, has also been observed in the relati~istic region. 48 

• In its simplest form, the fragmentation model does not describe 

the energy distributions at 140 ~V incident energy, which are much 

narrower than the widths expected from the Fermi distribution or 

from a temperature of 7 to 8 MeV. The continulDTI at 140 ~V may still 

contain a large contribution from two-body transfer reactions. In a 

similar energy region, it has been shown, however, that for the 

a - particle final ¢hannel, fragmentation reactions play a significant 

role. 49 ,SO The tran~ition betwee~ these different approaches to the 

continUlDTI in heavy-ion reactions is an interesting problem in the study 

of reaction mechanisms. 
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3.4 ·Dependence of· Fragment Kinetic Fnergies on Mass and Scattering 
Angle 

In the next two sections, the fragment kinetic energies are discussed. 

Initially both sets of data at l40 and 315 MeV are analyzed in terms 

of two~body.transfer processes. Then, as in th~ case of the energy 

· spe~tra, it is shown that the kinetic e~ergies at. 315 MeV can be treated 

consi~tently' with the 2.1 C'£V /A data using a fragmentation. model. 

For a discussioll of the observed kinetic ene~~ies of reaction 
. . • .. 

products; it is Customary to asswne a two,...body reaction mechanism and 

to calrulate the Q-value of the reaction from the kinetic energy 

measured for one particle.· For relativ~ly low incident energies, 

this asstmiption seems t~ be justified rather well 51 ' 52 and has, in 

fact, been proven. to be ~brrect for a few cases. 53 ' 54 ~owever, in view 

of the above treatment of the energy spectra and as a result of the 

energy dependence ~f i~otope yields (discussed in Section 8), it is 

'' tmlikely .that th~ asst.mption of a tw<;>-body reaction is still valid 

at 315 MeV. We therefore present in figs. 6-9 the most probable final 

kinetic energies Tf of the detected particl~ in the center-of-mass 

system, defined by the pqsition of the maximum intensity of the 

experimental energy spectrum. 

The dependence of Tf on the scattering angle is shown in fj.gs. 

6 and 7 for the elements N, C, B, Be, and Li at the incident energies 

of 140 and 315 MeV, respectively. Whereas the final kinetic energi~s 

ii 
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ob$erved at E1 = 140 MeV depend only slightly on scattering angle 

(see fig. 6), the energies strongly decrease with increasing scattering 

angle at E1 = 3l5 MeV (fig. 7). ~e shift of Tf toward smaller values 

for increasing scattering angles could be associated with a flattening 

of the distributions for particles with lower final kinetic energies, 

as has already been pointed out 1n Ref. 55. The dependence of Tf on 

scattering angle is rather small in the vicinity of the grazing angle 

and, for most particles, Tf has its rnaxinrum value at the grazing angle. 

In figs. 8 and 9, the most probable fragment kinetic energies are 

shown for the various isotopes detected at angles of 40° and 15°, 

corresponding to incident energies of 140 and 315 MeV, respectively. 

The solid lines correspond to constant energies per nucleon in both the 

entrance and exit channels. Two points should be noted: (i) For 

both incident energies, the mos-t probable final fragment energies are 

consistently below the calculated curves. This observation suggests 

that a significant amount of energy is dissipated into internal energy 
. . 

of the unobserved reaction products (friction}; (ii) The final kinetic 

energies are determined mainly by the nuclear charges of the reaction 

products and depend only slightly on their mass. Such a dependence is 

. d-f . .1 . 1 d" . d 1 40 ,56 d not expecte rom c ass1ca 1rect-react1on rno e s, an cannot 

be explained by the differences between entrance-and exit-channel 

Coulomb barrier V . and V f" This point is illustrated in figs. 10 
C,l c, 
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'' \ < 

and 11 where the effective Q-values (calculated by assuming a two-body 

reaction having the Q-value Q) are shown for isotopes observednear 

the grazing angle. The effective Q-values take into account the trivial 

effects of different Coulomb barriers in entrance and exit channels and 
. ; ·. 40 

are defined by .Qeff ~ Q + vc,i -.vc,f" As shown earlier in Section 3.1, 

from semiclassical considerations of optimum kinematic matching between 
i .·. . . '' .. / . • .· 40. . . 
entrance and exit channels, maximum cross sections are 

expected if the effective Q·value is given by eq. 7. At lower incident 

energies (near the Coulomb barrier), an alternative prescription for 

the optimum Q~value, ~pt', ~an be derived57 
'
58 by matching the distances 

of closest approach before and after the transfer: 

E . c.m. ,1. (11) 

. ; 

For transfer reactions on heavy targets of the type discussed here, 

z2 ~ Z 4, {Z
1 

- z3) /Z1 ~. M-1/Mp, and therefore similar results to the 
. . ·•. 

solid curves in figs. 10 and 11 are obtained. A combination of eqs. 7 
. : 59 60 ... 

and 11 has also been derived ' , but these methods lead to 

similar final energies for the reactions discussed in this paper. 

It is evident that the experimentally observed effective Q-values are 

significantly below the ones predicted from eqs·. 7 and 11. The results 

demonstrate, once again, the importance of energy dissipation processes 
. . . 

• 

·. 
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which appear to depend mainly on the nuclear charge of the reaction 

products. 

As has been pointed out above, large amounts of energy are 

dissipated during the collision process. It is interesting, therefore, 

to apply to our data a simple model for .tangential friction. 61 In 

this model, the reaction is assumed to proceed in three steps: 
' . . . . . 

energy dissipation in the entrance channel, followed by the transfer 

of nucleons, ·and further energy dissipation in the exit channel. 

Complete damping of the radial velocity in the first stage of the 

reaction and a weak velocity-dependent tangential frictional force 

in both entrance and exit channels are assumed. 

Friction in the entrance channel reduces .the kinetic energy of 

relative motion (see fig. 12) to 

2 E
1 

= (E. - V . ) cos ¢ - At . 1 c,1 [ ] 

1/2 
2 (E. - V . ) 

"' 1 c,1 
cos'~' ~-

1 

where ¢ is defined in fig. 12, E. is the initial center-of-mass 
1 

(12) 

energy,~ denotes the reduced mass, and. At is a parameter that describes 

the effect: of the tangential friction. 61 Transfer of nucleons reduces 

h k
. . . 56,61 t e 1net1c energy to 

llMl 

Mf 2 
' (13) 
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where ~ and M-iz are the m~sses transferred from the projectile to 

the target nuclei and vice versa. The masses of the projectile residue 

and the target residue are denoted by Mf 1 and Mf _2, respectively. 
' . ' ' ' 

(Note that eq: 13 differs slightly fr?m the value of E2 irnpli.ed by 

e~. 7, which was accurate only to first order40 in~; for small mass 

transfer and without friction, the effective Q-value derived from 
.• . ~ 1. • 

eqs. 12-14 reduces to the one giyen by eq. 7). Friction in the exit 

channel .and Coulomb repulsion of the final reaction products result 

in the final kinetic energy 

(14) 

from which we derive Tf' the kinetic energy of.the ejectile in the 

center-of-mass fr~: 

(15) . 

As can be readily ~een from fig. 12, the scattering angle.is given by 

e = ei + ef + ¢ where 0i and 0f are the entrance-and exit-channel 

deflections. Consequently, the scattering angle 0 can be related to 

the incident angle ¢ only if particular assumptions about the entrance

and exit-channel trajectories are made. A particularly simple situation 

arises, however, for incident grazing trajectories where¢= 0 and no radial 
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friction is necessary to damp the radial motion. In figs. 8 and 9, 

the corresponding kinetic energies are compared to the most probable 

final fragment energies observed at the. gr~zing angle (dotted lines). The 

energy-independent friction parameters have been adjusted for' each element, 

and are listed in Table 3. · The dependence of the most probable final-

fragment energies on the incident energy is rather well reproduced, although 

at 315 MeV the dependence on the mass of the reaction products tends to be 

slightly larger than is observed experimentally. The friction parameters 

have to be increased for elements further removed from the projectile. Since 

Ar is the product of the tangential component of the friction tensor and 

an effect:i ve path length of interaction, the path lengths implied by Ar 
in Table 3 can be calculated using an estimate of the friction tensor from 

. 62 -22 -2 data on complete fusion cross sections, viz., 10 MeV·s·fm . The 

associated path lengths then vary from 0.4 to 7.6 fm. 

We have investigated the dependence of Tf on scattering angle under 

two extreme assumptions: (i) no deflection of the particle trajectories 

in the entrance and exit channels, i.e.,e = ¢; and (ii) only Coulomb 

forces acting in the entrance and exit channels, i.e. 8 = 8 . + 8 f + ¢ 
· C,l c, 

where 8 is given by the .classical relation sine = (2E/V - 1)-1and 8 c c c c 

is half the angle for classical Rutherford scattering, 8 = GR/2. Both 
. . . .c 

assumptions predict decreasing kinetic energies for increasing scattering 

angles. Assumption (ii) leads to an underestimate of the angular 

variation of Tf by more than a factor of three at 315 MeV. Furthermore, 
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the predicted minimum scattering angles 9-re larger than 40° at 140 MeV, 
• F • ,• '"' ' 

indicating that the effects of nuclear attraction have to be included. 

AssliDlPtion (i), _on the ~:t~ei:" hand, gives reasonable agreement with the 

angu~~r depe~dence q~ Tf for nitr<;>~en, carbon, and lithium element yields 

at 315 MeV. However, this assumption und~restimates the angular .. 
< • .~ • ~ ;. • 

_ vari_atio~s_of Tf_ forborqnand beryllium yields by more than a-factor 

of two. [This discrepancy could pe due to ~ unresolved low-energy 

componen~ in t~e borol} and beryllium_ spectra leading to too strong 

an angular depeJ1denc~ of:Tf (see also_ Section 3.1) J. At 140 MeV, . . 

assumption (i) pred~cts a slight de~rease of Tf with increasing 

scattering an~le (typical variations o~_Tf are.of the order of 6 .12 

MeV between 20° and 40°). This trend, however, is not observed. 

Although the present friction model can account for the observed 

final kinetic en~rgies ~o some_extent, _the necessity for more complete 

calculations, whi~ inclu~e the effects of the nuclear potential, is 
• - • J, 

obvious. However, it has been shown that coupling to the nuclear 

collective degrees of freed~ can also cause a significant loss in final 
' . 

k . . .. . 63 64 Th f . . f 1net1c energH~s.. ' ere _ore, 1 t_ seems more appropr1ate to per orm 

full dynamical calculations than to stress the present rather crude model. 

calculations using a microscopic one-body frictional force are reported 

. 65 to be m progress. 
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3.5 Dependence of Fragment Kinetic Energies on Incident Energy 

Since the energy spectra at 315 MeV were reasonably well accotmted 

for with a projectile fragmentation model (section 3.3), it is of interest 

to see whether this approach is successful also in explaining the kinetic 

energies at the peak of the spectra. Referring to the discussion of 

Section 3. 3, the derived values of T = 7. 2 MeV at 315 MeV, and 8. 5 MeV at 

33 6 Gev f h f th d . 160 . "1 . , or t e temperature o e ecay1ng proJeCtl e are 

surprisingly close to the average binding energy per nucleon in the 160 

nucleus. Although only a small fraction of the incident energy is 

transformed into internal excitation in such peripheral collisions, it 

is large enough for complete dissociation of the projectile by nucleon 

abrasion. Such a model has in fact been used24 to account for the 

non-zero values of p
0 

at 2.1 GeV/A. (The quantity p is the mean 
0 

momentlDTI of the fragment in the projectile frame and would be identically 

zero if the fragment emerged with the beam velocity.) In order to see 

if this process consistently accounts for the p
0 

values required for 

our data, we relate the two energy regions by the following 

kinematic mode1. 66 Denoting the rest masses of the projectile, 

* * target, excited projectile and excited target by Mp, Mr' Mp, Mr then ,in 

the projectile frame, energy conservation gives: 
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(16) 

where Pr is the target JOOmentlDTI ,and q is the 100ment1.DTI transfer. Ignoring 

terms of order q2, we find: 

where v = P T I J~.+ P~, which. is also the beam velocity. For the 

* fragment · MF produced in the decay of Mp, 

(18) .· 

* * where Ep and ET are the excitation energies deposited in the projectile 

* and target, respectively. The projectile excitat_ion energy EP = Es 
. . .. . . 

where E5 is the separation energy of the fragments and EK is the 
. . . . . 24 66 

kinetic energy, for which an approximate value can be deduced ' 

from the momentum distribution, viz. EK = 3T/2. Since T is alJOOst the 

same at 20 MeV/A and 2.1 GeV/A, eq. 18 predicts that the values of 

p
0 

for pure projectile excitation should vary as 1/v, the reciprocal 

of the beam velocity. Expressed alternatively as the difference 

~T between the observed energy of the fragment and its energy 

when travelling with beam velocity, viz. (y-l)MF: 



-25-

(19) 

, The experimental and theoretical values of p are listed in Table 
0 

4, where the theoretical values were calculated on the assumption 

that the projectile is separated into the fragment and accompanying 

nucleons, except in the case of 12c, for which we used then-separation 

energy. 

The model gives excellent overall agreement with the p values 
0 

observed at 2.1 GeV/A, and exact agreement for the average value. 

Apart from theN and C isotopes, the agreement is satisfa~tory 

also at 20 MeV/A. In particular, the model predicts a theoretical 

ratio of 4.8 for p
0 

between 20 MeV and 2.1 GeV/A, compared to the average 

experimental value of 3.9 ± 1.4,excluding the nitrogen isotopes. (The 
c' 

nitrogen, and also possibly the carbon isotopes, probably suffer a 

distortion of their energy spectra by a contribution from two-body 

transfer processes.) Expressed alternatively, by eq. 19, in 

terms of 6T, the difference between the energy of the fragment and the 

energy when travelling with beam velocity, the predicted ratio is 3.1 

between 2.1 GeV/A and 20 MeV/A,compared to the average experimental 

value (again excluding theN isotopes) of 3.8 (the energy deficit is 

larger at 2.1 GeV/A). The laboratory energies corresponding to the above 
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fragmentation process at 315 MeV are marked in fig. 3 with arrows 

EF calculated for theisotopes produced with the largest cross section, 

neglecting the contribution of internal excitation EK to E; ~ For 

Li there are two arrows, since two adjacent isotopes were produced with 

comparable cross sections (6' 7Li). The above methods have not 

been applied to the data at 140 MeV because, as discussed in Section 3. 3, 

these energy spectra are not compatible with a simple fragmentation process. 

' It is. interesting to n:ote, however, that the energy predicted for the 

break-up of the: projectile into the channel with the minimum Q-value 

agrees closely with the experimental peak (see the arrows labelled EF 

in fig. 2). 

In relation to our earlier treatment of the kinetic energies by 

a friction model, it is'· worth noting that the slowing down of a projectile 

. during a 'fragmentation reaction at relativistic energies is due to the 
• 

binding: energy for removal of nucleons from the projectile, and thus is 

. ' d . 'f . . . h . 24,66 v1ewe · as a · r1ct1on p enomenon. This approach gave a satisfactory 

account·· of the observed· values of p . At low energies, an alternative 
0 

approach has been used by equating the optimum Q-values in heavy-ion 

transfer reactions to the sum of the separation energies of the 

transferred nucleons. 67 Such a model would fail to account for the 

· strong energy 'dependence of the optimum Q-value observed in our 

experiments .. 
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4. ANGULAR DJSTRIBUI'IONS 

The angulc:tr distributions of the energy-integrated element 

yields are shown in figs. 13 and 14 for 140 and 315 MeV incident 

_energy, respectively. For these angular distributions only the 

high-energy component of the nitrogen and carbon spectra were included. 

At 140 MeV incident energy, the angular distribution for 

nitrogen exhibits a maximum at the.grazfng angle of about 40°; for 

particles further removed from the projectile the angular .distributions 

do not show a maximum but decrease monotonically with increasing 

scattering angle. The angular distributions at 315 MeV in general 

do not show a maximum at the grazing angle of about 15°, but decrease 

exponentially with increasing scattering angle. However, the possibility 

of a grazing peak for the nitrogen isotopes cannot be ruled out. A 

systematic decrease of the slope of the angular distributions is 

observed for particles further removed from the projectile. The 

shapes of these angular distributions will be discussed in terms 

of classical trajectories and wave-mechanical concepts in Sections 

4.2 and 4.3. 
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For comparison, fig.. 15 and the insert ill fig. 5 show the 

angular distributions of the elastic scattering and ground state 

. 208 16 15 209 . transition of the one-proton transfer reaction Pb( 0, N) B1 at 

312. 6 ~V incident ene~gy .' 36 Th~ widths of the transfer angular 

distributions, as well as·the·relative intensities of the observed 

transitions, can be rather well understood with a conventional optical

model DWBA analysis, 36 as is shown by the solid line in fig. 5 

· (tl}e optical potentiaL parameters are listed in Table 5). The angular 

distributions for transfer reactions to the low-lying states have a very 

pronounced maximum at the grazing angle in contrast to the majority 

of the angular distributions for the contiin.zt.ml shown in figs. 13 and 14. 

4.1 Diffractive and Refractive Widths for One-Proton Transfer 

'By neglecting spin effects and by assuming a Gaussian distribution 

of the s~matrix elements in angular momentum space, a particularly 

. . . h b d . d f th 1 d" ' "b . 68 •69 Slmple:parameterization as een er1ve or e angu ar 1str1 ut1ons 

of heavy- ion reactions 

~ (0}. ' ( [' ( )2] 1 ' . 0-00 ~. sme . exp - 7F + (20) 

where 0
0 

and ~e describe the centroids and the widths of the Gaussian

shaped angular distributions centered around the angles 0 = ±0 . In 
0 
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eq. 20, interference terms originating from scattering from opposite 

sides of the nucleus have been neglected. The width of the angular 

distribution has diffractive and refractive contributions68 ' 70 - 73 and 
' 

may be written 

(21) 

where the diffractive width is given by 

(22) 

and the refractive width is given by 

(23) 

In eqs. 21-23, ~~ is the width of the Gaussian distribution of 

the modulus of the S-matrix; the deflection function 0£ is the first 

derivative of the. phase of the S-matrix with respect to the angular 

momentum, £. By assuming Rutherford trajectories,we obtain72 

(de /d£) = £ !/; 
(24) 

0 

For the case of single-nucleon transfer to low-lying states in 

the residual nucleus, bell-shaped angular distributions are observed 

both at 140 ~v74 and at 315 MeV (see Ref. 36 and fig. 5). Since 

the distorted wave Born approximab on (DWBA) accotmts rather well for 

the shapes of these angular 
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distributions, 36 it is of interest to compare the results of DWBA 

calculations . with the parametefizations of eqs. 20 - 24. At 140 MeV, 

the width of the S-matrix elements calculated with the DWBA is 

~~ ~ 10, and the width of the corresponding DWBA angular distribution is 

~e ~ 7°. Using the values e = 40° and~~= 10, the values ~e = 2.7°, . · o r 

~ed = 8.1° and ~e = 8.5° are obtained from eqs. 20-24. At 315 MeV, the 

values ~~ ~ 23 and ~e ~ 3° are obtained from the DWBA analysis. Inserting 

the values e = 15° and~~= 23 into eqs. 20-24 yields ~e = 1.4°, 
o . r 

~ed = 3.5°, and ~e = 3.8°. At both energies, eqs. 20-24 are consistent* 

with microscopic calculations. The widths of the angular distributions 

are dominated by diffractive effects; the refractive effects of different 

classical trajectories are of only minor importance. Consequently, the 

concept of classical trajectories can be used only to obtain some average 

quantities. For a quantitative analysis, quantum-mechanical calculations 
I • •. · 

are required. 
':':; 

4.2 Angular Distributions,at 140 MeV 

Since at present no complete theory is available that could predict 

the cross sections and angular distributions shown in figs. 13 and 14, it 

is worthwhile describing the shapes of the angular distributions with the 

simple· parameterizations of Section 4 .1. Extensions of these methods have 

also been applied recently75 , 76 to deeply-inelastic collisions, involving 

*The application of .eqs. 20-24 yields slightly larger widths of the 
angular distributions than those calculated with the DWBA. This · 
discrepancy is due to the fact that the S-matrix elements calculated with 
the DWBA do not have strictly Gaussian distributions. 
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heavier projectiles;and are useful·for gaining physical insight into 

more elaborate theories. 

The angular distributions obtained at 140 MeV are compared in 

fig. 13 with those calculated from eq. 20, ·using the parameters shown 

in Table 3. A1 though no effort ha5 been made to obtain optimtml fits , 

it is apparent that the main characteristics ·of the experimental angular 

distributions are rather well ·described.· There is a definite tendency 

towards decreasing parameters e 0 and increasing parameters b.8 for 

particles further removed from the projectile. 

The decrease of the mean scattering angle 8 with increasing 
0 

inelasticity of the reaction (compare also figs. 2-4) may have two 

simple physical interpretations: (1) MOre inelastic collisions correspond 

to smaller impact parameters and the particle trajectories are deflected 

to more forward angles by the attractive nuclear force. (2) More inelastic 

collisions correspond to longer lifetimes T of the short-lived ,rotating 

di -nuclear system, 33 ' 34and smaller scattering angles correspond to 

larger "life-angles" 8 '= 8 - 8
0 

= WT, Where 8gr is the grazing angle 
T gr 

and w is the angular velocity of the rotating di-nuclear system. 

According to eqs. 21-23, increasing widths b.8 can have two different 

physical origins: (1) The refractive contribution b.8 (eq. 23) could 
r 

increase with increasing inelasticity. This effect can arise, on the one 

hand ,from the contribution of a wider window of partial waves to the 



-32-

reaction amplitude (and, correspondingly, a decrease of the diffractive 

width 60d, defined in eq. 22}. On the other hand, the deflection 

ftmction could be steeper for smaller impact parameters, i.e. for more 

inelastic collisions. These asstD11ptions implya rather dramatic increase 

of the refractive width compared to the value obtained in single-nucleon 

transfer reactions ,to low-lying states (see Section 4.1). (2) The 

reaction amplitude could be more sharply localized in angular momentum 

space Jor more inelastic collisions. This would imply an increase of 

the diffractive spreading of the wave packets with increasing inelasticity 

77-82 or, in a Regge-pole model, . ·larger "life angles" of the surface 

waves traveling arm.md the nucleus. (For a discussion of the connection 

between the diffraction and Regge-pole models see Ref. 82; see also 

Section 4.3.) 

The assumptions that the particles move on Rutherford tra

jectories (see eq. 24) andthat the phase of the inelastic S-matrix 

elements varies. with angular momenttml in ·the same way as the elastic 

scattering phase shifts cS R. (obtained from an optical model analysis) 

are inconsistent with the variation of the parameters 0
0 

and !::,.0 given 

in Table 3 .. This conclusion may be understood by examining fig. 16 

where the Coulomb deflection ft.mction 0~ (dashed line), the 

moduli I nil, and the phase derivatives 0£ = 2 :R. oR. of the elastic 

scattering S-matrix elements, obtained from optical-roodel calculations, 

are shown (dotted ·lines). ·The optical potential parameters used 
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for these calculations were taken from Ref. 36, and are listed in Table 5. 

These parameters yield a consistent analysis of elastic scattering and 

one-nucleo~ transfer reactions at 140 and 312.6 MeV incident 16o energy. 

Both the Coulomb and the optical;model deflection functions increase for 

smaller partial waves (i.e., for smaller impact parameters). Therefore, 

the decrease of 8 for more inelastic processes (see Table 3) would be 
' 0 ' 

consistent with these deflection functions only by assuming more 

inelasticity for larger impact parameters. This situation is, however, 

rather unlikely. Furthermore, for all partial waves that are subject 

to absorption, these deflection functions are always significantly larger 

than the value of 8 = zoo used for the angular distributions of Li and Be. 
0 

For small impact parameters (t < t ), the elastic scattering is , . . gr 
dominated by the reflection of the incoming waves from the surface of 

the optical potentia183 and is of wave-mechanical origin. This contribu-

tion to the elastic scattering (denoted by the dot-dash curve in fig. 

16) is seen to account reasonably well for the elastic scattering of 

the low partial waves. For t < .Q;gr' the contributions to elastic 

scattering corresponding to reflections from the classical turning point 

(calculated in the WKB app!oximation for real particle trajectories) are 

negligible, as is shown by the solid curve in fig. 16. It is, however, 

interesting to note that this classical deflect'ion function is consistent 

with the variation of.the parameter 8
0 

shown in.Table 3. This deflection 
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function predicts deflection to negative angles, as well as to 

smaller angles for decreasing impact parameters. It is indeed 

possible that deeply-inelastic scattering corresponds to penetrating 

orbits and that reflections from the nuclear surface are uninlportant 

for these processes, in contrast to the results for elastic scattering. 

The implication of such a description is that the potential for deeply

inelastic scattering cannot be determined. by measuring the elastic 

scattering, wh1ch is sensitive only to the nuclear surface. At higher 

energies the elastic scattering is more sensitive to the nuclear 

interior and the potential~ may be determined less .ambiguously. 84 

Several theoretical descriptions of macroscopic features of heavy-ion 

collisions nevertheless use classical equations of motion. 63, 85-88 

4.3 Angular Distributions of 315 MeV 

The angular distributions at 315 MeV fall off towards larger 

angles according to the functional form 

~· (0) a: s~e exp ( -0/a) (25) 

as shown by the dashed lines in fig. 14. There is a definite 

tendency towards increasing "decay angle" a for particles further 

removed from the projectile. 

Within the framework of the semiclassical theory, exponentially

decaying angular distributions of the form described by eq. 25 are 
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expected for orbiting collisions (see, e.g., Ref. 87, eq. 3.1) where 

a js a parameter measuring the strength of the frictional force. The 

smooth increase of a for lighter reaction products then corresponds to 

stronger frictional energy losses for particles further removed from 

the projectile. The interpretation of the angular distributions in terms 

of orbiting has two shortcomings: (i) The integrated cross sections 

for the reaction channels shown in fig. 14 represent more than 30% 

of the total reaction cross section (see Table 2 and Section 6). Since 

orbiting occurs only for a rather narrow region of angular momenta, 

it is not clear how this region could represent such a large fraction 

of the reaction cross section. A detailed calculation will be required 

to answer this question. (ii) Similar to the observations at the lower 

energy of 140 MeV, the elastic scattering deflection function does not give 

any indication for orbiting. This is demonstrated in fig. 17, where 

the Coulomb (dashed line) and optical model (dotted line) deflection 

functions, Gt' as well as the magnitude of the elastic scattering 

S-matrix, Inti, are shown. These quantities were calculated with 

. the optical potential (see Table 5) used for the analysis of elastic 

scattering and one-proton transfer reactions36 (see figs. 5 and 15). 

For comparison, the contributions to the S-matrix from reflections at the 

classical turning point and at the potential surface are shown by the 

solid and dot-dashed lines. Classically, only rather deep potentials will 
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* give rise to orbiting at energies as high as 315 MeV. For this 50 MeV 

deep potential, orbiting does not occur and only a rather shallow nuclear 

rainbow is produced in the classical deflection function calculated with 

the WKB approximation (solid line). 

An exponential angular distribution can also arise from a 

Lorentzian distribution of S-matrix elements in angular momentum space 

with the same approxirnations68 as for the derivation of eq. 20. In 

that case an increase of a is associated.with a decrease of the width . . 

of the Lorentzian. It is interesting to note that Lorentzian distribu

tions of S-matrix elements are obtained in the simplest form of the 

R . . 1 d . . f h . £ . 79 -82 I th. egge-po e escr1pt1on o eavy-1on trans er reactions. n IS 

description,,which has been successfully applied to heavy-ion 

reactions, 77- 82 the paramete~ a of eq. 25 is interpreted as half the 

"life angle" of the decaying surface wave traveling around the 

nucleus. 77 , 7B,Bl,~ 2 Longer lifetimes of the surface wave (i.e., larger 

"life angles") are connected with narrower widths of the Lorentzian 

S-rnatrix distributions --an extreme case being orbiting resonances 

which occur only for a narrow window in R.-space. The parameter a given 

in fig. 14 implies that the removal of more nucleons or more energy 

from the projectile is connected with increasing sticking times 

of the di-nuclear complex, a trend which is physically reasonable. 

* ' Orbiting'can occur only if Ec.m. < max[V(r) + r/2 • dV(r)/dr]. 
[See W.H. Mliller, J. Chern. Phys. 51 (1969) 3631]. For a Woods
Saxon potential of radius R = lO:fiiland diffuseness a = 0.5fm, 
potential depths of V > 97 MeV are necessary for orbiting to 
occur classically. 
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Note that the;"life angles" of 2<:l =5°- 40° are of the same order of 

magnitude as those obtained from_an analysis of the 26Mg(16o,14c) 28si 

ground-state transition over a wide. range of incident energies. 82 

The intuitive picture of decaying surface waves suggested by the 

Regge-pole model has the simple classical analog of a rotating di-nuclear 

system of lifetime T and angular velocity w. For such a system, the 

angular distribution of the decay products is given by12 

do/d!l = c/ sin6· [•xp ( -0/wT) + exp ~ (Zn-0) /wT) J (26) 

In eq. 26, c is a constant and 0=0 has .been ass\.Dlled for the starting 

condition at t=O. ,•For lar,ge lifetimes, T » 27T/w, the angular 

distributions are described by the da/dn ~ 1/sine dependence, characteristic 

of compound nuclear reactions. For very short lifetimes, T « 27T/w, 

the angular distributions are strongly forward-peaked and given by 

eq. 2 5 , with. <l = wT . 

The angular velocity may b~ estimated from the classical expression 

(27) 

Using the grazing angular momenttDJl, ii = 140, and the distance of 
21 

closest approach, R-= 11.5 fm.,one obtains w .= 4.5 x 10 sec- 1
• The 1 . 

'' '·, 
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decay angles a= 2.5° - 20° then correspond to lifetimes 

T = (0.1 - 0.8 x'•l0- 22 ) sec. The reaction, therefore', proceeds on a 

time scale ~omparable to· that 'of.direct reactions~ 82 

5. LOCALIZATIQN OF THE REACTIONS 

At both !ow and high'incident energies, it is customary and 

useful to divide heavy-ion reactions into two principal categories: 

central and peripheral collisions. At low energies, central collisions 

are believed to lead mainly to the amalgamation of the two colliding 

nuclei, followed by particle evaporation or fission. 14 , 89 (This 

process has, however,' not been observed for collisions between Kr ions 

and very heavy ta;gets. 89-93 ) At relativistic energies, little experimental 

information is available17 ' 94 'conceming· central collisions or the 

existence of predicted shock-wave phenomena, pion condensates, and 
. . . . 26 27 95-97. . . . 

density Isomers. ' ' Peripheral collisians, on the other 

hand, mainly involve quasi-elastic and deeply-inelastic read:ions3 at 
' ',. : ,t 

low energies, and projectile fragmentation at relativistic energies;15 ,16 

as we show in the present work, the, transition between these phenomena 

appears to set in at a few tens of MeV/A above the Coulomb barrier31 ,32 ,98 

(see also Section 8). 

Although the classification into central and peripheral collisions 

is a convenient operational procedure, it is necessary to discuss the 

extent to which such collisions can be associated with different impact 



-'39-

parameters or incoming angular momenta. The simplest procedure is to 

define a critical angular momentum 1 by the prescription14 
c 

2 . 2 
o = nk- (1 + 1) 

c c (28) 

where oc is the cross section for central collisions and k is the 

wave number of relative motion in the incoming channel. The sharp 

cut-off model, used in deriving eq. 28, implies that all partial waves 
. . 

with angular momentum 1 ,.;; 1c lead to central collisions and all higher 

partial waves lead to peripheral reactions or elastic scattering. Since 

the total reaction cross section oR is given by the sum of central and 

peripheral reactioncross sections, 

o = o + o = r o R c p 1 R,1 (29) 

the values of 1c can be determined either by measuring oc or by 

detennining the partial-wave reaction cross section oR 1 and the 
' 

peripher~l reaction cross section op. 

The partial-wave reaction cross sections shown in fig. 18 for 
16o + 

208Pb at 315 MeV incident energy have been obtained from optical

model calrulations that fit the elastic-scattering angular distributions 

(see fig. 15). By summing the particle yields listed in Table 2, 

the peripheral cross section, 0 = 1295 ± 194 mb, is obtained. The p 

corresponding· critical angular momentum of 1c = 118 ± ~. 5 is marked on 

fig. 18. This angular momentum corresponds to a turning point of the 
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classical trajectory (i.e., the distance of closest approach) of 

9.8 fm, if the classical turning point is calculated from the real 

part of the optical potential only. This turning point corresponds to a 

touching distance of the charge density radii of approximately 30% 

of the central density. 99 In the sharp cut-off model, therefore, 

peripheral ,collisions correspond to interactions of the nuclei 

where_ the surfaces hardly overlap. 
, __ ·, '<! 

For the va:J.,ue crR = 3.46b, the cross section for central collisions 

at 315 ~Vmay be cieduced, to be crc = 2.16 ± 0.26b. At 33.6 GeV, the 

. 31 100-102 correspond1ng value ' is a c = 2. 26b. Consequently, the 

cross section for central collisions hardly changes between these 

two energies and seems to be determined mainly by the overlap of 

nuclear matter. 

Although the sharp cut-off model and the associated critical 

angular momentum have been very useful concepts in the analysis of 

h . f . . 103 eavy-1on us1on react1ons, it is clear that they represent an 

. l"f" . 104 d th overs~ 1 1cat1on an at there is a traTI?ition region in 

angular-~ntum space wh~re the probability for the amalgamation of the 

collid~g ions qrops smoothly from 1 to 0. At present, there is hardly 

any information av:ailab],e concerning the extent of this transition 

. region, and it has been suggested105 ,106 that fusion and transfer 

reactions might coexist for_ a rather large region of angular momenta. 

In order.to emphasize .this point wy_have included in fig. 18 a 

typical distribution of the dominant radial integrals, corresponding 

to the DWBA calculation for 208Pb(16o,15N) 209Bi transitions to discrete 

states shown in fig. 5. These radial integrals extend rather far into 
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the region assigned to central collisions, thus demonstrating the 

shortcomings of the concept of a sharp critical angular rorentum. 

FurtheriOOre, it should be remembered that the width o£ the angular 

distribution shown in fig. 5 can be completely explained by diffraction 

due to the narrow width of the DWBA S-matrix elerents. If diffraction 

effects are negligible and if a description in terms of classical 

trajectories is not adequate for the interpretation of the angular 

distr:lbutions shown in fig. 14, even broader distributions are 
. . 

required. If, on the other hand, the angular distributions are also 

to be interpreted in tenns of diffractive phenomena, sharper localiza

tions of the S-matrix elements ·for larger energy losses are required. 

The latter assumption w~uld be in sorewhat better agreerent with the 

sharp cut-off model . 

. ~ '· :: , ... 
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6. OOMP ARISON WT'IH OWER EXPERIMENTS 

In. this section it will be shown that the qualitative features 
,_-;- :.:. 

of the experimental results discussed so far are characteristic of a 

wide range of heavy-ion interactions. Depending on the choice of 
" . · .. ·. . ' 

projectpe and targ~t nucle~, ~d the incident beam energy, certain 

features may be more pronotmced and, hence, rore readily studied by 
.. . " - ~- .. . '·: •'•' 

different reactions. However,. qualitatively, there is a great 

similarity unde!ly~g heavy-ion reactions induced by very light and very 
. .. . ·.' 

h . "1 107 ~1 . .· 1 f d"ff . 1 eavy proJect1 es. u1 y quant1tat1ve ana yses o 1 erent1a cross . ; . ', .. 

sectiqns, and d~tailed calculati~::ms will, perhaps, reveal deeper insights 

concerning the importance of nuclear structure effects. 

Energy spectra similar to those shown in figs •. 2-4 have been 

observed for a large variety of experiments. These spectra are generally 

bell-shaped and peaked at energies corresponding to large negative 

Q-values if the reaction proceeds via a two-body reaction mechanism 

(for a recent review, see e.g. Ref. 107). Reactions of this kind have, 

therefore, been termed deeply-inelastic reactions. In cases where 

two peaks are observed in the energy spectrum, as in fig. 4, the 

terminology is less clear and the high-energy component has been called 

quasi-elastic and the low-energy component deeply-inelastic,6 

although both components may involve large negative Q-values. As 

shown in Ref. 35 and in figs. 2-4, there is a smooth transition from 

small to highly negative Q-values as a ftmction of both mass transfer 

and scattering angle, and the terminologies of "quasi -elastic" and 

"deeply-inelastic" may not be used without some arbitrariness. We 
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therefore prefer to use the tenn "peripheral" interactions, since the 

angular distributions exhibit all the characteristics of a rapid reaction 

process located at the nuclear surface. This terminology is used at 

1 . . . . 15,16 wh h .. re atlVlStlc energ1es ere rat er s1m1lar processes are observed 

(see Sections 3. 3, 3. 5, 8 and 9). 

The occurrence of two peaks in the energy spectra of reaction 

products close to the projectile (as observed in fig. 4) has been 

established for a large variety of entrance channels6' 9Z,l07-109 ranging 

f 1os 1. h 14N 53c 6 92 h 40Ar 232Th rom systems as 1g t as + r to systems ' as eavy as + 

and 86Kr + 
1301a. An interesting interpretation of the low-energy components 

in terms of orbiting has been proposed in Ref. 35. However, an interpre-

tation in terms of a deflection function exhibiting two rainbows has 

also been suggested. 64 

A very thorough analysis of a most probable final-fragment kinetic 

energies (optimum Q-values) has been perforrned108 for carbon- and nitrogen

induced react ions on light target nuclei (A..;;; 100) and at incident energies 

up to about 100 MeV. It has been observed that the optimum Q-values are 

independent of the scattering angle and that the effective Q-values 

follow a relation similar to eq. 7, i.e. ~ff = aM-1 + B, for tJ.f .~ 5 amu, 

where a and B are constants. This Q-value dependence is not observed at 

the higher incident energies and with the heavier targets used in the 

present work (see figs. 10 and 11). Although the most probable final 

fragment energies change only slightly over the angular range covered at 

140 MeV, there is a pronounced dependence on scattering angle at 315 MeV 

(compare fig. 7). Such an angular dependence has also been observed in 

Refs. 6,55,110 and was explained by the observation that, for a given 
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particle, the angular distributions become flatter with increasing 

. 1. . . . f h . . . 55 110 111 . . . . . 
Ine asticlty o t e reaction. ' ' In contrast to observat10ns at lower 

. 108,110,112 da d h . . . de .. de' ' . · ... energies, our ta o not s ow a unique pen nee of either 

the most probable kinetic energies (compare figs. 8 and 9) or the 

corresponding effective Q-values (compare figs. 10 and 11) on the 
' . . . 

transferred mass. Instead; the main para:rreter determining the. most 

probable kinetic 'e~rgies 'of the reactions products is their nuclear 

charge. This effect 'is alreadY· ~oticeable at 140 ~V incident energy 

and is very pronounced at 315 ~V incident energy. 
1:~ -· 

Our observations are also different from the results of ReL 113 

where the final kinetic energies observed for· the reaction· 40Ar + 
232Th 

at E1 = 295 ~v depend on the transferred mass at the grazing· angle 

(81 = 40°) and on the nuclear charge of the reaction products at a 
' . 

more forWard angle. The kinetic energies observed in Ref. 113 at 

01 = 18° were already completely "relaxed," but in the present work, 

the final kfnetic ~hergies observed in the Vicinity of the grazing 

angle ·(figs. 6-9) are well. above the "relaxed" energies corresponding 

to the exit-channel Coulomb barriers. On the other hand, our data do 

follow the qualitative 'trend observed in Refs. 108', 114 that the 

velocities corresponding to the most probable final kinetic energies 

are closer to the projectile velocity for smaller mass transfer and 

decrease ~ignificantly for larger mass transfers (see ·figs. 2, 3, 8 and 9). 
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At 140 MeV the angular distribution for nitrogen exhibits a clear 

maximum in the vicinity of the grazing angle ("side peaking''llS) whereas 

it decreases monotonically for beryllium and 1i thium. This change of 

shape is observed in a large vari~ty of heavy..:ion reactions107 , 115 and 

has attracted great interest. Here, we want to point out that such 

changes have been observed even for single-nucleon transfer reactions, 

depending on the excitation energy of the residual nucleus (see, e.g., 

Ref. 116). 
. . 107 

It has been proposed to classify heavy-ion reactions according 

to the . magnitude of the parameter 

where 

v = 1/2 [ 2 (E . - V . ) I J.l • ] 
1 c,1 1 

(30) 

(31) 

Reactions with n~ 150- 200 should have rather proad angular distribu-
;. : 

tions with their maximum peaked well forward of the grazing angle 

(orbiting picture) and reactions with n ~ 250 - 300 should exhibit a 

focussing of the ~ross section close to the grazing ~gle with an 

increase of the focussing phenomenon as n increases. For the case 

of 16o + 208Pb, these parameters are n(140 MeV) = 55 and n(315 MeV) = 27. 

Whereas no grazing-type angular distributions are 
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observed at 315 MeV [except for transitions to low-lying single

particle states (see figs. 14 and S)],they are observed at 140 MeV, 

which is not expected from the above classification scheme (see fig. 13). 
' ;. 

Although we confirm the trend of a decreasing tendency for "side-
': ... 

peaked" angular distributions as the bombarding energy is increased, 

it appears that the parameter n is not a general criterion for describing 

the shapes of angular distributions. Note that significant differences 

in the shapes of angular distributions corresponding to transfer reactions 

to l~w-lying states. have been predicted117 and found experimentally118 •119 
/ . .. . 

for reactions proceeding mainly via one-step or two-step reaction 

mechanisms, the study of which may relate macroscopic and microscopic 

approaches to heavy-ion reactions. 

7. DEPENDENCE OF CROSS SECTIONS ON GROUND STATE Q-VALUES 

Systematic trends of isotope-production cross sections observed in 
. . . 

heavy-ion reactions at incident energies of a few MeV/A above the 

Co 1 b 
.b.. ·. h b . . . d . ·. . d . "1 33,34,76',112 

u om . arr1er . ave · een mvest1gate m great eta1 , . 

and the important discovery has been made that the cross sections can be 

parameterized in the form 

dcr/dn(N,Z) = f(Z) exp(Q /T) .·· 
gg (32) ' 

where f(Z) depends only on the nuclear charge of the reaction products, 

Q is the ground state Q-value of the two-body transfer reaction gg 
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producing the observed particle, and T is a constant. Such a dependence 

has been derived from a statistical model of a partially-equilibrated, 

di-nuclear system and the parameter T has been interpreted a5 an effective 

temperature. 34 ,lZO,lZl In this model, the effective temperature should 

vary. ;asl20 

(33) 

* . 
where E is the excitation energy of the di-n~clear system and aeff 

is an effective level density parameter. The dependence of aeff on 

* the mass of the composite system A is given by 

(34) 

.where it has been found ernpiricallylZO,lZl that c ~ 20 .. If 

statistical equilibrium is acquired for.the di-nuclear system, the 

function f(Z) has the for.m 120 ,121 

f(Z) = exp [(Vc i ~ Vc f) /T] 
' . ' (35) 

Although the above discussion derives the dependence of (dcr/dn) on the 

ground sta"te Q-values from a statistical model of a partially -equilibrated, 
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di-nuclear system, we note that eq. 32 has also been obtained by the 

molecular wave-function method122 which does not use the concept 

of temperature. 

Figures 19-21 show the experimental differential cross sections 

observed for the reactions induced by 160 ions of 140 MeV incident 
208 197 94 . energy on targets of Pb, Au, and Zr at the scatter1ng angles 

of 40°, 32.5° and 20° respectively. In parts (a) of the figures, these 

cross sections are compared with the predictions of eq. 32 by . 
plotting the logarithms of the cross sections vs. Qgg· According to 

these systematics; the points for different isotopes of a given 

element should lie on ·a straight line, and the lines for different 

elements should have the same slope, which varies only slowly with the 

mass of the composite system. For reactions on 208Pb (fig.l9a) and 

on 197 Au (fig. ·20a) , these predicted trends are in reasonable agreement 

with the experimental cross sections, although significant deviations 

are apparent. The lines shown in figs. 19a and 20a correspond to 

effective temperatures ofT= 5.3 MeV and T = 3.2 MeV, respectively. 

Such a shift in temperature is not expected from eqs. 33 and 35. 

Furthermore, no unique set of lines may be defined for the case of the 
94 . 

Zr target and, consequently, the Q - systematics do not apply for 
. . gg 

these reactions (compare fig. 2la). 

As has been discussed in Ref. 120, the major part of the excitation 

energy is expected to remain in the heavy target residue and eqs. 32-35 

reflect, to a good degree of accuracy, the level density of the residual 

nucleus. Therefore, it seems justified34 to take the effects of pairing 
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energies into accotmt by substituting Qgg- !1p .-.6nfor Qgg.in eq. 32, 

where 6p and 6n are the proton and neutron pairing energies (see Ref. 116). 

A rather significant improvement is obtained from this.rnodification of the 

Qgg - systematics for the system 16o + 
94zr, as is shown in fig. 2lb. 

For 16o + 
208Pb and l60 + 

197Au, the effects of pairing corrections are less 

dramatic and only slightly better agreement is obtained. These results 

agree with those of Ref. 34. 

Since the heavy target residue is expected to be highly excited, 

specific structure effects should not be apparent in its level 

density. The pairing corrections discussed above are a first step for 
:. 

removing nuclear structure effe~ts, which are importaJ!t -for the grotmd

state binding energies but might be negligible at high excitation 

energies. In order to see whether nuclear structure effects of the 
~ -. "'' 

target residues may be completely neglected in the present reactions, 
' ' 

we have substituted the masses of target and residual nuclei by their 

liquid-drop masses,~24 ~2 M~2 , and have defined liquid-drop Qgg -

values by 

. (36) 

where Mi,l ~d Mf,l are the,g~ound-state masses of projectile and 

.reac:tion l?roduct, respecti_vely. . By substituting Q~ in eq. 32, 

isotope-production cross s~ctions are predict~d in quite 
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remarkable agreement with the experimental data. This result is shown 

in figs. 19b, 20b, and 2lc
1 

where the logarithms of the isotope cross 

sections are plotted vs. Q~. For all three cases, the Q~- systematics 

are in better agreement with the experimental data than the Q -gg 

systematics. Furthermore, it is quite noteworthy that very similar 

temperatures are obtained: T = 2. 7 MeV for the 208Pb and 197Au targets 

and T = 2.6 MeV for 94zr. 

The systematic dependence of isotope-production cross sections on 

the liquid-drop values Q~~ might have some important implications: 

(i) The isotope-production cross.sections aredetennined mainly by 

the binding en~rgies of the light projectile and reaction products, 

and therefore should vary rather smoothly for different target nuclei. 

Experimental evidence concerning this point has been presented in Ref. 32. 

(see also Section 9). However, more detailed studies of the target 

and energy dependence of the isotope yields are necessary for 

confinnation. (ii) Shell effects might still be important for the 

light projectile and residual nuclei. However, it has been suggested 

in Ref. 125 that a significant fraction of the light reaction products might 

receive enough excitation energy du!ing the collision process to decay 

in flight by particle emission. The resulting secondary particle 

yields could be rather similar to the experimental observations. 

Recent experiments perfonned at lower energies seem to favor the hypothesis 

that the light reaction products are produced with rather low excitation 
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energies and that light particles are emitted mainly from the highly 

excited residual nucleus. 52 Light particle emission has been shown 

to be important for more symmetric entrance channels at comparable 

. 11 53 ~.c-.. d . '1 d . . d . h energies. ' 1•vre etai e co1nci ence experiments are, owever, 

necessary to investigate the important question of the decay-in-flight 

of light reaction products for very asymmetric entrance channels, since it 

. d' d b f . . 1 . . . . 15 16 19-24 IS pre Icte to e o maJor ~ortance at re atiVIStic energies ' ' 
.. 

and may already be significant at the energies of the present 
. . 31 32 . . .. 

experiment ' (see also Section 8). (iii) Shell effects are not 

important for the target residues. If, indeed, the target residues 

behave like liquid drops, there is little hope of producing superheavy 

nuclei by these reactions since the corresponding liquid drops are 

unstable against spontaneous fission. Until now, there is no other 

experimental evidence available that would support this speculation. 

The.question is important enough to merit careful experimental 

investigation. 

We discuss finally the dependence of the particle yields on the 

nuclear charge of the reaction products. If statistical equilibrium 

is reached for the di-nuclear system, the charge dependence of the 

cross sections should be described by eq. 35. Since the exit-channel 

Coulomb barrier decreases for higher z-values,eq. 35 predicts an 

enhancement of light-element production cross sections. M:>re 
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quantitatively, for the system 16
0 + 

208Pb, the exit-channel Coul6mb 

barrier decreases by about 8. 5 MeV for each transferred charge. The 

temperature T = 2. 7 MeV (see fig. 19b) then implies an enhancement 

factor of about 23. The experimentally observed enhancement factors 

are, however, only of the order of 4. Therefore, complete equilibrium 

is not reached for the charge-transfer degree of freedom. This result 

was already pointed out in Ref. 120,where it was argued that the exchange 

of protons is hindered by the penetration of the Coulomb barrier. 

Typical hindrance factors of 0.1 - 0.2 have been estimated120 for 

similar reactions. The resulting enhancement of proton transfer by 

a factor of 2.3 - 4.6 for the 208Pb and 197
Au targets is in quite 

good agreement with the observed enhancement. Note, however, that a 

similar argument cannot be applied for the system 16o + 
94zr for 

which no significant enhancements are observed between nitrogen and 

carbon yields or between boron and beryllitml yields (compare figs. 

2lb,c). 

8. ENERGY DEPENDENCE OF CROSS SECTIONS 

In the preceding sections, we have stressed the similarities 

of our observations to results obtained from the investigation of 

deeply-inelastic scattering of heavy ions at energies only a few 

MeV I A above the Coulomb barrier. In the following sections, we show 

that there is a smooth transition between low-energy, deeply-inelastic 
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reactions and projectile fragmentation reactions occurring at 

relativistic energies. The transition between these phenomena appe,ars to 

occur at energies of a few tens of MeV/A above the Coulomb barfier. 31 •32 

Isotope-production cross sections for the system 16o + 
208Pb are 

available at the energies of 140 MeV (Table 1), 315 MeV (Table 2), 

16 and 33.6 GeV. The energy dependence of the relative particle yields 

is displayed in fig. 22 (taken from Ref. .32). Here the ratios of element and 

isotope yields measured for 16o + 
208Pb at 140 and 315 MeV (part a) and 

at 315 MeV and 33.6- GeV (part b) are shown. The relative particle 

yields decrease systematically for particles further removed from the 

projectile at 140 MeV compared to 315 MeV (see fig. 22a). At 315 MeV 

and 33.6 GeV, on the other hand, the relative element yields are 
\ 

remarkably similar (see fig. 22b ) , although there is a general trend 

towards larger cross sections for the production of more neutron-deficient 

isotopes at 33.6 GeV compared to 315 MeV incident energy. (The 

differences of cross sections imply that the hypothesis of limiting 

fragmentation is not valid at 315 MeV incident energy.) 

In fig. 23 the logarithms of the integrated cross sections are 

plotted as a function ~f the ground state Q-values Q . With increasing 
. " ' . ' ' . gg 

projectile energy_, more significant deviations from the Q -systematics . . . . . . a .· 
discuss~d in the preceding section become apparent. At 315 MeV, the 

lines .drawn through various isotopes are not very well defined and 

. have different slqpes for the various elements. The breakdown of the 
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Q -systematics at 33.6 GeV is quite obvious and no temperature gg 
can be defined. The cross sections for the beryllium isotopes even 

increase with more negative Q-values, which cannot be explained using 

eq. 32 and positive values of T. 

At relativistic energies, the formation of a partially-equilibrated, 

di-nuclear system is not expected to take place and the reaction has been 

d . . d b b . bl . . . ch . 22 -24 If h propose to procee y an a ras1on-a at1on me an1sm. . t e 

reaction proceeds mainly by the excitation of the projectile and 

subsequent statistical decay of the excited projectile into the 

experimentally observed fragments, 22 ,23 the particle yields may be 

described.by an expression22 similar to eq. 32, i.e~, 

o(N,Z) = C ~ exp (Qi/T), 
i 

(37) 

where C is a constant, the Qi are threshold Q-values for the various 

(many-body) projectile fragmentation channels, and T is a parameter, 

interpreted as the effective temperature of the excited projectile. 22 

The sum includes all possible break-up channels producing the 

experimentally observed fragment. Since, for high incident energies, 

the excitation energy of the projectile,and therefore the effective 

temperature (T), should vary only slightly for different target nuclei, 

eq. 37 implies that the relative particle yields are target independent 

(see also Section 9). 
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Although eqs. 32 and 37 are fonnally .quite similar, they imply, 

quite different physical processes. For the derivation of eq. 32, it 

. . 120 121 
1s asstDTled '· that nucleons are exchanged between. the colliding 

nuclei and that at· least partial statistical-equilibrium is reached while 

the':two nuclei are oin ·contact. The·cross sections are detennined 

mainly, by the level density of the··heavy residual nucleus .. For .the 

derivatibn of eq~ .37, on the other hand, it is asstm~ed22 that the 

colliding ions are ·highly excited during the collision ... However, 

no nucleons are exchanged between the two nuclei. After the collision, 

the excited reaction products decay in flight and the cross sections are 

detenniried by the level densities irt the (many-body) final decay charmels. 

The relative particle yields at 2.1 GeV/A have also been interpreted in 

terms of a direct fragmentation of the projectile into its cluster 

substructures. 46 ·Therefore the aspect of statistical decay still 
' 

requires experimental verification from a measurement of the relative 

probabili t.ies of the different fragmentation channels. 

If eq. 37 :ls·a valid description·of the experimentaUy observed 

particle yields, o · ,t· , the ratios 
exp 

C(N,Z) = oexpt(N,Z)/(~ exp CQ/T)) (38) 

1 

. . 

should- be constant for the appropriate choi.ce. of T. In fig. 24 , these 
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ratios are shown for the system 16o +208Pb at 140 and 315 MeV, and at 

33.6 GeV. The temperatures shown in the figure have been chosen 

* to give an optinn.un fit to the data at each energy. The relative 

particle yields at 315 MeV and 33.6 GeV are rather well described 

by eq: 38. At 140 MeV, where projectile fragmentation is not expected 

to be the dominant reaction mechanism {see also the discussion of Section 

7) , the deviations are somewhat larger. However it is probably 

true to say that both formalisms of eq. 38 and 32 give comparable 
16 232 . agreement with the 140 M2V data. For the system 0 + Th, studied 

at a similar incident energy of 137 Mev, 33 however, the ratios C(N,Z) 

vary by several· orders of magnitude for any temperature between 1 and 

10 MeV, demonstrating that eq. 38 is not relevant. Finally, it should 

be noted that eq. 37 can be applied only for stripping reactions, and not 

for pickup or charge-exchange reactions. At energies of a few MeV/A above 
. 33 34 the Coulomb barrier, ' these processes are observed to occur with 

significantly higher cross sections than at 315 Mev31 where they 

constitute less than 5% of the peripheral cross section. No evidence 

has been found for the occurrence of pickup reactions at relativistic 
. . 16 
energies (see also figs. 19-21; Tables 1,2) .. These observations 

* Intuitively,. increasing temperatures are expected with increasing. 
incident energy. However, the effective temperature is not well enough 
defined by the data to reach definite conclusions about its energy depend
ence. In particular, the slightly higher value at 315 MeV compared to the 
one at 33.6 GeV is not well established. Clearly, measurements at 
different intermediate energies are necessary. 
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represent further evidence that the reaction mechanism changes at 

energies of only a few tens of MeV/A above the Coulomb barrier. 

Recently experiments to detect coincidences between light and 

heavy fragments have been initiated50 at 140 MeV and 315 MeV incident 

energy. Preliminary results show that fragmentation does appear 

to play a role at 315 MeV for a reaction channel such as 12c + a. 

These measurements will be important for determining the details of the 

production mechanism of the fragments since, as we showed earlier 

in Section 3.5, it is difficult from the inclusive spectra to distinguish 

between a fast fragmentation process and a slow evaporation from the 

. d . "1 Oo" • d d" f th . 1Z6 exc1te proJectl e. lDCl ence stu 1es o o er systems suggest 

that particles may be emitted from a localized region of high temperature 

between the colliding nuclei, similar to the ''hot-spot" predicted 

in low1-27 and high~28 energy collisions. 

9. TARGET DEPENDENCE OF CROSS SECfiONS 

At relativistic energies, the relative isotope-production cross 

sections have been observed16 to be target independent. The 

cross sections can be written in the form 
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a (a + b -+ x) • r(a,x) · c(a,b). (39) 

Here, a and b denote the projectile and target nuclei, respectively, 

and x is the observed particle. The fonn of eq. 39. will be loosely 

referred to as factorization, and inplies that, for fixed projectile 

and fixed incident energy, the relative particle cross sections are 

independent of the target nucleus, i.e., the ratios 

' R(x;b,b ') = a(a + b -+ x)/o(a + b -+ x) (_40) 

are independent of x for different target nuclei b and b' • Only the 

absolute nonnalization of the cross sections depends on the properties 

of target and projectile.* At relativistic energies this normalization 

was shown to depend on the nuclear radii. 16 It has been 

pointed out10 that. factorization is, e.g., a direct consequence of 

the statistical model of nuclear decay. Indeed, the simple ablation 

model of eq. 37 predicts the factorization of the isotope cross sections 

if the parameter T does not depend an the target nucleus. 

*If R(x;b,b') does not depend on incident energy, the hypothesis of 
limiting fragmentation is valid. 
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(Note the similarity of factorization to the Bohr independence hypothesis 

of compound nuclear decay. 19) 

On the other hand, the Q -systematics (see eq. 32 of Section 7) gg . 
. predict that the cross sections do not factorize. Assuming that the 

effective temperature of the di-nuclear system is target independent, 

one obtains from eqs. 32 and 35 

R(x;b,b 1 ) = fb (Z)/fb 1 (Z) ·exp [t.Q(x;b,b' )/T] (41) 

where 

t.Q(x;b,b') = Q. (x,b) - Q (x,b') gg . gg (42) 

Since t.Q(x;b,b') varies substantially for different isotopes 

(:See fig. 25), the Q - systematics are incompatible with factorization. gg 
:t>bre quantitatively, using typical values of T .~ 3 MeV, one expects, 

e.g., variations larger than one order of magnitude among the carbon 

yields from the reactions induced by 16o ions of 140 ~V on targets 

f 208Pb d 197Au h . . b d . . o an ; sue var1at1ons are not o serve 1n our exper1rnents. 

In order to investigate the validity of the factorization hypothesis, 

we show in figs. 26-28 the ratios R(x;b, 208Pb) for reactions induced 

by 16o ions on different target nuclei b at 140 MeV, 315 MeV, and 33.6 GeV 
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. . d . . 1 32 s 1 b . f 1nci ent energies, respective y. evera o servations ollow: 

(1) Both at 33.6 GeV (fig. 28) and at 315 MeV (fig. 27), the 

cross sections factorize within the experimentat accuracy, 16 ' 32 

providing further evidence for similar reaction mechanisms in the 

energy range between 20 MeV/A and 2 GeV/A. The validity of factorization 

at these energies explains the breakdown of Qgg-systematics (see fig. 23) 

and the satisfactory description of the relative cross sections in terms 

of the simple ablation model (eq. 37; see also fig. 24). 

(2) At 140 MeV incident energy, factorization does not apply. 
94 For the Zr target, there is a systematic trend towards increasing 

yields for lighter elements (fig. 26b). Increasing yields for lighter 

elements are expected for increasing incident energy (see fig. 22a), 

and ·the kinetic energy above the Coulomb barrier increases from 3. 5 

MeV/A for 16o + 
208Pb to 5.4 MeV/A for 16o + 

94zr. Therefore the 

breakdown of factorization might be explained as partly due to the 
. . . 16 94 . 16 208 . 

diff~rent Coulomb barriers for 0 + Zr and 0 + Pb, and by a strong 

energy dependence of the particle yields at energies of only a few 

MeV/A above the Coulomb barrier. The isotope- and element-production 
. . 16 208 . 16 197 . 

cross sections for the systems 0 + Pb and 0 + Au are still 

remarkably similar at 140 MeV (see fig. 26a). 

(3) The close similarity of isotope-and element-production cross 
. 16 197 . 16 208 . . . 

sections for the . systems 0 + All and 0 + Pb at 140 MeV 1s 

not expecte~ for the Qgg-systematics (see discussion above ). As sho~n 

in Section 7, a more consistent description of the isotope yields results 

from substituting the liquid-drop values Q~ (see eq. 36) ·for the 
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ground-state Q-values in eq. 32. Since the liquid-drop masses 

vary rather slowly with A and Z, the values t,OLD(x; 197 Au, 208Pb), 

defined in analogy with eq. 42, vary only between the extreme values 

of 6~ = -1.3 MeV and 6~ = +0.9 MeV. Consequently, the application 

of the Q~ -systematics predicts that the relative isotope yields should 

differ by not more than a factor of about two. This result is in 

significantly better agreement with the data than the appli~ation of 

the Q· -systematics. gg 

10. SUMMARY AND CONCLUSIONS 

In this paper we have discussed peripheral reactions induced by 
160 ions at incident energies up to 20 MeVIA on 94zr, 197Au, 208Pb and 

237-'h .. -r We have compared the results with reactions studied at relativistic 

energies of 2.1 GeV I A. The energy region spanning from 20 MeV I A to 

200 "t/eV I A has been experimentally inaccessible, but is likely to be 

the subject of increasing study in the future. Since the energy of 

20 "tteVIA is close to the average Fermi energy of a nucleon in nuclear 

matter, this energy was expected to define a transition between the 

phenomena characteristic of low- and high-energy heavy-ion reactions. 

The present work indicates that, at an incident energy of 

20 t!eVIA, a transitional region is indeed encountered, and phenomena 

are observed which are reminiscent of heavy-ion reactions at low incident 

energies close to the Coulomb barrier, and of high, relativistic incident 
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energies. Below 20 MeV/A, react~ons are generally discussed within the 

framework of two-body transfer pro~esses, either by the direct transfer 

of one or more nucleons in quasi-elastic scattering, or by a partial 

equilibration and subsequent decay of a di-nuclear system in deeply

inelastic scattering. At relativistic incident energies, peripheral 

reactions are presently interpreted as fragmentation processes, in which 

more than two particles are produced in the exit channel. We found that 

many aspects of the data at 20 MeV/A and at 2.1 GeV/A are quite similar, 

such as the widths of the energy spectra, which are related to the Fermi 

momentum in the projectile, the shift of the kinetic energies of the 
l 

·fragments towards velocities smaller than the beam velocity, the 

production cross sections of elements and isotopes, and the applicability 

of the high-energy concept of factorization. 

The existence of a transition occurring in the region of 20 ~1eV I A 

was demonstrated by describing the dat~ in terms of two different 

systematics, which have been developed for the low-and high-energy 

extremes, and which embody the essential content of more elaborate 

theoretical approaches. The systematic exponential dependence of 

cross sections on two-body, ground-state Q-values begins to fail at 

20 tleV/A. A more satisfactory description of the data is given by 

.the exponential dep~ndence an the Q-values for projectile fragmentation, 

which also applies at 2.1 f£V/A. Of course, similarities to reactions 

at lower incident energies remain. Both two-body, direct transfer 

reactions and equil,ibrated, deeply-inelastic scattering also take 

place at 20 MeV/A, although with small cross sections. Therefore, tradi

tional approaches were followed in our discussion of energy dissipation 



.. 

-63-

and 9f differential cross sections. 

The classification of reactions into peripheral and central 

collisions appears to be a useful concept over the wide range of 

incident energies discussed in this work. At energies much lower than 

20 MeV/A, central collisions-can result in complete fusion, and at 

relativistic energies they·may lead to many predicted exotic phenomena. 

Although the detailed processes are therefore radically different, our 
'· 

analysis showed that the cross section for central collisions hardly 

changes between the energies of 20 MeV I A and 2.1 GeV/ A, and appears to 

be determined mainly by a critical overlap of nuclear matter. The 

peripheral reaction cross section is dominated at low energies by quasi

elastic and deeply-inelastic scattering, and at high energies by 

projectile fragmentation. With increasing energy, the time scale of the 

reaction changes. This change may account for the observation at low 

incident energies that equilibration of the excitation energy takes place 

over the intermediate complex. At high incident energies, the equilibration 

of excitation energy over the whole system becomes less significant 

compared with faster processes. 

It would clearly be interesting to extend these studies of the 

evaluation of heavy-ion reaction mechanisms over a wide energy range 

to much heavier projectiles such as 40Ar, for which the characteristic 

heavy-ion continuum processes at low energies are better developed. There 

is already evidence129 in argon-induced reactions that the element production 

cross sections do not change significantly between 9.2 MeV/A 6 
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130 I . 

and 1.8 GeVIA, whereas there are substantial changes between 

7. 4 ~VI A and 9. 2 'tleV I A. 6 The study of the interplay of the various 

contributing reaction mechanisms, and their relationship over a wide 

energy rang~_ in this .transitional region, will become possible on the 

new heavy-ion accelerators under construction. These studies may 

lead to the development of a general theoretical framework, which will 

encompass the various aspects discussed in this paper, and from which 

the present. approaches might emerge as e)Ctreme limits. 

'; 

.. 
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Table 1. Isotope-production cross sections for 160-induced reactions 
at 140 t-1eV incident energy. The cross sections are given in 
mb and have been integrated over the angular ranges indicated. 
Errors include statistical errors, background from incomplete 
particle separation, and estimated effects of the finite 
number of angles measured over the angular interval. 

Target 
Angular Range 

Reaction product · 

16N 

lSN 
14N 

13t\ 

31.1 ± 15% 

15.6 ± 20% 

7.8±20% 

18.4 ± 20~ 

32.0 ± 15% 

1. 75±30~ 

8.9±15% 

3.84±25% 

1. 73±40% 

4.78±25% 

0.61±35% 

3.94±30% 

3.55±30% 

64.0±25% 

29.2 ± 25% 

40.7 ± 25% 

46.1 ± 25% 

4.95±25% 

3. 6 ± 30% 

12.6±25% 

2.8 ± 30% 

3.32±:30% 

4.47±30% 

0.47±50% 

2.4 ±50~ 

2.36±50% 

12.'5 ± 20% 

60.7±11% 

17.6±20% 

6. 0 ± 30% 

5.87±25% 

32.5±12% 

36.8 ± 12% 

37.9±20% 

6.24±30% 

3.86±30% 

-u.2±1S% 

4.18±30% 

3.53±:20% 

4.0± 20% 

0.95±:30% 

2. 8 ± 30~o 

3.1 ± 30% 
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Tab1e 2. Isotope-production cross ~ection~ for 160-induced reaction~ 
at 315 ~leV incident cnerry. TI1c cross ~cctions :1rc given in 
mb anu have been intcgrat cd over the angular range~ inchcated. 
TI1e lO\\-energy components of the nitrogen and carbon spectra 
(see fig. 4) have not been included. Errors include statistical 
errors, bac'kgrotmd from incomplete particle separation, and· 
estiroted effects of the finite number of angles measured 
over the angular interval. 

Tar.~et 94~ * 197 208 23? 
I..T Au Pb .. Th 

~lar ran~g~e~----~1~0_0 ______ ~1~0_0_-~2~0_0 ______ ~~0~0~-1~8~0~0 _____ 1_0_
0
_-_2_0_

0 
__ 

REACTION PRODUCT 
19F 

150 

14c 

13c 

1zc 

nc 
12B 

llB 

lOB 

9Li 

8Li 

7Li 

6Li 

236 ± 10% 

181 ± 10% 

42 ± 25% 

74 ± 25% 

180 ± 20% 

410 ± 10% 

76± 30% 

31 ± 30% 

202 ± 10% 

96 ± 25% 

47 ± 20% 

78 ± 15% 

36 ± 15% 

100 .. 25% 
- 15% 

86 ± 25% 

29.1 ± 25% 

15.7 ± 25% 

3.5±30% 

9. 0 ± 30% 

29.0 ± 25% 

40.0±25% 

5. 5± 35% 

3.9±30% 

22.0±25% 

8.5 ± 25% 

8.3 ± 25% 

10.4 ± 25% 

2.8±25% 

17.8 ± 30% 

10.2±30% 

*Differential cross section in mb/sr. 

20 ± 30% 

38 ±so~ 

211 ± 25% 

140 ± 30% 

27 .. 20% 
-SO% 

43 ,.15% 
-50% 

127 ± lS% 
25% 

198± 15% 

28± IS% 
SO% 

23 + 34% 
-SO% 

114 .. 35% 
-15% 

so± 36% 

39 +SO% 
- 2S% 

54 + SO% 
- 15% 

15 +SO% 
- 20% 

S + 36~ 
-so~ 

16 + 35% 
-SO% 

93 + 35% 
- 20% 

35% 
54± 30% 

30.0 :!: 25% 

19.0±25% 

2sg, 
6. 7 ± 30% 

12.0±30% 

45.0 ± 25% 

45.0± 25 9o 
4.0~o 

7. 7± 30% 

s. 6 ± 30% 

33.0 ± 25% 

9.6 ± 25% 

10.2±25% 

12.0±25% 

2.S±25% 

3. 8:!: 30% 

16.7 ± 25% 

ll.4±35% 
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Table 3. Par~ters used for the description of the angular 
distributions shown in Fig. 13 [Eq. (20) of text] and the 
most probable kinetic energies shown in figs. 8 and 9 
[Eqs. (12-14) of text]. 

Element 

N 

c 

B 

Be 

Li 

0 
0 

(de g) 

40 

35 

30 

20 

20 

60 

(de g) 

10.8 

18 

18 

32.4 

54 

ilL ::: I'I./ 68 

7.5 

4.5 

4.5 

2.5 

1.5 

Ar 
[10- 2 2~V ·sec/ fm] 

0.4 

1.4 

4.4 

7.0 

7.6 



Table 4. 

-- -·--

FRAQ.1ENT 

1SN 

14N 

1~ 

I4c 

I3c 

12c 

llc 

12B 

llB 

lOB 

10 Be 

9Be 

7Be 

7Li 

6Li 

AVERAGE 
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Experimental and theoretical values of p , the JOOm:mtum of 
the fragments in the projectile rest fr~, for reactions 
induced by 16o on 208Pb at 315 MeV and 33.6 GeV incident 
energies (see eqs . 8 , 18) . 

EL = 33.6 GeV 
P 

0
(MeV/c) 

EXPT. 1HEORY 

-21 ± 6 -23 

-27 ± 3 -30 

-35 ± 4 -35 

-38 ± 7 -31 

-33 ± 7 -36 

-25 ± 6 -15 

-45 ± 13 -47 

-59 ± 10 -47 

-53 ± 3 -45 

-40 ± 7 -49 

-65 ± 6 -49 

-47 ± 7 -48 

-45 ± 9 -47 

-46 ± 6 -46 

-33 ± 7 -42 

-41 ± 8 -41 

EL = 315 MeV 
p

0
(MeV/c) 

EXPT. 1HEORY 

+24 ± 15 -111 

+10 ± 30 -141 

+69 ± so -164 

-105 ± so -148 

-38 ± 30 -172 

+7 ± 15 -70 

+41 ± 30 -225 

-292 ± 80 -224 

-187 ± so -214 

+102 ± so -233 

-409 ± so -233 

-278 ± so -227 

-122 ± so -222 

-266 ± 30 -219 

-ISS ± 30 -199 

-159(excluding -195 
nitrogen) 

-120 (total) 
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Table 5. Optical-potential parameters used for the analysis of 

.. elastic scattering and single-nucleon transfer induced 

140 

312.6 

b. 160 . 208Pb . y on . 

v 
(.t-~V) 

51.1 

51.1 

1. 21 

1.11 

w 
. (~V) 

0.68 51.5 1.21 0.63 

0.80 51.5 1.11 0.74 
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FIGURE CAPTIONS. 

Fig. 1. Schematic classification of time scales of heavy-ion 

collisions, velocities and ~V/nucleon as a ftmction of mass 
., ' .. 

and energy of the ions above the Coulomb barrier. The curves are 

constructed for fixed distances of 15 :fm. The characteristic 

features of macroscopic reaction processes are divided into 

different regions: equilibration phenoroona observed in 

deeply-inelastic scattering for energies less than 10 MeV/ 

nucleon and fragmentation phenomena at relativistic energies. 

The bold line at 20 ~V/nucleon corresponds to energies close 

to the average Fermi energy of a nucleon, and to the 

characteristic nuclear time TN. Up to energies of 

20 MeV/A, direct two-body, transfer reactions are also known 

to take place. 

Fig. 2. Energy spectra of the eleroonts nitrogen, carbon, boron, 

beryllium, and lithium produced in the reaction 16o + 208Pb 

at e1 = 40° and E1 = 140 MeV. The arrows marked by g.s., Ep, 

Vc and EF correspond to the energy of the ground-state 

transition for a two-body transfer reaction, the energy of a 

reaction product with the projectile velocity, the exit-channel 

Coulomb barrier, and the energy predicted for a fragmentation 

·of the projectile.by the channel with minimum Q-value, 

respectively. 
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Fig. 3. Energy spectra of the elements nitrogen, carbon, boron, 

beryllium, and lithium produced in the reaction 16o + 208Pb 

at eL • 15° and EL = 315 ~V. The arrows marked by g.s., 11>• 

Vt and EF correspond to the energy of the ground-state 

transition for a two-body transfer reaction, the energy of a 

product with the projectile velocity, the exit-channel Coulomb 

barrier, and the energy predicted for a fragmentation of the 

projectile into the observed fragment together with individual 

nucleons or alpha particles, as discussed in the text . 

. Fig. 4. Energy spectra of the elements nitrogen, carbon, boron, 

beryllium, and lithium. produced- by 160 + 208Pl, at 0L = 25° and 

EL = 315 ~V. The arrows marked by g.s. and Vc correspond 

to the energy of the ground-state transition for a two-body 

transfer reaction and the exit-channel Coulomb barrier, 

respectively. 

Fig. 5. Ene~gy spectrum for the reaction 20 ~ ( 16o, 15N) 209Bi 

populating single-particle states in 209Bi at 0L = 15° and 

EL = 312.6 ~V. The insert shows a typical differential 

cross section, together with the distribution (solid 

curve) predicted by a distorted wave Botn approximation 

(Il'IBA) calculation. The dashed lines are drawn to guide the 

eye. 

Fig. 6. Dependence of most probable final fragment kinetic energies on 

scattering angle for elements produced by 160 on 208Pb at 

140 ~V. The curves are drawn to guide the eye. 
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Fig. 7. Dependence of rost probable final fragment kinetic energies 

on scattering angle for elements produced by 16o on 208Pb at 

315 ~V. The curves are drawn to guide the eye. 

Fig. 8. Mbst probable final fragment energies of isotopes detected near 

the grazing angle for reactions produced by 16o on 208Pb at 

140 ~V.. The solid curve corresponds to identical energies per 

nucleon of projectile Mi and reaction product Mf" The dotted 

curves represent the friction model calculations discussed in 

the text. 

Fig. 9. Mbst probable final-fragment energies of isotopes detected rtear 
. ' .. . 16 .. 208 

the grazing an~le for reactions produced by 0 on Pb at 

315 ~V. The solid curve corresponds to identical energies 

per nucleon of. projectile Mi and reaction product Mf. The 

dotted curves represent the friction model calculations 

discussed in the text • 

. Fig. 10. Effective Q-values corresponding to the most probable final 

fragment kinetic energies shCMn in fig. 8. The theoretical 

curve is discussed in the text. 

Fig. 11. Effective Q-values corresponding to the nnst probable final 

fragment kinetic. energies sh~ in fig. ~. The theoretical 

curve is discussed in the text. 

Fig. 12. Schematic diagram illustrating the influence of complete damping 

of radial velocity on classical trajectories. For the grazing 

trajectory, ~ = 0 ., 
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Fig. 13. Angular distributions of the integrated energy spectra for 

the elements nitrogen, carbon, boron, beryllium, and lithitml 
16 208 . 

produced by 0 on Pb at E1 • 140 ~V. The curves have 

been calculated with the parameterization of eq. 20. 

Fig. 14. Angular distributions of the integrated energy spectra for 

·the elements nitrogen, carbon, boron, beryllium, and lithitml 

produced by the reaction of 160 on 208Pb at ~ = 315 ~V. 

The low-energy components of the carbon and nitrogen spectra 

are not included. The curves are exponential distributions 

da/dn - e -e/a. /sine, with the decay angles a shown. 

' 

Fig. is. Angular distribution of the elastic scattering of 16o on 208Pb 

at the laboratory energy of 312.6 ~V. The curve represents 

an optical-model calculation with the potential parameters 

given in Table 5. 

Fig. 16. Deflection ftmction 0
1

= 2do1/dt, and reflection coefficients, 

ln11 = s1, of e~astic-scattering S-matrix elements calculated 

with the optical potential parameters of Table 5 (Ref. 36) for 
16o on 208Pb at ~ = 140 ~V. The solid points correspond to 

the numerical integration of the SchrOdinger equation; the solid 

lines are the WKB results using real trajectories, and the dot

dashed curve is the surface-reflection tenn discussed in Ref. 83. 

The dashed line is the Coulomb deflection ftmction. 
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Fig. 17. Deflection function and reflection coefficients of elastic

scattering 5-matrix elements calculated'with the optical 
. . . 16 208 
potential parameters of Table 5 (Ref. 36) for 0 + Pb 

at ~ a 315 MeV. The solid points correspond to the numerical 

integration of the SchrOdinger equation, the solid lines are the 

WKB res~l ts ·tis ing re.al trajectories, the dashed line is the 

Coulomb deflection ftmction, and the dot.:dashed curve is the 

surface-reflection tenn discussed in Ref. ·s3. 

Fig. 18. Partial-wave reaction cross sections oR 1 as a function of 
.. ; . . . . . ' . . ' . . 

the incoming angular momentum 1 and distance of closest 

approach. The critical angular momentum 1c is defined in the 

text. The dashed curve corresponds to,the distribution.of 

the. dominating radial integrals of the DWBA calculation shown 

in fig. 5; the normalization of the radial integrals is 

arbitrary. 

Fig. 19.. Isotope-production cross sections observed for reactions 
. 16 208 . 
mduced by . 0 ~n Pb at the laboratory angle e1 = 40° 

and 140 MeV incident energy •. In (a) th~ dependence on 

the g:round-_state Q-value, Qgg' of the corresponding transfer 

reaction is shown, ~d in (b) the dependence ~ the liquid

drop values.Q~ (see eq. 36) is shown. The lines correspond 

to the parameters T = 5.3 MeV(a) and T = 2.7 MeV (b). 
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Fig. 20. Isotope-production cross sections observed for reactions 

. 16 197 . 
mduced by 0 on All at the laboratory angle eL = 32. 5° 

and 140 MeV incident energy. In (a) the dependence on the 

.ground-state Q-val~e, Qgg, of the corresponding transfer 

reaction is shown, and in (b) the dependence on the liquid-

drop values Q~ (see eq. 36) is shown. The lines correspond 

to the parameters T= 3. 2 MeV (a) and T = 2. 7 MeV (b). 

Fig. 21. Isotope-production cross sections observed for reactions 

induced by 16o on 94zr at the laboratory angle eL = 20° 

and 140 MeV incident energy. In (a) the dependence on the 

grotmd-state Q-value, Qgg, of the corresponding transfer 

reaction is shown; in (b) the pairing-energy corrections 

have been app~ied, and in (c) the liquid-drop values QLD . . gg 

(see eq. 36) have been used. No tmique set of straight 

lines can be fotmd for a simple Qg.g dependence. The lines 

in (b) and (c) correspond to the parameters T = 3. 2 MeV and 

T = 2.6 MeV, respectively, 

Fig. 22. Ratios of isotope- and element-production cross sections 

measured for reactions induced by 16o on 208Pb at (a) 140 

and 315 MeV (the vertical axis is in arbitrary tmits), and 

(b) at 315 MeV and 33. 6 GeV (the vertical axis represents 

an absolute scale), 
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Fig. 23. Dependence of integrated isotope-production cross sections 

on grrund~state g-values, Qgg' for reactions induced by 16o 

on 208Pb a~ 140 MeV, 315 MeV, and 33.6 GeV incident energies.· 

Fig •. 24. Plot of the ratios C(N,Z) (see eq. 38) for isotopes 

observed ·in the reactions induced by 16o on 208Pb at 

(a)' 140 MeV, (b) 315 MeV and (c)" 33.6 GeV incident energy. 

The effective temperatures of 5.1, 7.3, and 6.2 MeV, 

respectively, have be.en .used. 

Fig. 25. Differences of ground-state Q-values, Qgg' for reactions 

· induced by .160 on 94zr, 197 Au, · 208Pb, and 232Th targets. 

Fig. 26~ Comparison of isotope yields observed in the bomhardment of 
208Pb, 197Au, and 94zr targets by 16o at 140 MeV laboratory 

energy. The vertical scale is in arbitrary units. 

Fig. 27. Comparison of isotope yields observed in the bombardment 

of 232Th, 208Pb, 197Au, and 94zr targets by 16o ions at 

315 :MeV laboratory energy. The vertical scale is in 

arbitrary units. 

Fig. 28. Comparison of isotope yields observed iil the bombardment 

of Pb, Ag, and Au targets by 16o ions of 33. 6 GeV energy. 

Data have been taken from Ref. 15. 
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