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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 enérgy)

»'applies only‘at higher énergies. The differential cross

sections peakvat'thé 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
ﬁrodutfé'at'thé maximumm of the spectrum and af the gfazing
angle are slighfly léss than the beam velocity and decrease
rapidly for larger scattering angles. The resulté are
inférpreted with simple friction and fragmentation

models, and are éompéred to observations at 33.6 GeV.
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ABSTRACT

Collisions of 160 ions on targets of

Zr, 197Au, 208Pb, and 232Th are investigated at incident

94
| enérgies of 140 and 315‘MeV, and compared to published
data on peripheral éollisions at 33.6 GeV. At 140

MeV, the isotope-production cross sections resemble the
ground-staté 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

A
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1. INTRODUCTION

With the availability of beams as heavy as uranium up to
energies of 10 MeV/A and of lighter ions up to energies of 2 GeV/A,
it has become feasible to study the characteristics of nucleus-

- nucleus interactioﬁs 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 MeV/A above the Coulomb barrier [for recent references see
e.g., (Refs. 1-4)], and at relativistic energies of a few hundred
MeV/A to 2 GeV/A. The intermediate energy range of a few tens to

a few hundreds of MeV/A 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 nuclgon above the Coulomb barrier.5
Most heavy-ion research has been performed at relative particle
velocities of v/c < 0.1. Since these velocities are smaller than
the average nucleon velocity inside nuclei (the average Fermi velocity
VF/C is approximately 0.2, corresponding to a transit time for
nuclear dimensions of t = TN), the macroécopiC‘features of reactions
may be characterized by a variety of equilibrating phenomena ranging.

from non-equilibrating direct, quasi-elastic and deeply-inelastic



collision53’4’6 with various degrees Vof’equilib1*21'cion7-12 to complete

13,14

fusion reactions in which statistical equilibration of the composite

system is finally attained. Recent experiments have been performe:dls'18
~ at incident energies between 1-2 GeV/A. Here thé relative particle
velocities (v/c = 0.9) coﬁsiderably 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
interactionﬂtimes, equilibration phenomena are considered to be unimportant
during the primary intefaction of the two nuclei. Nevertheless the
subsequent statistical decay'of the primary reaction products can still

be of major importance fbr understanding the observed particle yields.m_24
The incident energy of 20 MeV/A marks a transition between these two regimes,
since the corrésponding velocity (v/c = 0.2) is close to the Fermi velocity.
At such a boundary, qualitative changes in the characteristic heavy-ion

18,25

interactions might be expected to occur. This energy also defines

the threshold of the supersonic region, where particle velocities exceed

18,26,27

the velocity of sound in nuclear matter. A second transition

18,25 at energies of 140 MeV/A, corresponding to

region may be defined
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

29,30 g

at relativistic energies. "limiting fragmentation'' hypothesis

~predicts ‘that spectra and yields of fragments will become independent
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of bombarding’energy at sufficiently high energies, and the "factorization"
hypbtheéfé'aSSerts that-spéCtra.and yields of projectile (or target) fragments
will depend on the target (or projectile) only via trivial geometrical
féctofé."“'

" In this paper we report on eiﬁefiﬁehts performed with 160 jons of
140 ‘and 315 NbV'beém'enéfgy.oﬁlheévy targétS‘(A > 90), which provide
a link'bétweéh Tow-energy (IE-Vj/A < 5 MeV/A) equilibration phenomena
andﬁhigh-eﬁérgyA([E:V]/Af>'1 GéV/A) projectile fragnentation phenomena.
" Our initial Teéuit531’32 indicated tha%’the péttiélé*pfoduction cross
sécfioﬁs'a}é'sigﬁificantly‘different'at'140 and 315 MeV but rather
similar at 315 MeV and 33.6 GeV. ‘The data émphasize the need for a
fhebfyiindbrpéfating'éspects of both deeply-inelastic and fragmentation
‘phenomena.  In the absence of éu¢h a theory, we approach the data from
several existing ‘qualitative Viewpbints{”"

‘Experimental details are giﬁeh'in Section 2. In Section 3 the
énergy sﬁétf?a‘éfé p?ésented and_diécussed‘in'ferms of a semiclassical
theory,oftdiréct‘réaCfions, and bf‘é‘fragmentﬁtion model developed for
similar reactions at rélativistic enérgiés{ The'mbst probable kinetic
energy losses dre compared with various classical models used for the
interpretation of quasi-elastic and deeply-inelastic reactions, and
with expefimentai‘résu1t§15’16 obtained at relativistic energies. The
angular distfibUfioﬁé are preséntéd in Section 4 and are discussed in

terms of classical trajectories as well as diffraction and Regge-pole



parameterizations. From the shapesvof'the angular distributioné, the
reaction time scale is estimated. In Section 5 the peripheral nature of
the-:gactidns in relation to central collisions is treated. The
characteristics of the ehergy spectra and angular distributions are
‘compared_in‘Section 6 to.deep1y~ine1astic scattering phenomena observed
at energies only a few MeV/A above the Coulomb barrier. In Section 7 the

33,34 for isotope-production cross

ground—§tatevQ-value_systematics
sections observed in deeply-inelastic scattering are applied to the

cross sections at 140 MeV, and evidence is presented that shell effects
band pairing energies of the residual nuclei are of minor importance

for the understanding of relative particle yields. The energy dependence
of the cross sectibns 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 model._22 Whereas the ground-state Q-value
systematics fail to reproduce the trends of the isotope-production

CTOSS sectioné at 315 MeV and 33.6 GeV, the ablation model accounts rather
well fqr the experimental particle yields. The similarity of CTOoSS
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 even at incident energies as low as 315 MeV, the

concept of factorization applies over the range of target nuclei

investigated. A summary and conclusions are given in Section 10.
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2. EXPERIMENTAL DETAILS

16

The experihents were-performed'with 140 and 315 MeV "0 beams

produced'by the 88-inch cyclotroh at the Lawrence Berkeley Laboratory.

94 197Au 208

Cross sectlons were obtained for targets of Pb, and
Th of 0.5, 1.8, 0.7 and loﬂmg/cm thickness, respectively. 'Isotope
identification was achieved by means of triple AE-AE-E solid-state

detector telescopes of 17, 26, 3000 um and 40, 80, 3000 m thickness at

the energies ofv140 and 315 MeV, respectively.  Some spectra at 315 MeV

were also taken with the 17 26, 3000 um detector telescope in order to
1ncrease‘the dynamlc range; for these spectra, however, the isotope /
separatlon in the hlgh klnetlc energy region. of the energy spectra was
1nsuff1c1ent for a quantltatlve analysis of isotope-production cross
sections (see Section 3.1). The data were stored as multiparameter
evénts on magnetic tape and analyzed off-line.

| ”AbSOIute Cross §ections were obtained from the integrated beam
current, the targef tﬁicknéss and the solid angle (AQ = 0.17 msr) of
the detector telescope. From a comparison of this absolute normalization

with that derived by measuring 16O,elastic scattering on l97Au, 208Pb

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%.



In order to reduce the effect of different angular dlstrlbutlons

for different reaction products (see Sect1on 4), Cross SeCtlonS at.

. 140 MeV 1nc1dent energy were’ 1ntegrated over angular 1ntervals of

197

15°-30° for the 2dzr target and 20°-45° for the '°Au and 208,

targets. At 315 MeV, the CYoss sectlons were measured between 10°

197 232

and 20° for the Au ‘and Th targets and between 6° and 50° for the

for the 208

Pb tafget;'fbr the 4Zr target, the d1fferent1a1 cross sections
-at the laboratory angle of 10° were measured. The angle 1ntegrated
particle_yields’aré=1isted in Tables 1 and 2. In Table 2, the CTross -

sections for 208

Pb were obtalned by extrapolatlng the d15tr1but1on over
the :entire: angular range. ‘The cross sections for part1c1es w1th Z>9
were  estimated to“be 1leéss than 5 of the cross sectlons 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 spectré resulting from the reaction

of 160 on 208,

Pb will be discussed in detail. The yields from the varioue
targets are compared later in Section 9.

| The energy spectra of n1trogen carbon .boron, beryllium and lithium
~ions measured at the labqratory angles_OL = 409 for EL = 140 MeV, and

OL = 15° for_EL:= 31SvMeV are shown in figs. 2vend,3, respectively.

These angles are close to the "grazing'" angie'where the elastic scattering
starts to deviate from Rutherferd scattering (see, for example, fig. 15).
For orieﬁﬁation, we denote seme characteristic_energies on the figures by
arrows: the energy corresponding to the ground-state (g.s.) of a two-

bedy finai'state fransfer reaction; the energy (EP) corresponding to a
final fragment velociry_equal to the initial 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

fragmentatlon process; the exit-channel Coulomb barrier (V ), calculated

as

V. = eZZZ/[r (Al/3 ) P ¢V



where Z1 2 and A1 2 denote the‘charge and mass numbers.of the final
nuclei, and the parameter r 1 44 fm has been used These quantities
have been calculated er;the;?SQtOPes with thevlargest'measured Cross
sections assuming a tﬁo-hody reaction mechanism - The energy spectra are
broad: and bell shaped and thelr maxima systematlcally correspond to
‘smaller energles fbr'llghter elements. At both 140 and 315 MeV 1nc1dent
‘energy, the spectra near the gra21ng angle are peaked at energles expected
‘from simple fragmentation processes ‘ For partlcles close to the projectile
mass: (nitrogen and carbon isotopes),these peaks also correspond to veloc-
~ities which are almost equal to‘the beam velocity. For the lightest
particles,(lithium’isotopes), the energy spectra peak close to the exit-
channel -Coulomb ‘barrier for the incident energy of 140 MeV; at 315 MeV
* incident -energy, however, they are peaked at energles 51gn1f1cant1y
.higher than the exit-channel Coulomb barrler l The energy corresponding
to the ex1t*channe1 Coulomb’barrler-ls characteristic of coﬁplete_equilibra—
" tion.of the_kinetiCFenergy"of reiatiVe motion intovinternal excitation of
the fragments as’obserVed.in'deeply-inelastic scattering.“ |

Whereas the energy spectra close to the grazing angle show only
one peak, twb'peak53are'obSerVed in'the»nitrogen and carbon spectra at
315 MeV incident energy for angles 1arger'than the grasing angle. This
effect is illustrated in fig. 4 for the'angle of N ='25°’ where the
low- energy components, peaked near 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 (= 30%) from light contaminants in the

heavy targets.
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'Energy spectraAshowing two broad peaks are well known from Studies
of deeply-inelastic scattering6 and have been interpreted as the result
of partial orbiting of the collidiﬁg nuclei which leads to large enérgy
‘losses due to a longer action of frictional forces35 (see also the
distussions given in Sections 4 and 6).

A comparisonvof the shapes of the spectra shown in figs. 3 and 4
might suggest the ﬁresence of two unresolved cémponents in the boron
speétra, such that the high-energy component dominates at forward angles
and thé low-energy component dominates at backward angles. Since the
séﬁarafionvdf ﬁheSe components 1is arbitrary, the eﬁtire spectrum is o
integrafed for the_disgussion of the isotope-production cross. sections.
Coﬁfributi@ns from ligh;_contaminanté_amount to less than 10% in the

boron spectra and to less than 3% in thé,beryllium.and lithium spectra.
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3.2 Semiclassical Analysié of the Energy Spectra

For the case of the single-nucleon stripping, the low-excitation

region of the: eriergy ‘spectra (shown in fig. 5) contains‘well;separated

transitionsutovéihgle-particle'states which can be described within the
framework of direct reaction theories. >0 " However, only few attempts

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

energy spectrum. .First promising ‘results have been obtained by‘incorporating

statistical-aspects into direct reaction theories.>’ 37 The present

~data could provide an interesting test case for these theories since

the nuclear :structure of the projectile and target nﬁclei‘arerweli known
and a.large range of incident energies is covered.' waéver, it is not
the aim of the present paper to attempt a microscbpic‘descfiption

of the reaction mechanism and; therefore,»oﬁly gross>pfoperties of
the_energy spectra will be discuésed using a semiclassical model.

40,41 the transition probability for the

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

and magnetic quantum numbers (zlxl), to a final state (2212) is given by

P(AZ,AI) « exp |- (%)2 - (%—) i . (2)
where

Ak =k - A/ Ry - A,/R, | (3)

AL = X, - Ay + 1/2 k (R} - R)) + Qeff/'hv' 4)
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Qeff = Q (2122 ZIZZ) e“/R. (5)

In these equations, k0,= vafh,_R = R1 +_R2, AM is the mass of the
transferred cluster, v is its velocity in the region of transfer, and

R1, R2 are the radii of the projectile and target nuclei. The parameters
0ys Oy measure the widths of the Ak and AL distributions. By including

41 __ which we omit in eq. 2

the details of.angular-momentum coupling
"and in the foilowing“discuSSion'of the continuum -- this tﬁeory gives a
satisfactory description of the traﬁsitioﬁs'to discrete states for a
. wide’Variety of heavy-ion reactioﬂs.41"42;

‘F6r-fransitions”t6 the cdntiﬁﬁum,the maximm value of P occurs when
Ak = AL = 0; corresponding approximately to coﬁservagibn of linear and
angular homentuh:‘ SinCe:the initial intrinsic spin is’small in the

reactions discussed here,;we set Al = d, and then eq. 3 gives
Ay = koRZ = It - ®

where Jf is the spin of the residual nucleus, assumed ﬁerpendicular

to the reaction plane. Then eq. 4 leads-to 40
2 o UMM o
Qoge = =~ /2 = "y CEemi™ Ve, o) Q)

where M, is the projectile mass, Ec.m.,i the incident energy, and Vﬁ,i
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the entrancejchannel Coulomb barrier. Equation 7 gives the pfeferred
energy;loss{for the reaction and the corresponding final energy of the
Hﬁ,fragment cqincidesiclpsely with the arrows labelled Ep in figs. 2 and 3.
In generale_the experimental values of Qeff are larger than predicted -
‘by eq. 7 due to additional energy dissipation (see Sections 3.4, 3.5).
For eer preeent ﬁurposesewe adjust the optimum Q-value to agree'ﬁith
fhe.exﬁerimental va}ge, end use eq. 2 to calculate the probability
’_dietribﬁtibn;es a’fﬁnctipﬁ_pf Q and L. The Tesults for the (1% ,1%c)
reaetioﬁ are shown in figs. 2 and 3;‘for both incident energies, the
ealue of 01 = 3 5 was used, close to.the theoretical value400f .
'(For a calculatlon of the locus of optlmum exc1tat10n it is not necessary |
| “to spec1fy 02, 51nce for each Q £ f the Value of A, to make AL in eq. 4
1dent1ca11y equal to zero is deduced). This simple calcglat1on fails
, to‘reptoduCe the observed width of the distribution, although it
does give rise to an approximately symmetricél distribution of
excitation strength about:an'eptimum value, as observed experimentally.
In a more detailed tfeatment if might be necessary to incerporate a
co;rection for the density Qf levels of simple configurations in the
residual nuc_leus.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 thanva 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 mechanisms.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

20.the spectral

to heavy-ion collisions at 2.1 GeV/A. In this theory,
distributions are governed by the nucleon momenta in the projectile;
in the projectile frame of reference, the momentum distribution of the

fragments has the form:

_ (p-py) :
20 (8)

N(p) = exp

where P, is the momentum corresponding to the peak of the distribution,
of width o given by

2
O Mg (Mp-Mp)

2 . o

- —

MF and'MP are the masses of the observed fragment and the projectile,
1

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

20

o, = 86 MeV/c. (The associated Fermi momentum = of PF = /5'00 = 192 MeV/c,

should be compared to PF‘='230 NbV7c, obtained45 from electron scattering

on 1()O.v)
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If, instead of assuming a suddeﬁ liberation of virtual clusters,
. one assumeszq that the projectile has come to thermal equilibriﬁm at
an excitation eﬁergy'of temperature T, eq. 9 follows once more

with - -

Mp-1

o = mhj’- M, (10)

where m_ is the nucleon mass. The results at 2.1 GeV/A lead to
ST =85 Mgv".‘ls |
" We shall show later in Section 8, that a‘blausiblerdescription of the
‘isoiope'yieldg'ét 315 MeV can be obtained by’thé'decay of an excited 100
nucleus at a temperature of 7.3 MeV, from which g, = 80 MeV/c is obtained,
a momentum surprisingly cloée to the_yalue of 86 MeV/c in the relativistic
region. »I |

- A consistent description.of the energy spectra at 315 MeV_can be
obtained uéing eq. 8 with this value of Oy The calculations are shown
by the dotted curves in fig. 3. In each case a value of P, was
chosen to locate the theoretical distribution (transformed to an energy
distribution in the laboratory frame) at the experimental maximum.
(As diécussed‘iﬁ'Séétion 3.4, the expérihental peaks are close to the
¢nergies¥éxpected from a fragmentation model, labelled Ep in fig. 3).
Although in a mofe detailed treatment, the énergy distributions

46

depénd on the details of the fragmentation channel, = the above simple
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model already gives a satisfactory account of the shapes of the energy

B dietributions,,apart fromxthe low-energy tails which become most

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

(<20 heV/A), this.tail-develops‘into;the deeply-inelastic, equilibrated

bcomponent. ft is an interesting question at what energy this relaxed

., componentvdisappears or ceases to be fullyrelaxed.47 In some cases,

the»presencevof aslow-energy tail, deviating from the Gaussian momentum '

| dlstrlbutlon has also.been observed in the relativistic region. 48
_ In its 51mp1est form, the fragmentatlon model does not descrlbe

the energy dlstrlbutlons at 140 MeV 1nc1dent energy, which are much

narrower than the w1dths expected from the Fermi d15tr1but10n or

from a temperature of 7 to 8 MeV The continuum at 140 MeV may still

_contaln a large contrlbutlon from two-body transfer reactionms. In a

'51m11ar energy reglon 1t has been shown, however, that for the

a - particle final channel fragmentatlon reactlons play a significant

49,50 ‘The tran51t10n between these dlfferent approaches to the

role
contlnuum in heavy ion reactlons is an interesting problem in the study

of reaction mechanisms. _
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" 3.4 - Dependence Of;Fragment'Kinetic Energies on Mass and Scattering
- Angle. ' '

'
In the next tmo'sections the fragment kinetic energies are discussed.
In1t1a11y both sets of data at 140 and 315 th’are analyzed in terms
of two- body transfer processes Then as in the case of the energy
'spectra it is shown that ‘the k1net1c energles at 315 MeV can be treated
con51stent1y w1th the 2. 1 GeV/A data using a fragmentat1on model.
For a dlscu551on of the observed k1net1c energles of reactlon
‘ products it is customary to assume a two body reactlon mechanlsm and
- to calculate the Q value of the reactlon from the k1net1c energy
measured for one partlcle For relat1vely low 1nc1dent energles,

this assumptlon seems to be Justlfled rather well51 52

53 ,o4

and has, in
fact been proven to be correct for a few cases. ﬁowever, in view
of the above treatment of the energy spectra and as a result of the
energy dependence of 1sotope y1e1ds (dlscussed in Sect1on 8), it is
.;'un11ke1y that the assumpt1on of a two-body reaction is st111 valid
at 315 MeV. We therefore present in figs. 6-9 the most probable final
‘kinetic energies Tf of the'detected'particle in the center-of-mass
system, defined by the position of the maximum intensity of the
experimental energy spectrum.

The dependence of T; on the scattering angle is shown in figs.
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 energies
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observed at EL = 140 MeV depend only slightly on scattering angle
(see fig. 6), the energies strongly decrease with increasing scattering -
angle at EL .
for increasing scattering angles could be associated with a flattening

= 315 MeV (fig; 7). The shift of Tf toward smaller values

of the distributions.forvparticles with lower final kinetic energies,

as has already been pointed out in Ref. 55. The dependence of T, on

f
scattering angle is rather small in‘the vicinity ofbthe grazing angle
and, for most particles Tf has . its maximum value at the grazing angle.

| In figs 8 and 9 the most probable fragment kinetic energies are
shown for the various 1sotopes detected at angles of 40° and 15°,
corresponding to incident energies of 140 and 315 MeV, respect1vely.

The selidllines correspond to constant energies per nucleon in both the
entrance and exit channels’ TWO p01nts should be noted: (1) For

both incident energies, the most probable final fragment energies are
consistently‘below the calculated curves. This observation suggests
_that a signiticantvamount of energy is dissipated into internal energy
of the unobserved reaction products (frlctlon), (ii) The final k1net1c
energles are determined malnly by the nuclear ‘charges. of the reaction’
products and depend only slightly on their mass. Such a dependence is

40,56 and cannot

not expected'from classical direct-reaction models,
be eXplained by the differences between entrance-and exit-channel

Coulomb barrier V_ . and Vé:f; This point is illustrated in figs. 10
14

?
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. and 11 where the effective Q-values (calculated by.assuming a two-body .
| reactionvhaving thelQevalue Q)'are shown for isotopes observed'near-

the graz1ng angle The effective Q-values take into account the trivial
effects of dlfferent Coulomb barrlers in entrance and exit channels and

40

:are def1ned by Qeff Q+ | Vé 1'f‘VE ¢+ As shown earl1er in Section 3.1,

from sem1cla551ca1 con51derat10ns of optlmum kinematic match1ng between
.entrance and ex1t channels,40 maximum cross sections are

| expected 1f the effect1ve Q—value is glven by eq. 7. At loWer incident
fenergles (near the Coulomb barr1er), an alternatlve prescr1pt1on for

the optlmum Q Value Qo £ can be derlved by matchlng the distances

_ of closest approach before and after the transfer

“fZ.2, - 2,2

S o o B 0 U
Qopt v A2 C.m.,i. , (11)

For transfer reactlons on heavy targets of the type discussed here,
22 4, (Z - 3)/Z AMI/Mp and therefore 51m1lar results to the
sol1d curves in f1gs 10 and ll are obtained. A comb1natlon of eqs. 7

59 ,60 , but these methods lead to

and 11 has also been derlved
51m1lar f1na1 energ1es for the reactions dlscussed in thls paper

It is ev1dent that the exper1mentally observed effectlve Q-values are
51gn1f1cantly below the ones predicted from eqs. 7 and 11. The results

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



QRwRHIDLEYAy

-19-

which appear to depend mainly on the nuclear charge of the reaction
products

As has been p01nted out above 1arge amounts of energy are
d1551pated dur1ng the c0111510n process It is 1nterest1ng, therefore
to apply to our data a 51mp1e model for tangent1a1 frlctlon 61 In
thlS model, the reaction is assumed to proceed in three steps:
energy d1551pat10n in the entrance channel followed by the transfer
of nucleons and further energy d1$51pat10n in the ex1t 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 )
1/2

2(E; - V. 5)

e - (12)

-_— - 2 -
= (Ei Vc,i) cos ¢ A.t cosd ;

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

energy, u denotes the reduced mass, and Ai is a parameter'that describes

61

the effect of the tahgential friction, Transfer of nucleons reduces

‘the kinetic energy £0°0+61

(13)
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where-AM1 and AMZ are the masses transferred from the projectile to

the target nuclei and vice versa. The masses of the projectile residue
and the target resjdue are denoted by Mf,1 and Mf,Z’ respectively.
(Note that eq:13 differs slightly frgm the value of E, implied by

eﬁ; 7, which.was accurate only to first Qrder40 in‘AM; for small mass
transfer‘and wifhopt frictiop, the effective Q-value derived ffqm

egs. 12-14Ireduceshfq the one given by eq. 7). Friction in the exit:
chénnei and Coulomb repulsion of the finél reaction products result

in the final kinetic energy

v "“;1 '_ P : - 1/2
Ee = By - Ay (ZEy/ug)

W g e
from which we derive Tf, the kinetic energy of the ejectile in the

center-of-mass frame:
Te= w+v, Br - (15) -

As can be readily seen from fig. 12, the scattering angle is given by
0=0; + Gf + ¢ where Oi'aﬁd Of are the entrance-and exit- channel
deflections. Consequently, the scattering angle © can be related to

the incident angle ¢ only if particular assumptions about the entrance-
and exit-channel traje;tories 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 arevcompared'to the most probable
final fragment energies observed at theAgrézing 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'incideht energy is rather well reproduced; although
at 315 MeV the dependence on the mass of the reaction products tends to be
' sligﬁtly'largef than is observed experimentally{ The friction parameters
have to be increased for eiements further removed from the projectile. Since
' AT isfthe pfoduct of the téngentiél cemponent of‘the friction tensor and
an effective path length of interaction, the path lengths implied by AT
in Table 3 can be calculated using ah estimate of the friction tensor from
data on complete fusion cross section$,62‘viz.; 10722 MeV-s-fm 2. The
associated path lengths then vary from 0.4 to 7.6 fm.

We have investigated the dependence of Tf on écattering angle under

two extreme assﬁmptioﬁs: (i) no deflection of the particle trajectories
in therentrance and exit chamnels, i.e.,® = ¢; and (ii) only Coulomb
forces ecting in the entrance and exit channels, i.e. 8 = ©

c,i O gt

where O is given by.the classical relation sin@C = (ZE/VC - 1)71and 6.
is half the angle for classical Rutherford scattering, OC = OR/Z. Both
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 predlcted m1n1mum scatterlng angles are larger than 40° at 140 MeV,
1nd1cat1ng that the effects of nuclear attractlon have to be .included.
_Assumptlon (1), on the other hand, gives reasonable agreement with the
angu}ar dependence ofka for nltrogen,“carbon, and lithium element ylelds
‘at 315 MeV' However thlS assumptlon underestimates the angular. .
‘uvarlatlons of Tf for boron -and berylllum yields by more than a: factor
_of two [Thls dlscrepancy could be due to an unresolved low-energy
‘ component in the boron and berylllum spectra ‘leading- to too strong
an angular dependence obef_(see also Section 3.1)]. At 140 MeV,
assumptlon (i) predlcts a sllght decrease of Te with increasing
hscatterlng angle (typ1ca1 variations of Tf are .of the order of 6 - .12
UNbV’between Zofend40 ). This trend, however, is not observed.
Although:the present friction model can account for the observed

final kinetic energiesvto some _extent, the necessity for more complete
ceiculations, Which include_the effects of the.nuclear potential, is
obvious; 'however, it hes been shown that coupling to the nuclear
collectire.degrees of freedom can. also cause a significant loss in final

63, ,64

k1net1c energles Therefore it seems more approprlate to perform

full dynam1ca1 calculatlons than to stress the present rather crude model.
Calculatlons u51ng a m1croscop1c one- body fr1ct10na1 force are reported

to be in progress 65:
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3.5 Dependence of Fragment Kinetic Energies on Incident Energy

Since the energy spectra at 315 MeV were reasonably well accounted
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,for the temperature of the decaying 16Olprojectile are

16O

surpfisingly close to the average binding energy per nucleon in the
nucleus. Although only a small fraction of the incident energy is
transformed into internal excitatioh in such peripheral collisions, it

- 1s 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 at Z.i GeV/A. (The quantity P, is the mean
momentum of the fragment in the prpjectile frame and would be identically
zero if the frégment emerged with the beam velocity.) In order to see

if this process consisténtly accounts for the P, values required for

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

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

target, excited projectile and excited target by Mp, MT’ M;, M; then,in

the projectile frame, energy conservation gives:
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Mp*VNﬁ*rp%éﬁ;zwq?_*f\/M?f(pT-q)z . ae)

where Pr is the target momentum and q is the momentum transfer. Ignoring

' ,tefms of order qz, mevfind:
q = ;1’- [(M; -.Mp)* Vl - V2' (M,?'- Mr):l , an

where v = PT/\/M%A-P%,-which,is’also the beam velocity. For the

*
fragment“‘MF produced in the decay of MP’

sE2E) 0 asy

o
égbgg;

ST _ v : ,
where Ep and ET are the excitation energies deposited in the projectile

. v . .
and target respectlvely The projectile excitation energy EP = ES

where ES is the separatlon energy of the fragments and E, is the

K
kinetic energy, for whlch an approx1mate value can be deduced24’66

from the momentum dlstrlbutlon, viz. E, = 3T/2. Slnce T is almoét the

K

same at 20 NbV/A and 2 1 GeV/A eq. 18 predlcts that the values of
P, for pure prOJectlle exc1tat10n should vary as l/v the rec1procal
of the beam velocity. Expressed alternatlvely as the dlfference

AT between the observed energy of the fragment and its energy

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

. . MP *
~ YBp,~ 'Y—M; Ep
- The experimental and theoretical values of p, are listed in Table
4, where the theoretical values were calculated on the assumption
that the projectilefis separated into.the fragnent and accompanying
nucleons, except in the case of 12C, for which we used the a-separation
energy. |

The modei gives ex;ellent overall agreement with the P, values
observed af 2.1 GeV/A, and exact agreement for the average value.
Apart from the N and C.isotopes, the agreement is satisfactory
. also at 20 NbV/A. In partiéular, the model predicts a theoretical
ratio of 4.8 for Py between 20 MeV and 2.1 GeV/A, compared to the average
experimental .value of 3.9 * 1.4,excluding the nitrogen isotopes; (The
nitrogen, and also bossibly 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 AT, 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 the N 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 processAat 315 MeV are marked in fig. 3 with-arrows
EF calculated for the isotopes produced with the largest cross séction,

neglecting the contribution of internal excitation EK

Li there are two arrows, since two adjacent isotopes were produced with
o 6,7 | |

to E;t For
cdmparable CToSss secfions (7*"Li).  The above methods have not
».been.appliéd to the data at 140 MeV because, as discussed in Section 3.3,

these enefgy'spéctra'aré not compatible with a simple frégmentation prOcéss.
"~It“isiintéfesfing to note, however, that the energy predicted for the‘
break-up of the projectile into the channel with the minimm Q-value
agrees closely with the'experimental peak (see the arrows labelled Ep
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
»dufing a fragmeritation reaction at relativistic energies is due to the
- binding energy for removal of nucleons from the projectile, and thu§ is -

viewed ds a friction phenomenon.24’66

This approach gave a satisfactory
account- of the observed values of P, At low energies,'an alternative

- approach has been used by equating the optimum Q-values in heavy-ion
transfer reactions to the sum of the separation energies of the

67 Such a model would fail to account for the

~ transferred nucleons.
- strong energy ‘dependence of the optimum Q-value observed in our

experiments.-
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4. ANGULAR DISTRIBUTIONS

The angular 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, grazing angle of about 40°; for
particles further removed from fhe 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 maximm at the grazing angle of about 15°, but décrease
exponentially with increasing scattering angle. However; the}possibility
of a grazingbpeak'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 anéular 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 in fig. 5 show the
angular distributions of the elastic scattering and ground state

208 Pb(160 15N)209 at

transition of the one- proton transfer reaction
312.6 MeV incident energy. 36 The w1dths 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,”®as is.shown by the solid line in fig. 5

- (the 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 fbr the continuum shown in figs. 13 and 14.

4.1 vDiffraétiVé and Refractive Widths for One-Proton Transfer

- By neglecting spin effects and by assuming a Gaussian distribution

of the_S4matrix elements in angular momentum space, a particularly

simple: parameterization has been derived for the angular distributions68’69

of heavy-ion reactions .

| 2 e \2
do ©) « 1 1. i 0-9, + exp - &0
&Y T sme P\ B ) |T PP \Re (20)

where Go and AO describe the centroids and the widths of the Gaussian-

shaped angular distributions centered around the angles O = ioo. In
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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

80 = [0 % + (a0 )17 1)
where the diffracfive width is given by

804 = V2/M. | - (22)
and the refractivé'width is gi?én by

Aer = %% [d@z/du20 S (2%)

In egs. 21-23, A% is the width of the Gaussian distribution of
the modulus of the S-matrix; the deflection function O2 is the first
derivative of the phase of the S-matrix with respect to the angular

momentum, £. By assuming Rutherford trajectories,we obtain72

- 2 20 g,
(d@z/dz)zo = - £ sin"(0,/2) (24)

For the case of single-nucleon transfer to low-lying states in
‘the residual nucleus, bell-shaped angular distributions are observed

74 and at 315 Mev (see Ref. 36 and fig. 5). Since

both at 140 MeV
the distorted wave Born approximation (DWBA) accounts rather well for

the shapes of these angular 1?
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36 it is of interest to compare the results of DWBA

distributions,
calculations with the parameterizations of eqé;VZO-24. At 140 MeV,

" the width of the S-matrix elements calculéted with the DWBAVis

iy §.10,‘and the width of the corresponding DWBA angular distribution is
A0 = 7°, Using the values OO = 40° and A% = 10, the values Aer = 2.7°,
80 = 8.1° and 40 = 8.5° are obtained from eqs. 20-24. At 315 MeV, the
values A% =~ 23 and Ae ~ 3° are obtaihed‘from the DWBAIanaiysis{ Inserting
the values 0 - 15° and A% = 23 into egqs. 20-24 yields AOT = 1.4°,

AGd ='3.5%, and A© = 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 tféjectories can be used only to obtain some average
quantities. For a quantitative analysis, quantum-mechanical calculations
'aréhréqﬁiréd. - o

4.2 . Angular Distributions.at 140 MeV

Sincé"gt 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-parameterizétions of Section 4.1. Extensions of these methods have

75,76

also been applied recently 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 physicai insight into
more elaborate theories.

| The angular distributions obtained at 140 NEV are compared in
flg 13 with those calculated from eq. 20, 'using the parameters shown
in Table 3; Although no effort has been made to obtain optimum 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 OO and increasing parameters AO for
particles further removed from the ptdjectile.

. The decrease of the mean Scattering angle OO with increasing

inelasticity of the reaction (compare also figs. 2-4) may have two
simple physical interpretations: (1) More inelastic collisions correspond
to smaller impact parémeters 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" @T’= e _ - Oo = wrt, where O_gr is the grazing angle

gr

and w is the angular velocity of the rotating di-nuclear system.
According to eqs. 21-23,. increasing widths A© can have two different

physical origins: (1) The refractive contribution AOTI(eq. 23) could

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

hand ,from the contribution of a wider window of partial waves to the
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‘reaction amplitude (and, correspondingly, a decrease of the diffractive
width Aed, defined in eq. 22). On the other hand, the deflection .
function could be steeper for smaller impact parameters, i.e. for more
inelastic collisions. These assunptions imply a rather dramatic increase
of the refractive width compared to the value obtained in single-nucleon
transfer_reactidns to low-lying states (see Section 4.1). (2) The
. reaction amplitude could be more sharply localized in angular momentum
space for more inelastic collisions. This would imply an increase of
the diffractive spreading of the wave packets with increasing inelasticity
or, in a Regge-pole model,77782-1arger "life angles' of the surface
waves. traveling around the nucleus. - (For a discussion of the connection
‘between fhe 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) and that the phase of the inelastic S-matrix
. elements véries;with angular momentum in -the same way as the elastic
scattering phase shifts 62 (obtained_from an optical model analysis)
are inconsistent with the variation of the paraméters 9% and A@ given
in Table 3. This coﬁclusion may be understood by examining fig. 16
where the Coulomb deflection function ot (dashed line), the

L

moduli-{nll, and the phase derivatives 0, = 2 d §, of the elastic

ae
. scattering S-matrix elements, obtained from optical-model 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 consistént analysis of eiastié scatfering and
one-nucléoﬁitransfer reactiohs‘ét 140 énd 312.6 MeV incident 16O energy.

" Both the CoulQmB and the optica.l‘-model defieétion-fmctgions increase for
smaller paftial wéves,(i.e., fdg smaller ﬁmpact parameterg). Thefefore,
the.decreage 6f % for more inelasfic ﬁrocesses (see Table Sjlwouid be
consistent with these aeflecfioﬁ functions only by assuming more
inelégticity fof larger impact paramefers. .This situation is, however,
;ather Unlikéiy; Fuffheiﬁore, fbr all partial waves that are Subject
to absofption, these déflecfidﬁ functions afé aiways sigﬁificahtly larger

.than thé‘vélﬁé of'eO = 20°.used for the angular distributions of Li and Be.

;‘For sméiliimpa;t bafaméters (2 < Qgr)’ the elastic scattering is
dominated by the reflection of the incoming waves ffom the surface of

the optical potentialg3

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 accouht reasonably well for the elastic scattering of

the low partial waves. For ¢ < ng, the contributions to elastic
scattering corresponding to reflections from the classical turning point
(calculated in the WKB appyoximation;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 deflection function is consistent

with the variation of the parameter 6, shown in Table 3. This deflection
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function pyedicﬁs deflection'tovnegative angles, as well as to

| s@aller_angléé for deéreasiﬁg impact parameters. It is indeed
poésible that deeply-ineia;fic scattering cdrresponds to penetrating
-orbits and thai‘refiecfiéns from the nuclear surface ére unimportant
for these processes, in contraSt»to:the resulté for elastic scattéring.
The.impliéation of_such a deécribtion is that the potential for deeply-
inelastic scattering éannof be détermined,by measuriﬁg the elastic
gcattering,,whichij;sénsifive only to fhe nuélear éurface. At higher
energies the elastic scéﬁtériﬁg is more sensitive to the nuclear
iﬁferior.and thé potentialévméy be'determined less'ambiguc_iusly.84
Several theoreticai déséfiptions 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 fimctional form

. %% ®) = ;1%5 exp (-6/a) . (25)

as shown by the dashed lines in fig. 14. There is a definite
tendency towards‘incregsing ""decay angle'" o for particles further
removed from'the projectile. |

Within the framework pf the semiclassical theory, exponentially -

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

o is a parameter measuriﬁg the strength of the frictional force. The
smooth increase of a for lighter reaction products then corrésponds to
stronger frictional energy losses for particles further removed from

the projectile. The interpretation of the angular distributions in terms
of orbiting has two shortéomingsi (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 fégion of angular momenta,

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

of the reaction cross section. A detailed calcﬁlation will be r¢quired
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 iine) deflection

functions, ©,, as well as the magnitude of the elastic scattering

0
S-matrix, Inz{, are shown. 'These quantities were calculated with

- the optical potential (see Téble 5) used for the analysis of elastic
scattering and'one-proton transfer reaction536 tsee 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 pbtential; orbiting dqes not occur and only a rather shallow nuclear
rainbow is produced in the classical deflection function calculated with
the WKB approximation (solid line).

Anvexpénential angular distribution can also arise from a
Lorehtzian distribution‘of S-matrix elements in angular momentum space

68 as for the derivation of eq. 20. In

with-the same apprpximations
that cése}an iﬁcrease of o is associated with a decrease of the width
of the Lorentzian. It is interesting to note that Lorentzian distribu-
tibns of S-matrix elements are obtained in the simplest form of the
Regge;pole description of heavy-ion transfer reactions.79'82 In this
description, which has been successfully applied to heavy-ion
reaction$,77f$2 the parameter, o of eq. 25 is interpreted as half the
"life éngle"'of the decaying surface wave traveling around the

77’78’81’82 Longer lifetimes of the surface wave (i.e., larger

nucleus.
"life angles'") are connected with narrower widths of the Lorentzian
S-matrix distributions — an extreme case being orbiting resonances
which occur only for a narrow window in £-space. The parameter a given
iﬁ 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 E. . < max[V(r) + r/2 - dV(r)/dr].
[See W.H. Miller, J. Chem. Phys. 51 (1969) 3631]. For a Woods-
Saxon potential of radius R = 10fm and 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@ = 5° - 40° are of the same order 6f

magnitude as those obtained from.an analysis of the 26Mg(160,14C)2881

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

The intuitive‘picture of decaying surface waveé suggested by the
Regge-pole model has the simple classical anélog of a rotating di-nuclear
system of lifetime 1T and angular velocity w. For such a system, the

angular distribution of the decay products is given by12

do/dQ = c/sin®- [exp(-@/wt).vd- exp (—(Zn-é)/w'r)]}- - (26)

In eq. 26, c is a constant and ©=0 has been assumed for the starting
condition at t=0. .'For large lifetimes, T > 2m/w, the angular

distributions are described by the do/dQ ~ 1/sin® dependence, characteristic
of compound nuclear reactions. For very short lifetimes; T << 21/w,

the angular distributions are strongly forward-peaked and given by

eq. 25, with.a = wr.

- The angular velocity may be estimated from the classical expression

. (o2
w = hli/(uiRi) I (27)

‘Using the graziﬁg angular momentum, &, = 140, and the distance of

21 -
closest approach, Ri= 11.5 fm.,one obtains w = 4.5 x 10  sec 1. The
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decay angles a = 2.5° - 20° then correspond to lifetimes
= (0.1 -.0. 8 X'10722) sec. The reaction, therefore, proceeds on a

time scale compafable to that of direct reaCtionsl82
5. LOCALIZATION OF THE REACTIONS

At both low and high incident energies, it is customary and
useful to dividé'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

14,89

nuclei, followed by particle evaporation or fission. (This

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

89'93) At relativistic energies, little éxperimental

17,94

and very heavy targéts
1nformat10n is avallable concerning central collisions or the

existence of predlcted 'shock-wave phenomena, pion condensates, and

den51ty isomers. 26,27, 95-97. Perlpheral collisions, on the other

hand ma1n1y involve qua51 -elastic and deeply-inelastic reactlons3 at
10w energles, and pro;ectlle fragmentatlon at relativistic energles,ls’16
as we show in the present work, ;he;tran51t10n between these phenomena
appears to set in at a few fens of MeV/A above the Coulomb barrier31’32’98
(see also Section 8).

- Although the cldééificatidn into central and peripheral collisions

is d convenient 6perational’pt0cédnfe, it is necessary to discuss the

extent to which such collisions can be associated with different impact
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parameters or incoming angular momenta. The simplest procedure is to

define a critical angular momentum Rc by the preécription14

2

o =7k 2 @+ 1) (28)

c
where o is the cross section for centfal collisions and k is the

wave number of relative motion in the incoming channel. The sharp
cut-off model, used in deriving eq. 28, inplies that all partial waves
witﬁvanguiar momentum £ < zc lead to central collisions andvall higher
partial‘waves'lead to peripheral reactibns or elastic scattering. Since
the total reaction cross section oR is given by the sum of central and

peripheral reaction cross sections,
(29)

the Qalues.of % can be defermihed either by measuring oc'or by

deterhining the partialﬁwavebreactionbcross section OR,Q and the

peripheral'réaction ¢ross section O |
Thelpaftial-wave reaction cross sections shown in fig. 18 for

16 208

%0 + “"®pp at 315 MeV incident energy have been obtained from optical-
‘:model caléﬁlatibns that fit the elastic-scattering angular distributions
v(sée fig. 15). By summing the particle yields listed in Table 2,

the peripheral cross séctidn, op = 1295 ¢+ 194 mb, is obtained. The

| cdrrespondihg'critical angular momentum of & = 118 % g.s is marked on

fig. 18. This angular momentum corresponds to a turning point of the
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_ class1ca1 traJectory (1 e., the distance of closest approach) of

9.8 fm if the c1a551cal turnlng p01nt is calculated from the real

part of the opt1cal potential only. This turning point corresponds to a
touching distance of the charge density radii of approximately 30%

of the central densityfgg'uln the sharp cut-off model; therefore,
peripheralyqqllisions correspond to interactions of the nuclei-

where the surfaces hardly overlap.

. For the value Op = 3.46b, the cross section for central collisions
at 315 MeV may be deduced to be o_ = 2.16 + 0.26b. At 33.6 GeV, the
,correspondlng Value31 100-102 is o. = 2.26b.  Consequenrly, the
cross section for_central colllsions hardly ;hanges 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

heavy-ion fusion react1ons,_103

104

it is clear that they represent an
oversimplification™ ' and fhat there is a tranglt}on region in

- angular-momentum space where the probability for fhe amalgamation of the
,vcollidipgvlons Qrops smoothly from 1 to 0. At fresent, there is hardly
any information available concerning the extent of this transition

105,106

- region, and it has been suggested that fusion and transfer

reactions might coexist for a rather large region of angular momenta.
-In order to emphasize this point we have included in fig. 18 a
typical distribution of the dominant radial integrals, corresponding

208, (16 15N)209

to the DWBA calculation for Pb( Bi 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 demonsfrating the
shortqoming$ of the concept of a sharp critical angular mbmentum.
Furthermore, it should be remembered that the width of the angular
distributioh shown in fig. 5 can be completely explained by diffraction
due to the narrow width of the DWBA S-matrix elements. If diffraction
effects are negligible and if a description in terms of classical
trajectofiés is not adequate for the interpretation of the angular
distribUfioﬁs shown in fig. 14, even broader distributions are
requir‘ed'. I1f, on the other hand, the angular distributions are also
toﬂbe iﬁterpreted in terms of diffractive phenomena, sharper localiza-
tiéns of.thé S-matrix eieméntS'for larger energy loéses are required.
Theulatfer 355umbtioﬁ would be in Somgwhgt better agreement with the

sharp cut-off model.
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6. COMPARISON WITH OTHER EXPERIMENTS

In. this section it wdil ‘be shown that the qualitative features
of the experlmental results dlscussed S0 far are characterlstlc of a
wide -range of heavy- 1on 1nteract10ns Dependlng on the ch01ce of ‘
prOJectlle and target nuc1e1 and the 1nc1dent beam energy, certaln
’features may be more pronounced and hence, more readlly studled by
dlfferent reactlons However qua11tat1ve1y, there is a great |
51m11ar1ty underlylng heavy 1on react1ons 1nduced by very 11ght and very

heavy progectlles 107

Only quant1tat1ve analyses of d1fferent1a1 cross
sectlons and detalled calculatlons will, perhaps, reveal deeper insights
conceming the 1mportance 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-ineiastic 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 function 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 term ''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

relativistic energiesls’l-6

where rather similar processes are observed
(see Sections 3.3, 3.5, 8 and 9).
The occurrence of two peaks in the energy spectra of reaction

prdducts close to the projectile (as observed in fig. 4) has been
' 6,92,107-109

established for a large variety of entrance channels ranging
from systems108 as light as 14N+53Cr to systemsG’92 as heavy as 4QAr4-232Th
and 86Kr-+130La. 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 suggésted.64 |

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

8 for carbon- and nitrogen-

energies (optimum Q-values) has been performed10
induced reactions 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. Qeff = aAM+ g8, for AM £ 5 am,
‘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 thé 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

inelasticity of the reaction.>> 101l 10 i rast to observations at lower

energies, 108,110,112 our data do not show a umlque dependence of e1ther
the most probable kinetic energles (compare figs. '8 and 9) or the
corresponding effective Q-vaiues (compare'figs' 10 ‘and 11) on the
| traneferredbmass' Instead the main parameter determlnlng the most
probable k1net1c energles of the reactions products is their nuclear
charge ThlS effect is already notlceable at 140 MeV incident energy .
and is very pronounced at 315 NbV’lnc1dent energy.

Our observatlons are also dlfferent from the results of Ref 113

40 2_32Th

where the final kinetic energies observed for the reaction " Ar +
at:EL ;;ZQSNNhV'depend on:theitraneferred mass at the grazingwangleh
(@L = 40°) and on the nuclear charge of the reaction products at a

' more fdrwardeangle.lehe kineticienergies observed in Ref. 113 at

”OL = 18° were already'completely "'relaxed,' but in' the present work,
the final kinetic energies observed in the vicinity of the grazing
.angle (flgs 6- 9) are well above the "relaxed" energies correspondlng
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 cerreeponding to the most probable final kinetic energies

are closer to the projectile velocity for smaller mass transfer and

_ decrease gignificantly 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 monotonieally for ber&liium and lithium. This change of

shape is observed in a large variety of heavy¥ion reactionslm’115

and
has attracted great interest. Here we want to p01nt out that such
changes have been observed even for 51ng1e -nucleon transfer reactlons
'dependlng on the exc1tat10n energy of the re51dual nucleus (see e.g.,
Ref. 1e).

It has been proposed to c1a551fy heavy ion reactlons accordlng

to the magnltude of the parameter

=72, e/(hV) \_ (30)
where

12

V= (208 - Ve 3)/] (31)

Reactlons with n < 150 - 200 should have rather broad angular distribu-
tlons w1th their max1mum peaked we11 forward of the gra21ng angle
(orb1t1ng plcture) and reactlons w1th n > 250 - 300 should exh1b1t a
focu551ng of the cross sectlon close to the grazing angle with an
'1ncrease of the focu551ng phenomenon as n increases. For the case

of 160 + 208p,  these parameters are n(140 MeV) = 55 and n(315 MeV) =

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

| part1cle states (see flgs 14 and S)] they are observed at 140 MeV

wh1ch is not expected from the above class1f1cat10n scheme (see f1g 13)
Although we conflrm the trend of a decre351ng tendency for "51de-

peaked" angular d15tr1but1ons as the bombardlng energy is 1ncreased

it appears that the parameter n 1s not a general cr1ter10n for descrlblng
the shapes of angular d15tr1but10ns Note that s1gn1f1cant d1fferences

in the shapes of angular distributions correspondlng to transfer reactlons
to low-1y1ng states have been predlcted117 and found experlmentally118 113
for reactions proceeding mainly via one-step or two—step reactlon
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

Systematlc trends of 1sotope-product1on CToss sectlons observed in
heavy- 1on reactlons at 1nc1dent energ1es of a few MeV/A above the
Coulomb barrler have been 1nvest1gated in great deta1l 33 34,76 112
and the important dlscovery has been'made that the cross sections can be

parameterized in the form
do/dQ(N,2) = £(2) exp(Qgé/T)‘" - (32) .

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

Qgg is the ground state Q-value of the two-body transfer reaction
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producing the observed particle, and T is a constant. Such a dependence
has been derived from a statistical mddel of avpartiélly-equilibrated,

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

temperature.34’120’121

In this model, the effective temperatﬁre should
120 o " ' '

vary as

T= (E*/aeff)l/z '" (33

* . . I I . . . .
where E is the excitation energy of the di-nuclear system and a_.r
is an effective level density parameter. The dépendence of a e ON

the mass of the composite system A is given by

% '
dpr SA/C (34)

120,121 41t ¢ =~ 20. If

.where it has been found empirically
statistical equilibrium is acquired for the di-nuclear system, the

function £(Z) has the form 1205121

f@) =ep [V ; -V 0 /T . (35)

Although the above discussion derives the dependence of (do/dR) on the

grbund state Q—value§ 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

122

molecular wave-function method which does not use the concept

of temperature.

Figures 19-21 show the experimental differential cross sections

‘observed for the reactions induced by 1°

energy on targets of 208Pb,'197Au, and 94Zr at the scattering angles

O ions of 140 MeV incident

of 40°, 32.5° and 20° respectively.‘ In parts (a) of the figures, these
cross sections are compared with the pred%ctions of eq. ;2 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.19a) and

on 197

Au (fig. 20a), these predicted trends are in reasonable agreement
with the experimentai cfoss sections, although significant deviations
~ are apparent. The lines shown in figs. 19a and 20a correspond to
effective temperatures of T = 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
94Zr target and, consequently, the Qgg - systematics do not apply for
these reacfions (compare fig. 2l1a). |

As has been discussed in Ref. 120, the major part of the excitation
enérgy is expected to remain in the heavy target residué: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 account'by substituting Qgg - Ap"rAn for_Qgg in eq. 32,

‘where Ap and An are the proton and neutron pairing energies (see Ref. 116).

A rather significant improvement is obtained from this modification of the

Qgg - systematics for the system 16 4

160 + 208, and 100 + 197

0 + "'Zr, as is shown in fig. 21b.

For " Au, the effects of pairing corrections are less
dramatic and only slightly better agfeement_is obtéined. These results
agree with those of Ref. 34. .

ASince the heavy target residue is expected to be highly excited,
specific structure effects should not be apparent in its level

densi;y. .The pairing corrections discussed above afe a first step for
remov1ng nuclear structure effects, whlch are important for the ground-
state binding energles but might be negligible at high excitation

fengrg1e§. In order to see whether nuclear structure effects of the
targét residues may be completely neglected in the present reactions,
we have substituted thé masses of target and residual nuclei by their
liquid- drop masses, 124 MLD2 Mf 2 and have defined liquid-drop Qgg -
values by |

%y - Mi.,‘1.+.@2 "M M%EDZ & (36)
where Mi,l and Mf 1 are the .ground-state masses of projectile and

reaqpion.product, respect{ygly. By substituting Qgg in eq. 32,

isotope-production cross sections are predicted in quite
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remarkable agreement with the experimental data. This result is shown
in figs. 19b, 20b, and 21c, where the logarithms of the isotope cross
sections are plotted vs. Q;g. For all three cases, the Q;g - systematics

are in better agreement with the experimental data than the Qg -

g
systematics. Furthermore, it is quite noteworthy that very similar
- temperatures are obtained;' T = 2.7 MeV for the 2%8pb and 1% targets

and T = 2.6 MeV for %r.
~ The systemafic dependence of isotbpe-produttion Cross sections on
the liquid-drop values Qgg might have some important implications:
(1) The isotope-production cross sections are’ determined mainly by
théhbinding energies of the 1light projectile and reaction products,
and therefore should vary'réther smoothly for different target nuclei.
Expefimeﬁtél 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
confimation. tii) Shell effects might still be important for the
light projectile and residual nuélei, However, it has been suggested
in Ref. 125 that a significant fraction of the light reaction products might
receive enough excitatidn energy during 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 performed 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 barticles are emitted mainly from the highly

52

excited residual nucleus nght part1cle em1551on has been shown

to be 1mportant fbr more symmetrlc entrance channels at comparable
energies. 11,53 hbre detalled c01nc1dence experiments are, however
‘necessary to 1nvest1gate the 1mportant questlon of the decay in-flight

of light reaction products for very asymmetric entrance channels, since it
is predicted to be of maJor 1mportance at relat1v1st1c energles15 16, 19-24
and may already be 51gn1f1cant at the energles of the present
experlment31 »32 (see also Sectlon 8) (ii1i) Shell effects are not
1mp0rtant for the target re51dues If indeed the target residues
behave 1like liquid drops there is little hope of producing superheavy
nuclei by these reactions since the correspondlng 11qu1d drops are
unstable against spontaneous ‘fission. Until now, there is no other
erperimentalﬁevidencehavailable that wodld 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
CToSs sectionslshould be described by eq. 35. Since the exit-channel

Coulomb barrier decreases for higher Z Values,eq 35 predicts an

enhancement of 11ght element productlon cross sections. More
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quantitatively, for the system 16O + 208

Pb, the exit-channel Coulomb

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 enhancemént 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 afgued-that the exchange

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

0 for

Typical hindrance factors of 0.1 - 0.2 have been estimated!’
similar reactions.. The resulting enhancement of proton transfer Ey
a factor of 2.3 - 4.6 for the 208Pb and 197Au targefs is in quite -
good agreement with the observed enhancement. Note; however, that a

16O + 94Zr for

similar argument cannot be applied for the system
which no significant enhancements are observed between nitrogen and -
carbon yields or between boron and beryllium yields (compare figs.

21b,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.
th/A.above the Couiomb 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 appears to

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

16 208

Isotope-production cross sections for the system ~°0 + “""Pb 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 160 + 2QSPb 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 31S 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 thebproduction of more neutron-deficient
isotopes at 33.6 GeV compared to 315 MeV incident energy. (The
:differences of cross sectionsainply that the hypothesis of limiting
fragmentation is not valid at 315 NéV’inctdent»energy.)

In fig 23 the 1ogarithns of the integrated cross’sections are
plotted as a functlon of the ground state Q-values Q “With increasing
prOJectlle energy, more 51gn1f1cant dev1at10ns from the Q 'systematics
discussed in the precedlng sectlon become apparent At 315 MeV vthe

lines drawn through various 1sotopes are not very well deflned and

-have drfferent”slqpes for theuvarlons elements. The breakdown of the
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Qgg-systematics at 33.6 GeV is quite obvious and no tempeia;ureb
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.

A; relativistic energies, the formation of a partially-equilibrated,
di-nuclear system is not expected to take place and the reaction has been

2224 1f the

proposed tb'proceed by an abrasion-éblatibn mechanism.
reaction proceeds mainly by the excitation of the projectile and
subsequent statistical decay of the excited projectile into the

22,23

experimentally observed fragments, the particle yields may be

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

o(N,2) = CF exp (Q/T), (37)

1

wheré Cis a cdnstant, the Q; are threshold Q-values for the various
(many-body) projectile fragmentation channels, and T is a parametér,
interpreted as the effective temperature of the excited pi‘ojectile.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 effecgive

- temperature (T), should vary oﬁly slightly for different térget.nuclei,v
ed. 37'imp1ies that the réiafive particle yields are target independent

(see also Section 9).
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Although eqs. 32 and 37 are formally quite similar, they imply.
quite different physital processes. For the derivation of eq. 32, it

is assumedi?0s121

that nucleons are exchanged between‘the colliding .
nuclei and that at least partial étatistical«equilibriﬁmvis reached while
the ‘two nuclei are in contact. The cross sections are determined
'mgiﬁly by the' level déﬁéity of ‘the heavy residual nucleus.  For the
derlvatlon of eq 37 on the other ‘hand, it is assumed that. the
colliding ions are‘highly excited during the -collision._However,
ﬁo nucleons are e*changéd between the two nuclei. After the collision,
the excitéd reéction products decay in flight énd the cross sections are
~determified by the level densities in the (many-body) final decay channels.
The relative particle yields at 2.1 GeV/A have also been interpreted in
Atéfms'bf a direcf’ffégmentation of the pfojectilé into its cluster
substrubtures.46‘ Theérefore the aspect Qf Statistical decay still
requifes ékﬁerimental’Verification from'a measurement of the relative
probab111t1es of the different fragmentatlon channels.

1f eq. 37 is a valid descrlptlon of the experlmentally observed
;p;ftlcle yields, Ge ", the ratios - -

Xpt

CIN,Z) =0

ot ™D/ (L o0 @/D) G

i

%shduldlbe cdnstantffor the apprdptia%é choice of T{ In fig. 24, these

Se,
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ratios are shown for the system 160 +208Pb at 140 and 315 MeV, and at
33.6tGeV. The'tempefatures shown in the figure have been chosgn :
to give an optimum fit to the data at each energy;* The relatife
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 meéhaniSm (see also the discussion 6f Section
7), fhe deviations are somewhat-lérger. However it 1is probably
true to say that both formalisms of eq. 38 and 32 give comparable
~ agreement with the 140 MeV data. For the system 160 + 23ZTh, studied
at a similar incident energy of 137 MeV,33 hqwever, the ratios C(N,Z)
véry by severaliorders»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 nof_»
for pickup or charge-exchange reactions. At enefgies Qf a few MeV/A above

33,34 these processes are observed to occur with

the Coulomb barrier,
‘significantly higher Cross'sections than.at 315 MeV31 where tﬁey

constitute less thah 5% of the periphéral cross section. No eVideﬁce
‘has been found for the oﬁcurrence of pickup reactions at relativistic

'energieslé (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 definité 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 initiéted50 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 126 4 .
These measurements will be important for determining the details of fhe
production mechanism of the fragments since, as we showed earlier t
in Section 3.5, it is difficult from the inclusive spectra to disiinguiéh ‘
between a fast fragmentation procesé and a slow evaporation.from the
excited projectile. Coincidence studies of other systems suggest126
that parficles may be emitted from a localized region of high temperature
between the colliding nuclei, similar to the 'hot-spot' predicted

in 1ow?’ and high-lz8 energy collisions.

9. TARGET DEPENDENCE OF CROSS SECTIONS

At relativistic energies, the relative isotope-production cross
sections have been observed16 to be target independent. The

cross sections can be written in the fomm
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o(a + b+x) = I'(a,x) - c(a,b).  (39)

Here, a and b denote the projectile and tai‘get ﬁuclei, respectively,
and x is the‘ ‘observed pérticleQ The form of eq.-." 39 ‘will be loosely
referred to as ‘factorization, and implies that, for fixed projectile
and f1xed mc1dent energy, the relatlve partlcle cross sections are

mdependent of the target nucleus, i.e., the ratios

R(x;b,b’) = o(a + b + x)/o(a +jb' - x) (40) |

are indepéndent of x for different target nuclei b and b'. Only the
absolute normahzatlon of the cross sections depends on the propertles
of target and pmJect11e * At relativistic energles this normalization

was shown to depend on the nuclear radn.16

It has been

pointed out1? that factorization is, e.g., a direct consequence of

the statistical model of nuclear decay. Indeed, the §ﬁnp1e ablation
model of eq. 37 predicts the factorization of the isotope crdss sections

if the parameter T does not depend on the target nucleus.

*If R(x;b,b') does not depend on incident energy, the hypothe51s of
limiting fragmentatlon is valid.
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(Note the similarity of factorization to the Bohr independence hypothesis
19
)

_Onvthe other hand, the Qgg—systematics (see eq. 32 of Section 7)

of compound nuclear decay.

. predict that the cross sections do not factorize. Assuming that the
effective temperature of the di-nuclear system is target independént; :

one obtains from eqs. 32 and 35

R(x;b,b') = fb(Z)/fb,(Z)-exp[AQ(x;b,b')/T] 41D

where

BQx;b,b") = Qu (x,) - Quy (x,b") (42)

Since AQ(x;b,b') varies substantially for different isotopes

(see fig. 25), the Qgé systematics are incompatible with factofization.

Mre quantitatively, using typical values of T = 3 MeV, one expects,

" e.g., variations larger than one order of magnitude among the carboh

yields from the reactions induced by 16o ions of 140 MeV on targets

of 208Pb and 197Au; such variations are not observed in our experiments.
In order to investigate the validity of the factorizétion hypothesis,

208

. we show in figs. 26-28 the ratios R(x;b,”" Pb) for reactions induced

by 100 jons on different target nuclei b at 140 MeV, 315 MeV, and 33.6 GeV
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incident energies, respectively.32 Several observations follow:

(1) Both at 33.6 GeV (fig. 28) and at 315 MeV (fig. 27), the

cross sections factorize within the experimental atcuracy,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-systemafics (seevfig. 23)
and the satisfactory description of the relative cfoss sections in temms
of the simple ablation model (eq. 37; see also fig. 24).

(2) At 140 MeV incident energy, factorizafion-does not apply.
For the 94Zr target, there is a systematic tfend towards increasing
yields for lightef elementg (fig.AZGb). Increasing yields for lighter
elements are expected for increasing incident energy (see fig. 22aj,

and the kinetic energy above the Coulomb barrier increases from 3.5

16, , 208 16, , 94

‘MeV/A for Pb to 5.4 MeV/A for "0 + “'Zr. Therefore the

breakdown of factorization might be explained as partly due to the

16, 94 16, , 208

different Coulomb barriers for ~0+ " Ir and “°0+ ““°Pb, and by a strong

energy<dependence of the particle yields at enérgies of only a few

MeV/A above the Coulomb barrier. The isotope- and element-production

16 208, a 16 197

- CTOSS - sectlons for the systems 0 + Pb an Au are still

remarkably similar at 140 MeV (see fig. 26a).
(3) The close similarity of isotope-and element-production Cross

16 , 197, .4 165 , 208

sections for the systems 0+ Pb at 140 MeV is
not expected for the Qgg-systematics (see discussion abové'). As shown.
in Section 7, a more consistent description of the isotope &ields results

from substituting the liquid-drop values Q;g (see eq; 36) for the
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ground-state Q-values in eq. 32. Since the liquid-drop masses

LD(x;197Au,208Pb) ,

vary rather slowly with A and Z, the values AQ
defined in analogy with eq. 42, vary only between the extreme values

of AQmm -1.3 MeV and AQ“L“EX = +0.9 MeV. Consequently, the application
of the Qgg -systemafics 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 application of

the Qg‘g— §ystematics.
10. SUMMARY AND CONCLUSIONS

In this paper we have discussed peripheral reactions induced by

1v601 ions at incident energies up to 20 MeV/A on 94Zr, 197./\u, 208

Pb and
ZSZrh_. We have compared the results with reactions studied at relativistic
energies of 2.1 GeV/A. The energy region spanning from 20 MeV/A to

200 MeV/A has been experimentally inaccessible, but is likely to be

the subject of increasing study in the future. Since the energy of

- 20 MeV/A is close to the average Fermi energy of a nucleon in nuclear
matter, this enérgy was expected to define a transition between the
phenomena characterlstlc of low- and high-energy heavy-ion reactions.

The present work mdlcates that, at an incident energy of
20 MeV/A, 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, reactions are generally discussed within the
framework of two-body trénsfer processes, 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 deépi?-
inelastic scattering. At relativistic incident energies; peripherél
feactions are presently interpreted as fragmentation procesées, in which
more than two particles are produced in fhe éxit chanhel. 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 ehergy Spectra, which are related to the Fermi
momentum in the projectile, the shift of the kinetic energies of the
- fragments towards velocities smaller than the beam velécity,.the ' ,
production cross sections of elements and isotopes, and the applicability
of the high-energy concept of factorizatibn. B |
The existence of a transition occurring in the regioﬁ of 20 MeV/A

was demonstrated by describing the data in terms of two different |
systematics, which have been developed for the low-and high-ehergy
extremes, and_which embody the essential content of more elaborate
theoretical approaches. The systematic éxponential depehdence of

cross sections on two-body, ground-state Q-values;begins to fail at

20 MeV/A. A more satisfactory description Sf the data is given by
" :the exponential dependence on the Q-values fbr projéctile fragmentation,
which also applies at 2.1 GeV/A. Of course, simiiarities to reactions
at lower incident energies remain. Both two-body, direétvfrénsfér
reactions and equilibrated, 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



000 OdABYS Y g

-63-

and pf differential cross sections.

The classifi:catio»n of reactions into peripheral and central
collisions éppears to be é'useful concept over the wide range of
intident energies discussed in this work. At energies much lower than
20 MeV/A, cenfral collisionsican result in complete fusion, and at
: relétiVistit energies they may lead to many predictéd exotic phenomena.
Although the detéilea processes are therefore radically different, our
analysis showed that the cross section fbr central collisions hardly
changes between the energies of 20 MeV/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 déeply-inelastic scattering, énd at high energiés 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 énergy takes place
over the intermediate complex. At high incident energies, the equilibration
of excitation energy over the whole system becoméé less sigﬂificant
comparéd with féster processes:

It would clearly be interesting to extend these studies of the
evaluation of heaiy—ion reaction mechanisms over a wide energy range

40

to much heavier projectiles such as ""Ar, for which the characteristic

heavy-ion continuum processes at low energies are better developed. There
is already e_vidence129 in argon-induced reactions that the element production

Cross secfions do not change significantly between 9.2 MeV/A.6
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130 hereas there are substantial changes between

and 1.8 GeV/A,
7.4 MeV/A and 9.2 MeV'/A.6 The study of the interplay of the various
contributing reaction mechanisms, and their relationship over a wide
energy range 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‘thepretical framework, which will -

encompass the various aspects discussed in this paper, and from which

the present approaches might emerge as extreme limits.
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Table 1. Isotope-production cross sections for 169- induced reactions
at 140 MeV 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.

94 197 208

Target ir Au Pb
Angular Range - 15° - 30° - . 20°-45° 20° - 45°
Reaction product

o L -- C12.54 204
1oy . 31.1%15% | 64.0£25% 60.7 £115%
Yoo . 1ses208 - 17.6 + 203
K - e 6.0 + 308
15¢ - - 5.87+25%

¢ 782205  29.2%25% 32.5 125

3¢ 18.42205  40.7 253 36.8 * 125
12¢ 32,0155 46.1+25% 37.9%20%
e - 4.95:25% 6.24+30%

12, e e e

B 1.75:30% 3.6 ¢ 30% 3.8630%

g 8.915% 12.6 + 25% 1124153
105 - 3.84425% . 2.8+308 4.18+305
105, ©1.73240% 3.32:30% ' 3.53:20%

9Be 4.78:25% 4.47:30% 4.0+ 205

"Be 0.61235% 0.47+505 10.95+305

"L 3.941305 2.4 50% 8230

w- N

6Li 3.55:30% . 2.36:50% .1+ 305
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Table 2. Isotope-production cross sections for 16O-induced reactions
at 315 MeV incident cnerpy. The cross scctions are given in
mb and have been integrated over the angular ranges indicated.
The low-energy components of the nitrogen and carbon spectra
(see fig. 4) have not been included. Errors include statistical
errors, background from incomplete particle separation, and
estimated effects of the finite number of angles measured
over the angular interval.

.Target 94Zr 197Au v 208Pb 23 Th
Angular range 10° 10° - 20° . 0°-180° 10° - 20°
REACTION PRODUCT :
19 - - -- 20 * 30% : --
15 - -- 38505 --
L5y 236 + 105 29.1 + 255 2114 25% 30.0 + 25¢
¥y 181210 15.7 2 253 140 + 30 19.0 2 252
13, o 20 | 20% 25%
N 42 + 253 3.5 + 305 27208 6.7:258
14¢ 744255 9.0 2305 435508 12.0430%
3 180120 29.0 259 127:2%% 45,0258
12 410+ 10% 40.0 % 25% 198+ ig 45.0¢ i(s)
¢ 76t 305 5.5+ 35% 28t 5og 7.7 304
125 31 * 305 3.9¢305 23308 5.6 + 305
11y 202 4105 22.0 258 114 * 328 33.0 % 25%
10y 06 * 253 8.5 * 254 50 363 9.6+ 255
105, 47 % 205 8.3+ 253 39+ 308 10.2 % 25%
*Be 782158 10.425% 542398 12,0258
"Be 36 + 153 2.8¢ 253 15+ 308 2.5+ 258
i -- S 5+ 368 .-
83 .- -- 16+ 358 3.8+ 30%
7 ; . 253 355
Li 100 25} 17.8 ¢ 305 93+ 338 16.7 + 25%
®14 86 + 25% 10.2 + 305 54+ 30% 11.4 + 35%

*Differential cross section in mb/sr.
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Table 3. Parameters 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 ] A0 AL = V2/b8 AT

o i |
(deg) = (deg) “ | (10" 22MeV-sec/ fm]

N 40 10.8 7.5 0.4

C 35 18 4.5 , 1.4

B 30 18 45 4.4

Be 20 32.4 2.5 » 7.0
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Table 4. Experimental and theoretical values of p , the momentum of
the fragments in the projectile rest fraﬁe, for reactions
induced by 160 on 208Pb at 315 MeV and 33.6 GeV incident
energies (see egs. 8,18).

E, = 33.6 GeV E, = 315 MeV
| p_(MeV/c) | P, (MeV/c)
FRAGENT |  EXPT. THEORY |  EXPT.  THEORY
15y 21 6 -23 424 + 15 -111
4y 27+ 3 30 +10 + 30 141
13y S35+ 4 -35 469 + 50 -164
140 38 7 -31 -105 + 50 - -148
13¢ 331 7 -36 138+ 30 -172
12¢ 25 6 15 +7 2 15 -70
e -45 + 13 -47 +41 + 30 -225
125 59 + 10 -47 -292 + 80 224
g 53+ 3 -45 -187 + 50 -214
105 40 + 7 -49 +102 + 50 -233
10, 65 + 6 -49 -409 + 50 -233
%Be 47+ 7 48 -278 + 50 -227
"Be 45+ 9 -47 -122 + 50 -222
L 46+ 6 -46 -266 + 30 -219
6.1 338 7 -42 155 + 30 -199
AVERAGE -41 + 8 -41 -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
- 16 208 ' _ '
- by 770 en "7 "Pb.
Elab , \' T, ap W T a;
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)
140 - 51.1 121 0.68 ~51.5 1.21 0.63
312.6 51.1 1.11 0.80 51.5 1.11 0.74
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- FIGURE CAPTIONS

Schematic classification qf_time(scaleé of heayy-ion

collisions, velqgi;ies;and NbVYnucléon.as a function of mass

and energy of the ibnskabové.the Coulomb barrier. The curves are
constructed for fixed distances of 15 fm. The characteriétic
features of macroscopic reaction processes are.divided into
different regions: equilibration phenomena observed in
deeply-inelastic scattering for energies less than 10 MeV/
nucleon and fragmentation phenomena at relativistic energies.

The bold line at 20 MeV/nucleon corresponds to energies close

to the average Fermi energy of a nucleon, and to the
characteristic nuclear time fN' Up to energies of

20 MeV/A, direct two-body, transfer reactions are also known

to take place.

Energy spectra of the elements nitrogen, carbon, boron,
beryllium, and lithium produced in the reaction 160 + 208Pb
at 9 = 40° and EL = 140 MeV. The arrows marked by g.s.,_EP,

VE and E. correspond to the energy of the ground-state

F
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.



Fig. 3.

Fig. 4.

 Fig. 5.

Fig. 6.

Energy spectra of the elements nitrogen, carbon, boron,

16 208pb

beryllium, and lithium produced in the reaction ~°O +

at @ = 15° and E; = 315 MeV. The arrows marked by g.s., E,

:Vé and EP correspond to the énergy of the érdund-state
transition fbr a twoFbody'transfér reaction, the energy'of a
product with the projectile vélocify, the exit-channel Coulomb
barrier, and thé energy predicted for a fragmentation of the
projectile into the observed fragment together with individual
nucleons or alpha particles, as discuséed in the text.

Energy spectra of the elements nitrogén: carbon, bordn,

16 208,

berylllum, and 11th1um produced by 0+ “""Pb at o = 25° and

EL = 315 MeV The arrows marked by g.s. and V correspond

to the energy of the ground state transition for a two- body
transfer reaction and the exit-channel Coulonb barrier,

Trespectively.

Energy‘spectrum for"the reaction 208Pb(160,15Nj 20954
populating singlé-particle'states in 2095 at OL = 15° and
EL = 312.6 MeV. Thé—inéert sdeS a typical‘differential
CTross section,vfogether'with'the distribution. (solid

'curve) predicted by a distorted wave Born approximation
(DWBA) calculation. The dashed lines are drawn to guide the
eye. |

Depéndence of most’probable“final fragment kinetic energies on

16 208

0 on

scattering angle for elements produced by Pb at

140 MeV. The curves are drawn to guide the eye.
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Fig. 7. Dependence of most probable final fragment kinetic energies

16

on scattering angle for elements produced by ~°0 on 208pp a¢

315 MeV The curves are drawn to gulde the eye

Fig. 8. Most probable fmal fragment energies of 1sotopes detected near

16 208Pb at

the grazing angle fo‘r reactions produced by “°0 on
140 MeV. The solid )cur\.re correspcnds to identical energies per
nucleon of projectile Mi and reactioﬁ 1.;roduct Mf. The dotted
curves represent th_e friction model celculetions discussed in
the text. | o

‘Fig. 9. Most pmbable fmal fragment energles of 1sotopes detected near

" the grazing a.ngle for react1ons produced by 160 on 208Pb at

315 MeV The solid curve corresponds to 1dent1ca1 energies
per nucleon ofl pr_qJect;Ie Mi and reactlon product Mf. The
dotted curves represent the friction mdel calculations

discussed in the text.

_Fig. 10. Effective Q- values correspondlng to the most probable final
fragment k1net1c energles shown m f1g 8 ' The theoretical

curve is dlscmsed in the text

'Fig. 11. Effective Q-values corresponding to the most probable final
. fragment kinetic. energies shown in fig. 9. 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..



Fig. 13. Angular distributions of the integrated energy spectra for
the elements nitrogen, carbon, boron, beryllium, and lithium
produced by 166 on 208Pb. at E; = 140 MeV. The curves have

been calculated with the paraheterization of eq. 20.

Fig. 14. Angular distributions of the integrated energy spectra for
-the elements nitrogen,vcarbon, boron, beryllium, and lithium

£ 160 on 208

produced by the reaction o Pb at E = 315 MeV.
The low-energy components of the carbon and nitrogen spectra
are not included. The curves are exponential distributions

da/dQ ~»e'6/a/sin®, with the decay angles a shown.

£ 16 208

" Fig. 15. Angular distribution of the elastic scattering of ~°0 on “°"Pb
| at the laboratory energy of 312.6 MeV. The curve represents
an optical-model calculation with the potential parameters

given in Table 5.

Fig. 16. Deflection function 0, 2d62/dz, and reflection coefficients,
|ﬂ2| = S,» of elastic-scattering S-matrix elements calculated
with the optical potential parameters of Table 5 (Ref. 36) for

180 on 208pp 4t E; = 140 MeV. Thé solid points correspond to
the numeriéal.integration of the Schrodinger equation; the solid
lines are the WKB results using real trajectories, and the dot-

dashed curve is the surface-reflection termm discussed in Ref. 83.

The dashed line is the Coulomb deflection function.



Fig. 17.

Fig. 18.

Fig. 19.
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Deflection function and reflection coefficients of elastic-
scattering S-matrix elements calculated with the optical

60 . 208 b

potent1a1 parameters of Table 5 (Ref 36) for
at EL = 315 MeV The solld p01nts correspond to ‘the numerical
1ntegrat1on of the Schrodlnger equatlon the solid lines are the
WKB results USing real trajectories, the dashed liné is the

Coulomb deflection function, and the dot-dashed curve is the

Jsurface-reflection temm discussed in Ref. '83.

Part1a1-wave reactlon cross sectlons oR g as a function of

the 1ncom1ng angular momentum £ and dlstance of closest
approach The cr1t1ca1 angular momen tum 1 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.

Isotope-production cross sections observed for reactions
208 | '

~ induced by.160 on Pb at the laboratory angle oL = 40°

and 140 MeV incident energy; .In (a) the’dependence on

the ground-state Q-value,.Qgg, of the corresponding transfer
reaction is shown, and in (b) the dependence on the liquid-
drop ValueS-Q;g (see eq. 36) is shown. The lines correspond

tomemmmmmT=S§MW@)de=L7&V®L
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Fig. 20.
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Isotope-production cross sections observed for reactions

induced by 165 on 197pu at the laboratory angle 0, = 32.5°

L
and 140 MeV incident energy. In (a) the dependence on the

.ground-state Q-value, Qgg’ of the corrésponding transfer

"~ reaction is shown, and in (b) the dependence on the liquid-

- . drop values Q;g (see eq. 36) 1is shown. The lines correspond

~ Fig. 21.

Fig. 22.

~ measured for reactions induced by

to the parameters T= 3.2 MéV (@) and T = 2.7 MeV (b).

Isotope-production cross sections observed for reactions

16O on 94Zr at the laboratory angle o = 20°

induced by
and 140 MeV incident energy. In (a) the dependence on the

ground-state Q-value, Qgg’ of the corresponding transfer

- reaction is shown; in (b) the pairing-energy corrections

have been applied, and in (c) the liquid-drop values Q;g

(see eq. 36) have been used. No unique set of straight

lines can be found for a simple Qgé dependence. The lines

in (b) and (c) correspond to the parameters T = 3.2 MeV and

T = 2.6 MeV, respectively,

Ratios of isotope- and element-production cross sections

' 169 on 208ph at (a) 140
and 315 MeV (the vertical axis is in arbitrary units), and
(b) at 315 MeV and 33.6 GeV (the vertical axis represents

an absolute scale),



Fig.

- Fig.

Fig.

Fig.

. Fig;

Fig.

24,

25.

" induced by 0 on

26.

27.

28.

on ground-state Q-values, Q , for reactlons induced by

‘208Pb, 197

-88-

Dependence of integrated isotope-production cross sections
' 16,

on 298pb at 140 MeV, 315 MeV, and 33.6 GeV incident energies.’

Plot of the ratios C(N,Z) (see eq. 38) for 1sotopes

16 208

observed ‘in the reactions induced by ~"0 on “""Pb 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 been used.

Differences of ground-state Q-values, Qgg’ for reactions

94 197 208

'Zr, ‘Au, “""Pb, and 232Th targets.

Comparison of isotope yields observed in the bombhardment of

94 16

Au, and “'Zr targets by ~°O at 140 MeV laboratory

" energy. The vertical scale is in arbitrary units.

Compafiéon of isotope'yields observed in the bombardment

. 232 208 197 94 16

of Th, Pb, Au, and ir targets by ~70 ions at

315 MeV laboratory energy The vertical scale is in
arbitrary units.

éomparison of isbtope yields observed in the bombardment

16

of Pb Ag, and Au targets by O ions of 33.6 GeV energy.

Data have been taken from Ref. 15.
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