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Abstract:

_ Peripheral collisioné between 160 and 208

Pb ére_investigated‘
at a laboratory'enefgy of 315 MeV. The relative cross séctiQns are
'remarkablf similar to published cross séctions measured at 33.6 GeV

_ léboratory enérgy. They are compared with statisﬁical models involv—v 
ing di—ﬁuélear sYstehé and projectile_frégméhtation,

The measurement of cross sections for particles produced by heavy ibns

’“ has evoked substantial

of relativistic'energies at forward scattering angiés
. 3-7 : o . L S
theoretical study. At these energies the relative velocities of the colliding
nuclei considerably exceed the Fermi velocities of the nucleons in the target
and projectile. Consequently the interactions between the two nuclei'odcur on
time scales short compared with the time required for nuclear relaxation.
However, the rather small momentum transfers and the distribution of‘the particle
yields observed in these peripheral reactions have suggested that the comparatively
slow statistical decay of the primary reaction products is important for a

L ' . s . 3-7 . "

quantitative understanding of the experimental findings. - The abrasion-ablation -

7 : ’ : . . e e o .
model  is an example of such a two-step process in which the initial abrasion of
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.pucieons_from projectile and target is fbllo&ed byithe statistical.decay of ‘the -
highly excited remnants; In contrast;.diffpsioh‘and.equilibration'phenomena‘ |
of the target—projecti}e coﬁpiexs—lo éfe observed in hedvy-ion reéctionstatd
enefgies only a few (1-3) MeV/A aBove the Codlomb.barrier. " Here the relative

ion velocities are smaller than the,Fermi velocity end the interaction times

are long enough'to permit at least partial equilibfetion of the.di—quciear

syetem. Intermediate energiee of a few tens of MeV/A, where tﬁe-relative
veiocities of the interacting nuclei are comparable to the Fermi velocity, might
be expected to provide results bridging the two energy regions.and with'characterr
istics of both types of reactions. We ﬁereireport the surprisiﬁg‘similarity of

208

. . . .. le : o ' ..
particle yields for peripheral collisions of O on Pb at laboratory energies

of 20 Mev/A (g ~ 0.2) and 2.1 GeV/A 2 (g ~ 0.95), po’ss‘i‘bliy indicating a
similérity ef the reactioq,mechanism at these energies compared to the
suggested.mechanism at enefgies closer to the Coulomb barrier. N
A»208Pb target df'0t7 mg/cm2 thicknees wes bombarded by 1606+-*iods.6f
315 MeV energy from the 88-Inch Cyclotroh of the Lawreﬁce.Berkeley'Laboratory.
The reaction products were identified with-a triple AE-AE-E solid etete detecter
telescoée using detectdré of_40 Uﬁ,.BO Hm andi2000 uﬁ thickness; respéeti?ely.
Absoiute cross sections Qere'obtained from the ihtegrated beam current, the-
target thickness and the solid:angle of the detector teleseope. The associated
uncertainties are estimated to be iess than 15%.
At forward scattering angles (Oém < 20°), the energy spectra for all
outgoing particles with 3< z < 38 and A < 16 exhibit troed peaks (FWHM
~ 50-100 MeV) centered at energies per nucleon_slightly less than that of the inci~
dent 16O beam. This observation indicates that all these.particles are prddtced by

a similar.quasielastie process.: (No significant yield of particles with 2 > 8

was observed). The centroids of these energy distributions move systematically'
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.Fo lower energies as ﬁhé sCattering'angle is ingreased.beyénd Océv% 20°ﬁ
Integratioh over the quasielastic peaké yields:angﬁlaé distributipns which érev.
strongly forward peaked and gkhibit avsteep expénential fail¥qff with increaéing
scattering angle. - The dependenée of energy'speétré andvcr¢ss sections oh<
scattéring.angie will beréfésented in deﬁail in a $ubéequent papei. Heie we -
discﬁsé the quasielasti; yieldé for the various»isotopes inteéfated éver'ail"
scattering angles.

Table 1 gives a comparison of théicross_sections‘ét'labofatdry énetgies .
of 315 MeV (this.ekpériment5'and of 33.6'GeV-(taken from ﬁef. 25. Also includéd.
are the totallreaction‘crOSS séctions measufedl;_at 33.6 GeV.and estimated from’ 
an opticai mé@el_analyéis of the'elastic scatteriﬁg at 315 MeV. A.cOmparisén'
of.thé féiative cross.sections.at the two eheréies ié,made in Fig. 1. ' Several
bointé should be noted; |

1) The félaﬁive‘dross sections for thé,prédUCtioh of Qifferenf iééﬁopes 

- ét 20fMéV/A aﬁd 2.1 GeV/A are generally of the same maghitude althdugh_differeﬁCes
ao exist, especially for the lightér particles. >There is a generai trénd'
toward; lafger_cross_sections for the}producfion ofrﬁoré neuﬁroﬁ deficienﬁ.
isotoéeé at the highe; energ?. Notg;-howeﬁer; that.thé relafiveAélementVyiélds are
identiéal-withih ﬁhe experihental erfors. “This isré mostwunexpéctéd result, singe
similar.experiments:ét energies onl? é'few MeV/AvaboVerthe barrier give‘eptirely

'different”distributions of r_eaction‘.br'oducts.s'l2

2): Assumiﬁg'that the total reaction}crqss'section OR is given by'the

sum of the cross gections for central collisions Oc‘and fof quasielaétic (i.e., pe?_

ripherai)_cdlliSioﬁs.qpf one'obtains OC %.2100 mb at 315_MeV and'OC ~ 2?00 mp aFI

33.6 GeV.' Héh&e the'cfoss séction fof central coliisiohs does not change signifi-

cantly between 20 MeV/A and 2.1 GeV/A, and‘agrees with the high energy limit for the
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estimated fusion cross sectionl3 o_ = [l.O(Ai/3 + Al/3)

12
F 2 ]

fm2 =.224O mb.

For the interpretétion of peripheral reactions induced by heavy ions,as
differéntbassumptions have beeh-made at low energies (E/a < 3 MeV/A above the
Coulémb barrier) and at ﬁigh energies (E/A E:l‘GeV/A). At low energies the |
reaction is assumed'to procéed through the formation of a very short lived |
di—nu;lear éystem accompanied by transfer or diffusion of nucléons;8-lo'l4f15'l§

It has been shown that the cross sections -for the production of isotopes
. . 8

follow the relation

0 = £(2)-exp ( /T) . , (1)

o P Qgg ‘ : o ’

where f(2Z) depends only on the nuclear charge of the reaction products,Qg
is the ground state_Q*valhe of the corresponding transfer reaction and T is a -
constant.v'Such a_deéendencé derives from a statistical model of a’partially.
equilibrated di—nuclear-system and the parameter T is interpreted as an

8,14,15 Equation (1) has, however, also been obtained by

effective témperature.
. 16 . ' .
the molecular wave function method which does not use the concept of

temperature. At higher energies, on the other hand, the ablation mechanism has

‘ ' . : . . : 7
been shown to result in a comparable expression for the particle yleldsé’l
o(N,z) = C Z exp (Q;/T). | - : (2)
l .

Here C is a constant, the Qi are threshola Q-values for the various projeétile
fragmentations and T corrésponds to the effective‘temperature_of the exéited
projectile. The sum includeé.all possible breék—up‘channels-produciné the
experimentally observed fragment.

In Fig. 2 the experimental cross sections ére compared Qith thé
predictions of Eq. (1) by plotting.the logarithms of the particle'yields vs.

N

Qgg' According to Eq. (1), the points for different isotopes of a given

element should lie on a straight line and the lines for different elements -
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should have the same slope (displaced by AVC,‘the difference between'ehtrance

8,

‘and exit channel Coulomb barriers =~ ).It is evident in-Fig. 2 that these

' . ’ : ‘ L .18
; predlcted,trends are poorly reproduced by the data at 20 MeV/A compared to

the quallty of agreement obtained at lower energles. !

Equatlon (1) is not
expected to be relevant for the 2 1 GeV/A data, ‘and a 51m11ar plot shows‘that
the SlopeS'of lines through isotopes not only vary (as in Fig;-2) but even
chanée Slgn. On the other” hand Eq (2) rebroduces4the Observed particle
| yields both at 20 MeV/A and at 2 1 GeV/A to a remarkable degree of accurac? as
: shoWn.ln Flg. 3 ‘where the ratios C(N,Z) = Oexp(N,Z)/(E: exp (Qi/l» are.plotted
for all particles lighter than the. projectile. = (If Eq{.(2) holds theée ratlos
should be constant.). Note that Eg. (2) fails for the reactionvl6o'+.232fh'
at 137 MeV'(i.e,lj MeV/A above the Coulomb barrler) Where the ratios C(N,Z)
- vary bY sereral'orders Of_magnitude for any temperature betweenﬁltahd lO-Mev.v
| *The.relative.partlcle yields at 2.1 GeVv energy have'also beenhinterpreted

in terms of a directvfragmentation of the projectile lntovits cluster:sﬁb~
'structures.19 Therefore;the statistical‘decay aspect of the reaction'mechanismd
‘stlll requires experimental verification»from a meaSurement of the relative
probabilities of the differeht fragmentatioh channels occUring‘in the.suﬁ
of Eq. (2).d

Ih_conclusion we have ShoWh that_there is a remarkable similarity of
..the incldsive‘particle yields for oeripheral reactions hetweehtl6o ahd 908 Pb
at 20 MeV/A and.27l"GeV/A,laboratory energies. The'failure of isotope . |
production cross section systematics associated with the formation‘of*a.di—
nuclear syétem.Which;are established for.enerqles a feW MeV/A above.the
'Coulom}:.)‘barr_'ie-r8 ihdicates'that the‘lihk between high and low energy.phenomena
in peripheral collisions of heaty ions can be made ih the'energy rangevof a few

tens of MeV/A where the ion velocities are comparable to the Fermi velocity.
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TABLE CAPTION

: : .. - : . 16 ,
Integrated cross sections for peripheral interactions of O on
208__ . , _ . : : B
Pb at 315 MeV (this experiment) and 33.6 GeV (Ref. 2). The

total peripheral cross section and the total reaction cross

section are also shown.
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Particle - 0 (315 MeV) [mb] 0(33.6 GeV)[mb]
g 2042 -
13, 38+19 138%22
15y 211#53 202426 )
N 140+42 \  378#57 71.2%22.5 } 290%35
113 +5 .
+
N 27_7, 17%3.1
14 +7
+
C 437, 12.3£2.2
13, 12712 45.4+48. 3
v -32 .
e 198+30  p  396%59 12625 . p 228%27
11 ¢ +4 . . -
: +
C 2870, 36.9%5.7
10¢ - 7.2%¢1.4 |
L3B - .699%,436
EE +8 . o
125 2370, [ 187223 ©3.98%.75 | 93413
g 114740 52.8%5.9
: -17 .
104 50+18 ) 35.2%11.3
10 +19 N
‘Be 3970, 16.8%1.14
+27 ; ' _
%5e 54_2 108%12 15.3%2.1 -} 6547
. + . .
"Be 15_2. 1 43.%6.9. |

(continued)
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Table 1. (continued)

_ Parti¢le O'(315' MeVimb] - 0(33.6 GeV{mb]
9_. +1.8 ) o

Li 5.0__2.5
8_ . +6

Li 16_8 -
Li. 9333} 1est1s '39.7#4.3 | 96%14.

-19 A ST

6 +19 . :

. N ,
Li 5477 ¢ J 56%13.4
o, © 1295+194 910#53 *
o ' 3400 - 3100
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‘FIGURE CAPTIONS

s . . _ " 16 208
1.. Ratios of cross sections measured for the reactions o + Pb

at 315 MeV and 33.6 GeV laboratory energies.
2. Dependence of isotope yields on the ground state Q-values (Eq. 1)
of the corresponding multinucleon transfer reactions induced by
16 208 ; .
o + Pb at 315 MeV laboratory energy. Isotopes lying on approximately
stfaight lines have been connected.

]—l

3. Plot of ratios C(N,2) = Oexp(N,Z)[Eg‘exp (Qi/T) (Eq.>2) for parti-

' . 16 208
cles observed in the reaction o + Pb at (a) 315 MeV and (b) 33.6 GeVv
(Ref. 2) laboratory energies. The effective temperatures T = 7.3 MeV and

T = 6.2 MeV have been used at the energies of 315 MeV and 33.6 GeV,

respectively.
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