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Abso lu te va lues o f t h e cross s e c t i c n s f o r most e v a p o r a t i o n 

channels consecu t i ve t o t h e complete 0 + 6 3 C u f u s i o n have been measured 

f o r i n c i d e n t 1 G D energ ies r a n g i n g between 40 and 85 MeV, t h r o u g h t h e 

o b s e r v a t i o n o f the co r respond ing Y a c t i v i t i e s . They g i v e ev idence f o r a 

l i m i t a t i o n i n t h e c o n t r i b u t i n g I n c i d e n t partial waves f o r ene rg ies above 

5D HGV. The e x c i t a t i o n f u n c t i o n s o f t h e v a r i o u s e v a p o r a t i o n channels are 

s a t i s f a c t o r i l y accounted f o r , i n shape and magn i t ude , by s t a t i s t i c a l 

e v a p o r a t i o n c a l c u l a t i o n s per fo rmed w i t h t h e code ALICE. They a l l o w a ve ry 

p r e c i s e d e t e r m i n a t i o n o f t h e v a r i a t i o n o f t h e c r i t i c a l a n g u l a r momentum 

w i t h t h e e x c i t a t i o n energy o f t h e compound n u c l e u s . 
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In the l i gh t of these resul ts , a systematic study of the deter
mination of SL over a wide range of incident energies and for a medium-
mass compound nucleus appears necessary to allow a re l iab le comparison 
with the many exist ing and sometimes conf l i c t ing theoret ica l predict ions. 
The study of the complete fusion mechanisr i n the 1 6 0+ e 3 Cu reaction which 
is reported in th is paper also aimed at test ing the va l i d i t y of the eva
poration s t a t l s t i c o l model, which allows an estimation of the various de-
excitat ion channels of the compound nucleus , i n a case which i s free 
of f iss ion competition. 

I I - EXPERIMENTAL PROCEP'JRE 

The cross section of complete fusion in the 1 GD+ e 3Cu interact ion 
has been measured for incident 1 6 D energies ranging between 40 and 85 MeV 
in 5 MeV" steps. The 1 6 D beam was delivered by the Orsay MP Tandem. The 
6 3Cu targets were isc-topically enriched to 99,76%. They were evaporated 
onto a thick gold backing [0.2 mm) which provided mechanical r i g i d i t y and 
collected the reco i l nucle i . The thickness of the e 3Cu targets was 
measured by weighting with a 5% absolute error and ranged between 250 and 
880 ug/cm2. 

The cross sections for the various [ 1 6 D,X] reactions were deter
mined from the intensi ty of the y r a y s associated with the B decay o-F the 
residual nucle i . The Y-rays were measured by a 72 cm3 GeCLi) detector 
with an eff ic iency determined wi th in 8% by use of cal ibrated y sources. 

For the observation of shor t - l ived a c t i v i t i e s , the incident 
beam was mechanically chapped and four successive y-ray spectra were 
recorded inbttween bean bursts. In the case of longer ha l f - l i ves the 
target was manually transfered to a low-background area for recording of 
the -y-act iv i ty. In both cases, the residual nuclei were unambiguously 
ident i f ied through the energy and half—life of the y-rays. 

Table I su"»r.arizcs the characterist ics of the main y~rays used 
in ident i fy ing the residual nuclei and measuring the corresponding cross 
sections. 
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ThB upper incident energy» 85 fleV, which is s l i gh t l y above the 
Coulomb barr ier for the 1 6 0 > 1 9 7 A u reaction, corresponds to the occurence 
of strong ac t i v i t i es due to the target backing. 

I l l - EXPERIMENTAL RESULTS 

The 14 measured excitat ion functions for evaporation channels 
from the compound nucleus forr.ed in the 1 6 0 + G 3 C u complete fusion appear 
in f i g . 1 to 5. Four reactions, i . e . t l e 0 , 3 p n ) , ( I 6 0 , a p ) , ( l sa,ct2p) and 
t 1 6 0,apn) could not be studied ei ther because the residual nucleus was 
stable, or because a long h a l f - l i f e associated wi th a smell cross section 
made the measurement of the corresponding y-rays uncertain. The corres
ponding cross sections have been estimated from the experinental results 
for analog evaporation channels such as 3np, an and a2n, and from the 
theoret ical analysis of the exci tat ion functions discussed below. These 
four cross sections contribute for less then 25% to the cross section fo r 
complete fusion. Therefore the l a t t e r one can be calculated to a good 
accuracy. I t s var iat ion with the incident energy is given i n f igure 6. 

The values of the observed cross sections between 40 and 50 MeV are in 
12 

good overal l agreement with the recent results of Wells et a l . . The 15 experimental results DT Natnwitz obtained at higher energy appear 
compatible with an extrapolation of those reported in th is work and w i l l 
be used in part of our analysis. 

Yet the present results shed some l igh t on disagreeing inform
ation published on the decay of 7 6Rb- Ue have not observed the 181 keV y-
ray assigned to 7 6Rb by Vglandia et a l . and apparently observed by 
Wells Et a l . " but we cenfirm the assignment to 7 eRb made at Isolde of 
fpur y-Tays of 344, 354, 424 and BB5 kev energy with an observed hal f -
l i f e of 34±3 sec, in good agreement with the Isolde values. 



IV - DISCUSSION AND CONCLUSIONS 

A) Détermination of the c r i t i c a l angular momenta 

The excitat ion functions measured in th is work were compared to 
the predictions of the s t a t i s t i c a l evaporation model, as calculated by the 
code ALICE under two extreme assumptions : i) without taking in to account 
the angular momentum of the compound nucleus ; and i i ] by assuming that 
the compound nucleus behaves l i ke a rotat ing l i qu id drop with the con t r i 
bution of a l l the incident pa r t i a l waves. As seen in f i g . 1 to 5, the f i r s t 
assumption f a i l s to account for the shapes and magnitudes of the measured 
cross sections. The second one though corrpcL'.y predicts the magnitude of 
the maximum cross section for most evaporation channels. However i t s 
agreement with experimental results worsens with increasing incident 
energy. This indicates that high -I pa r t ia l waves do not contribute (or 
contribute Jess) to the formation of a compound nucleus. 

Some of the evaporation channels being par t icu lar ly sensit ive 
tD the contribution of higher-fc pa r t i a l waves, the analysis of the i r 
excitat ion functions allows a precise determination Df the largest con t r i 
buting angular momentum, or S. , as a function of incident energy. The un
certainty appears to be better than ± i f i , and the value of S, • determined 
in th is way is remarkably ident ica l for a l l the evaporation channels 
examined. 

Such a determination depends upon the assumptions b u i l t in to the 
code ALICE. I t has to be checked by analyzing the to ta l cross section for 

17 
complete fusion, which is given by the relation 

where u is the reduced mass of the interacting nuclei. 

An uncertainty of about 12% has been estimated for the experi
mental value of a . It is due, in particular, to uncertainties in the 
o05olute efficiency of the GefLi] detector and in target thickness. Hence 
the determination of 2. from the values of o is rather dubious up to 
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50 NeV incident energy. Above 50 MeV i t agrees with -but i s somewhat less 

accurate than- the values derived from the analysis of par t icu lar evapor

ation channels, which w i l l be used in' the further analysis. 

Table 2 summarizes the values of I determined by both methods, cr J 

as wel l as the values % available in a grazing I G 0+ G 3 Cu co l l i s i on . Fig.7 

represents the var iat ion of i. ^ as a function of the exci tat ion energy of 

the compound nucleus. 

Bl Val id i ty of the predictions of the code ALICE 

The truncation of the contributing pa r t i a l waves at a maximum 

i. value leads to an excellent overal l agreement between the experimental 

exci tat ion functions and the predictions of the s t a t i s t i c a l model computed 

with the code ALICE ( f i g .1 to S). 

The remaining disagreement results from an apparent under

estimation of the evaporation probabi l i ty of an a par t ic le [ f ig .3 ) and 

from the correlated avèrestimation of 2pn and p2n evaporation at high 

incident energies. This effect i s amplified for the evaporation of two a 

part ic les ( f i g . 51 . In th is case, ALICE seems to grossly underestimate the 

cross sections, while the energy thresholds and shapes of exci tat ion 

function remain rather correctly reproduced. 

Rather than blamng the evaporation calculation for these dis

agreements, one could examine the poss ib i l i t y of contributions from di rect 

reaction processes such as an [ 1 6 0, f l Be) reaction possibly followed by the 

emission of unbound nucléons. However such a poss ib i l i t y appears unl ikely 

in view of the modest cross section observed [ f ig .9) for the probably 

more abundant ( 1 6 0 , 1 2 C ) direct process. 

C) The 7 3Se isomeric ra t io 

Both the ground [J Ï Ï = 7 /2 + , T , =7.1h) and isomeric [ J i r = 1 / 2 ~ J 

T . = 39 m] states of 7 3Se were observed through the i r character ist ic 

y - a c t i v i t i e s . 
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The analysis of the i r respective exci tat ion functions which are 
s t r i k ing ly di f ferent [ f i g .4 ] has been made in the framework of the sharp-

10 19 
cutoff approximation • . This assumes that a l l the incident pa r t i a l 
waves up to a value £- contribute to the formation of the lower-spin s ta te , 
while higher-JZ. ones, abovB I- and up to A , lead to the population of the t cr 
higher-spin state. At eact\ incident energy, the ra t io of the cross sections 
to the two states provided a value of £_ from a partial-wave analysis 
given by the cods ALICE. The variat ion of &. obtained by th is procedure 
( f ig .9 ] leads to a good agreement between the experimental and calculated 
cross sections. The value Df £_ for the maximum cross sections, at 65 MeV 

19 incident energy, is also in good agreement with the predicted value 

•) Analysis of the l im i ta t ion of the complete fusion cross 
section 

section was assigned to a l im i ta t ion in the contribution of higher-B. 
par t ia l waves to the compound nucleus formation. The variat ion Df 0" r F with 
incident energy was parametrized by use of a c r i t i c a l angular momentum SL 
(tatile 2). 

The assumption that the l im i ta t ion of a is due to the dynamics 
of the entrance channel suEgests another parametrization, in terms of a 
c r i t i c a l interact ion radius r 

Ci 
fusion cross section. 

*CF = * R c r f l 

1/3 with R = r [A 
cr cr 

Under the assumption * V = V 
th> 

equal to 32-9 M E V in the present case and values of r can be deduced 
^ K cr 

•from t h e expe r imen ta l r e c u i t s . They appear- i n t a b l e 2 . 
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The experimental variation of r with incident energy is shown 
4 c r 

in -fig. 10. Galin et al. have suggested that r is constant with energy 
and has a value of 1.0D±D.D7 f. The results shown in fig.10 indicate that 
r actually decreases with increasing energy. From a value close to the 
geometrical radius r near the Coulomb barrier, it tends towards smaller 

From these various analysis, a limitation in the contribution of 
higher-£ partial waves is clearly documented. Its origin however cannot be 
readily established. A comparison between the experimental results and the 
available theoretical predictions is presented in fig.11. Quite obviously 
none of the theories satisfactorily reproduce the data. In particular no 
conclusion can be drawn as to the origin of the experimental limitation of 
0_ F. Whether it is duo to dynamic restrictions in the formation of the 
compound nucleus in the entrance channel, or to a structural limitation in 
the possible angular momenta of the compound nucleus itself will require 
more experiments. One possible test would be to study the variation of i 

with the excitation energy of the compound nucleus for different entrance 
channels. 
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Tab le 1 . C h a r a c t e r i s t i c s o f the y~raya used i n d e t e r m i n i n g a b s o l u t e 

c ross s e c t i o n s f o r t h e S 3 C u [ 1 $ 0 , X ) r e a c t i o n s . 

X R e s i d u a l 

nuc leus 
E (ReV) 
Y 

T 1 /2 
Branching r a t i o 3 

2n " R b 178.9 3.6 mn 38.4 
pn " K r 130.0 75.0 mn B7.3 

p2n 7 6 K r 315.7 14.6 h 36.0 
p3n " K r 132.7 4.5 mn 100.0 

2p " B r 239. D 56.0 h 23.6 
2pr. ' B B r 559.2 16.0 h 77.0 

Q " B r 286.5 95.5 mn 75.0 
cm " B r 634. S 38.0 mn 90.5 

Ct2n " B r 669.5 3.3 mn 20.0 
apn 7 3 S e m 253.6 39.0 4.0 

apn ' 3 s e s 361.0 7.2 h 95.0 
a2pn , 2 A s 634.0 26.0 h 80.0 

2a 7 'As 174.9 64.6 h 91.1 
2an '«As 1040.0 53.0 mn 81.7 

2apn " G B 1107.0 39.2 h 30.0 

The Y branching rat io are taKan from NuclBar Data Tables, except 
fo r the ( , s0,p3ril channel 2 2 . 
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Table 2. Experimental values of the critical angular momentum 
[K. ) and interaction radius [r ]. 

E l a b (MeV) o C F (mb) aR[mbJ °c/°R max V 1 ' I t?l c r r Cfm) cr 

40 13.6311.64 17.4Z 0.7610.10 9 9 - -
45 198.48±5.23 256.66 0.7710.02 18 18 - 1.30110.032 
50 428.6517.62 509.96 0.8410.01 23 22 - 1.34010.025 
fiS 622.29110.24 711.75 0.8710.02 2B 24 2 3 1.35610.021 
60 783.71111.65 675.46 0.6910.02 32 26 26 1.36510.019 
65 902.42115.22 1010.43 0.8910.01 35 20 29 1.35710.023 
7D 924.30115.06 1123.21 0.8210.01 37 30 31 1.29610.020 
75 976.7711B.5S 1218.53 0.8010.02 40 32 33 1.26810.023 
80 646.90114.03 1269.87 0.6710.01 42 34 34 1.1431D.018 
85 9D0.00116.67 1369.90 0.6510.U2 43 36 35 1.14310.020 

The values of & are obtained [see sect.IV.AJ from [1] a partial wave 
CI* 

analysis of excitation functions by the code ALICE ; and (ZJ the experimental 
complete fusion cross section as compared to the total reaction cross 
section. 



Figure captions 

F ig ,1 . Absolute cross sections for xn and pxn evaporation channels from 

the 1 6 0+ 6 3 Cu reaction at 3 GD incident energy E, in the laboratory 

systrn. The so l id l ine curves are drawn through the experimental 

points. The predictions obtaine ' with the code ALICE under several 

assumptions [see section IV.A) are also represented : by a dotted 

l ine when the angular momentum of the compound nucleus is not 
21 taken into account j by a mixed l ine when a re lat ing l iqu id drop 

model i s assumed for the compound nucleus with a l l pa r t i a l waves 

contributing j by a dashed l ine when contributing pa r t i a l waves 

are r e s t r i c t e d to £ K & • cr 

Fig.2. Absolute cross sections for ( ï 6D,2pxn) evaporation channels 

(see f i g . 1 caption). 

Fig.3. Absolute cross sections for ( 1 6 0,axn) and ( 1 60,a2pxn) evaporation 

channels (see f i g .1 caption]. 

Fig.4. Absolute cross section for [ I 6 0,apn) evaporation channel. 

Ful l points correspond to the formation of the J 7 7 = 1/2" 7 î Se 

isomer, cpen points to the 7 3Se J71" = 7/2* ground state and 

tr iangles to the sum of the two cross sections. Three so l id l ines 

are drawn through those points. Ths theoret ical results calculated 

with the code ALICE.as described in the f igure 1 caption, apply 

to the summed cross section. 

Fig.5. Absolute cross section for ( 1 6D,2axn) evaporation channels (see 

f i g . 1 caption). 

Fig.6. Experimental cross section for the complete 1 6 D + S 3 C u fusion as 

a function of the incident , 6 0 energy in the laboratory system. 

The solid line is drawn through the experimental paints and the 
19 

dotted line is the calculated [see e.g. ref. ] total reaction 

cross section. 
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Fig.7. Variation with the excitat ion energy in the compounri nucleus of 
the c r i t i c a l angular momentum S. as deduced [see s^ct.IV.A) from 
the experimental cross sections obtained in th is worK [open paints) 

15 and reported by Natowitz ( f u l l points) . Also represented are U. 
available sngjlar momentum H for a grazing I G 0* e 3 Cu in terac t ion . 

the angular momentum of the compound nucleus in the r i g i d rotor 
model, and the 

2 by Wilczsynski 
model, and the J = 42*11 l im i t predicted for thn 0+ Cu system 

c r ^ •" 

Fig.8. Excitat ion function for the ( 1 6 0 , C) reaction. The so l id l ine i s 
drawn through the experimental points. The evaporation calculations 
with the code ALICE correspond to the nl*ed l ine (see f i g . 1 

caption). 

Fig.9. Analysis of the 7 3Se isomeric ra t io with the sharp cut-of f 
approximation. In th is diagram the angular momenta are plot ted 
versus the I 6 0 incident energy. The sol id l ine reproduces [from 
f i g .7 ] the values of the c r i t i c a l angular momentum. The f u l l 
points correspond to the cut -of f £ f value obtained [see sect.IV.C) 
from a pa r t i a l wave analysis of the 7 3Se crass sections with the 

Fig.10- Variation of the experimental values of the c r i t i c a l interact ion 
radius r with the 1 6 0 incident energy- Ful l points correspond 
to the data from th is work and open points are deduced from the 

15 
experimental results of Natawitz 

Fig.11. Variation of the complete fusion crass section for 1 6D+ e 3Cu 
plot ted as Or-p/™ "K2 i n -fi 2 units as a function of the center-
of-mass 1 6 D incident energy. The experimental values ere from 

15 
this work [full points) and NatDwitz [open points). Curve CD 

19 
corresponds to the calculated [see e.g. ref. ) tDtal reaction 
cross section, curve [2) to the model of Bass , curve (3) to a 
constant r c 
Wilczynski z . 
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