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Abstract : 

Total reaction cross-sections of neutron r ich nuclei fron C to Hg in a 
thick S i - ta rget have been neasured using the detection of the associated 
y-rays in a 4n-geometry. This cross-section strongly increases with neutron 
excess, ind ica t ing an increase of as much as 15 f of the reduced strong 
absorption radius with respect to stable nuc le i . 

* Experience performed at the GANIL National F a c i l i t y . 



High prinary bean in tens i t ies and production rates of exotic nuclei at 

the r.AIIIL accelerator allow the neasurenent of properties of nuclei far f ron 

s t a b i l i t y , "ecent ly , we reported on the nass-neasurenent'* of neutron r ich 

nuc le i . The present work reports the neasurenent of to ta l reaction cross-
3 u \ 

sections of some of these nuc le i . Tanihata et a l . have recently neasured ' 

to ta l reaction cross-sections for He, Li and Be Isotopes. These results have 

stimulated considerable in te res t , and were quite well reproduced by theore-
5 6 ) 

t i c a l calculat ions • using the Glauber model and a Hartree-Fock l i ke v a r i 

at ional ca lcu lat ion for the nuclear s t ructure. An important di f ference, 

however, was observed for U L i . 

l 21 
The experimental arrangement used fo r mass-measuremenents ' sui ts 

well the simultaneous measurement of to ta l reaction cross-sections. A Ta 

target (350 and 500 ng/cm 2) near the e x i t of the accelerator was bombarded 

with a 60 MeV/nucleon l , 0 Ar beam of 1 uAe. Part of the secondary par t ic les 
7) 

produced were transported to the magnetic spectrograph SPEG . At the focal 

plane, a non dispersive doubly achronatic tuning of the l i ne ensures a maxi

mum bean envelop extend of about 2 x 2 cm 2 . Hence, a l l the par t ic les h i t a 

telescope consist ing of two 300 (im iE and a 6000 ^m F so l id state Si-detec

to rs . The telescope was surrounded by an array of six hexagonal Nal (T i ) 

detectors 13.1 cm thick and 23.5 cm long, covering a so l i d angle of 87 % of 

4n. Behind the so l id state detectors, a smaller Nal (Tt ) detector (7.5 cm 

thick and 10 cm long) permitted to detect Y rays a i | d charged part ic les in a 

close-up-geometry ( f i g . 1 ) . The par t i c les were i den t i f i ed by the energy-loss 

signal of the f i r s t iE detector and the time of f l i g h t T between this detec

to r and a microchannel plate device posit ioned 80 meters up stream. For a 

given Bp-value, T and /3T/T are essent ia l ly proport ional to A/Z and Z, 

respect ive ly . 

The raw uncorrected reaction probab i l i t y P-eac is given by the number 

of coincidences between the ûE counter and any set of Nal detectors divided 

by the singles in the ûE detector. The reaction p robab i l i t y P " ™ was of the 

order of several percent in the present measurements. 

Several correct ions were applied in order to obtain the reaction cross-

section : 

- correct ion fo r random coincidences (about 2 %), 
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- correction for anMquous iden t i f i ca t i on : background due to t a d s in 

the Ident i f i ca t ion functions was substracted (about 1 * ) , 

- ef f ic iency correct ion. 

The last one is the nost inpor tant . * detection e f f i c iency of the six 

detector array of 70 Ï for a single photon was measured using a ca l ibra ted 
6 0 Co source. A geonetrical ca lcu la t ion and the neasured n u l t i p l i c i t y lead to 

a probabi l i ty of 84 % that at least one detector f i r e s . The coincidence 

probab i l i t y between th is array and the smaller Nat [TO was found to be 

around 70 %, thus the combined detect ion probabi l i ty was about 95%, wi th an 

estimated uncertainty of 5 %. This uncertainty contr ibutes mainly to the 

uncertainty of the absolute value of the cross-section. No dependence of 

th is correct ion on nass or atomic nunber is expected. 

Applying these correct ions, we obtain the corrected reaction probabi l ty 

P . The to ta l reaction cross-sect ion is obtained using the re la t i on 
reac 

«R • Preac x 2 « - 0 8 5 / ( V R > " > 

N, is the Avogadro nunber, 28.085 g/nol is the weight of the unenriched 

Si of the detectors that const i tu te the target and R is the range of the 

i n c i d e n t p a r t i c l e s in S i . R was taken frortm the tab les of F. HUBFRT et 

a l . Jwhich are in good agreement ( 1 .4 " ) w i th recent measurements . The 

incident energy of the pa r t i c les i s well known by the Bp-value of the bean 

l i n e . Two values of Bp were used, 2.611 and 2.876 Tm. The thickness of the 

f i r s t AE-detector must be substracted from the tota l range since a correct 

i d e n t i f i c a t i o n implies that no react ion has occured in th i s detector. 

The measured cross-sections correspond to thick target y i e l d s , and 

represent a mean value over energy from E „ „ at the e x i t of the f i r s t AE r max 
counter to the Coulomb bar r ie r energy V ^ . Due to the select ion by the mag

n e t i c r i g i d i t y , the energy E varies from one nucleus to the other and is 

t y p i c a l l y 40 to 60 MeV/nucleon . Here we are mainly interested in the var ia

t i on of the nuclear propert ies as a function of neutron excess. I t i s then 

necessary to reduce the experimental P r e a c to a quanti ty independent of the 

energy. So i s the reduced geone t r i ca l st rong absorp t ion rad ius r , as 

defined by 

oR(E) = *r2 f(E) (2) 

where the energy dependence f (E j can be estimated in appropriate models. 
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>j M y 
T h e n "reac = W / °R< E ) d R " W * 2 / l £ x f(E) « dE (3) 

where dE7.„ is the stopping power which was approximated by dE/dPa E . 

lo i 
We used for f{E) the enpir ical fornula of Kox et a l . . 

f(E) = (Aj/3 + Aj'3 + — i ? C(E))2 (1 - |£ ) (4) 
A} ' 3 • A j / 3 Ec.n. 1°) This formula reproduces very well the experimental data over a large 

energy donain and for many systems. It contains a correction for assynmetry 
proportional to a = 1.9, an energy dependent transparency term C(E), and a 
correction for the Coulomb barrier. We have used a linear dependence for 

10 1 

C(E), based on the resul ts of Kox et a l . : 

C(E) = 0.14 + 0.015 E/A (5) 

One f i n a l l y obtains a t f i r s t order : 

a 
P =nr2 02 (1 - 2.37 j £ - 0.O190 £ j£) (6) 

c m . 
where 

1/3 1/3 1/3 1/3 , 1/3 1/3, . . , 
0 « Aj + A 2 + aAi A 2 (Aj + A 2 ) - 0.14 fn (7) 

"takes into account the normal A-dependence of the cross-section and the 
reduced radius r i s expected to be independent of energy and of the svstem. 

10) ° 
Kox et al. obtained a value of r_ - 1.05 fn. The values obtained in the 

o 
present measurements are shown on figure 2. 

The comparison of the measurements done at the two Bp values, therefore 
at two energies for each nucleus, provides a check of the validity of the 
energy dependence (4). The two values of r 2 agree within error bars. A 
strong variation of r* on neutron excess is observed. Note that r* should 
not depend on the atonic nunber because the expected A-dependence is already 
taken into account explicitely (equations (2) and (4)). Possible sources or 
experimental artifact were carefully checked . Mo correction was found to 
depend significantly on the nuclear species. For example, the correction due 
to y-nultipHcity varies by 2 % from 1 5 N to l 9N. 
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Such a strong dependence is surprising. A long range tail of the nucle

ar natter distribution nay produce such an effect. This could be due to 
increasino deformaticn as a function of neutron excess, as was suoqested bv 

S U ) ' ' 
Tanihata et al. ' in order to explain the unexpected larfje radius observed 
for u L i . Our data show this trend for all atonic nunbers and it is not 
likely that such a structure effect will show up independently of the proton 
nunber. Hence it seens nore probable that a long range tail would be due to 
an increase of the diffuseness or a neutron halo. 

In order to haye a quantitative estimate of such effects, we have cal
culated these reaction cross sections following a simplified Glauber app
roach. The attenuation of the incident flux is calculated from the probabi
lity for a collision between a nucléon of the target and a nucléon of the 
projectile . The nuclei are supposed to move on a classical trajectory 
calculated in a realistic Coulomb + nuclear potential. The total nucleon-

12) 
nucléon cross section was taken from the l i t e r a t u r e . The nat ter d i s t r i b u 
t i on of the nuclei was that of the droplet nodel . 

The resul ts of these calculat ions are as fol lows : 

- the energy and mass dependence of ea.(4) is very well reproduced by 
the c a l c u l a t i o n s . Indeed, the r value extracted f ron calculated <j. a t d i f 
ferent energies (and therefore for d i f f e r e n t nucleon-nucleon cross sections) 
and var ious nuc le i are very cons tan t , i . e . r = 1.05+0.02 fm. This also 
excludes a bias due to an inproper geonetry in en. (4) . 

- Higher reaction cross sections can be obtained by allowing a deforma
t i on of the nuclei or , equivalent ly , an increase of the diffuseness of the 
mass d i s t r i b u t i o n . In order to obtain the 15 % increase of r observed for 
M-Z = 6, i t is necessary to use a quaiVupole deformation 3 = 0.7 or a d i f f u 
seness of a ' 0.7 instead of the standard value a = 0.55 f n . However, 
Hartree-Fock c a l c u l a t i o n s fo r C and 0 pred ic t a very small increase of 
the root-nean-square radius, which i s in contradict ion with such a strong 
increase of the diffuseness or such a strong deformation. 

In conclusion, we have measured the reaction cross-section for neutron 
r i c h - l i g h t nuclei on S i . The reduced strong absorption radius increases 
rap id ly with neutron excess. » s t r i k i ng feature of the present data i s that 
t h i s unexpected increase does not depend on the atomic number, but only on 
neutron excess. 



FIGURE CAPTIONS 

11 A schenatic view of the experimental set up for the detection of the 
associated radiat ion around the Si-telescope that serves as target . The 
six detector array is nainly sensit ive to y rays and-, with less e f f i c i e n 
cy, to neutrons, whereas the smaller liai detector behind the telescope 
w i l l reg is te r , too, charged par t ic les produced in the forward angle cone 
with high enough energy to leave the las t Si-detector. 

2) The square o f the reduced strong absorption radius r* as a funct ion of 
neutron excess for various atonic nunbers. 
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