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ABSTRACT Jifeasurcincnts of o„ have been performed at 30 and 83 MeV/nucleon incident 

energy for 15 heavy ion systems using the attenuation method. The data 

arc coinparcd with predictions of microscopic calculations and a semi 

empirical formula i s given for a... 
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1.' Introduction 

The to ta l reaction cross-section a.* i s one of the mosL 

fundamental quantit ies characterizing nuclear reactions. l\re recently 
1? 12 11 

reported a study of the variation of o., with energy for the "C + C system / 

which, showed clearly tlic deviation of a,-, from tlic geometrical l imi t . This 

effect i s well known for nuc] eon-nucleus coll isions for wliich systematic 

measurements have been carried out over a wide range of energy and 
2-51 target , More recently DeVrics e t a l , reported the same observation 

for the o + C system K For these l ight systems DaVries c t a l . » > -> 

succcdcd in reproducing the trend of o„(K) with microscopic calculations 

in which the energy dépendance of a~ was linked with that of the average 

n u c l c o n - n u c l e o n . t o t a l - c r o s s - s e c t i o n - . I t i s t hus of 

. in teres t to know i f such deviations' are also systematically present, for 

heavier systems and to what extent nuclear reactions for heavy ion 

col l is ions may be explained in terms of individual nuclcon-nucleon 

interact ions . For heavy ion systems extensive data for o R exist only below 

20 MGV/IIUCI, ' and a few results arc available at higher energy K 

Values of op are generally extracted from e la s t i c scat ter ing data and 

arc thus to some extent model dependant. I t was therefore considered 

worthwhile to obtain direct measurements using the attenuation method * 

in the energy region 20-200 MsV/nucl. In this paper we present measurements 

of o^ for various systems at two bonburding energies (30 and 83 NfcV/nucl). 



Section 2 will briefly resume the attenuation method and experimental 
sot up. 11)0 results arc reported in section 3. In section 4 wo present the 
microscopic calculations dcveloppcd by Knrol ' which arc compared 
and discussed with data in section 5. In'section 6 wo propose a new 
empirical parameterization for o„. 

2. Attenuation method and experimental set up 

The total reaction cross-section c^ is proportional to the 
difference between the number of incoming beam particles and the corresponding 
number of outgoing particles after the target not having undergone a reaction, 
i.e. elastically scattered particles and residual beam. In the attenuation 
method ' the direct and simultaneous measurement of these two numbers 
is thus sufficient to obtain 0 R [given the target thickness). A detailed 

1 171 description of the set up has been reported elsewhere ' ' and we 
therefore present only a brief description of the main characteristics of 
our experiment. The beam is defined and counted before the target by 
two detectors (counter 1 and active collimator 2). After the target the 
outgoing particles are detected by a mosaic (wheel) of 19 counters. The 
function of the mosaic is to identify and to count the residual beam and 
the elastically scattered particles. This "wheel" is made up of a 
central detector placed in the beam surrounded by two concentric rings 
of 6 and 12 counters respectively. All the 21 detectors arc formed by plastic 
scintillators optically coupled to fast phototubes. The atomic charge 
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of scattered par t ic les detected af te r the target i s identif ied by measuring 

the time of f l ight between counter 1 ( s t a r t ) and any counter of the mosaic 

(stop) and the correspond inn l ight output: produced by energy loss (AI:) in 

tlio stop detectors . In spi te of tho fact that the beam intensi ty i s limited 

to 10 - 10* s (by tho count rate of tho detectors placed in the beam) 

a measurement can bo achieved in a few hours for a given system. 'Ihc 

l imitat ion of solid angles covered by our mosaic ( less than A u) and 

of identif icat ion of scattered par t ic les give r ise to corrections which 

are detailed in ref. 1. I t should be emphasized that for measurements 

presented herein the sum of these corrections never exceeded 10 % 

of the f inal value of a... 

The experiments reported in th i s work were performed with 

the C beam of the synchrocyclotron at CERN (S3 MeV/nucl) and with 

C and Ne beams delivered by the SARA fac i l i ty of the ISN, Grenoble 

(30 MaV/nucl). 

3 . Experimental results 

Tlio systems studied are as follow : 

, 2 C • , 2 C , 2 7 A 1 , 4 0 Ca, S 4 . S 6 . S 7 H , , « . « . " z n , S 9 Y at S3 NbV/nucl. 

1 2 C + 1 2 C ; 2 0No * 1 2 C , 2 7 A 1 , 5 6 F o , 6 4 Z n a t 30 M-V/nucl. 

The resulting values of <j„ arc plotted witli the i r corresponding error bars in 

figure 1 and numerical values arc presented in table 1. 'Hie figure shows c lear ! 

a change in tho dépendance of a., with tho mass numbers of tho colliding 

http://S4.S6.S7h


nuclei when the beam energy increases from 30 to 03 MaV/nucl. finch sot of 

values can bo reasonably described by a linear dépendance on (A,/ + A ] / ^ ) 2 

but the slope changes s ign i f i can t ly . This change (corresponding 

to a decrease of op with.energy) con be interpreted as an 

energy dependant transparency in nuclear reactions for heavy 

ion c o l l i s i o n s . This effect was already observed for the . 

1? 12 11 81 
C+ C system ' . For this system microscqiic calculations ' reproduced 

the variation of o« •* and the increasing transparency was related to 

the energy dépendance of the nucleon-nudeon total cross-sect ion 

Figure 1 shows that a transparency is observed systematically over a wide 

range of mass of the colliding nuclei. 

4. Microscopic calculations 

In light systems, the observed transparency lias been explained 

via microscopic calculations as resulting from the decrease with increasing 

. energy of the nucleon-nucleon total cross-section. For the systems 

studied herein the corresponding calculations were not available. However 

the basic ingredients of such calculations appear in a model used successfully 

by Karol at much higher energies ' . The basic assumption made in this model 

is that nuclear reactions are produced by individual nuclcon-nucleon into- . 

Tactions occuring in the volume of overlap of the colliding nuclei. . 

Senii-classiçaly o R can be written as a function of the impact 

parameter b : 

(jR = /" 2«b 0-T(b)) db (1) 
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Karol obtained the expression (2) for the transparnncy function T(b) 
by using the concept of mean free path of a nucléon' in nuclear matter 
and adapting it for heavy ion collisions involving straight line trajectories. 

T(b] - cxp(- o ™ /""^(b.sO pp(b,z) dr.) • (2) 

where 2 is a coordinate in the beam direction which specifics'with the 
impact parameter b, the separation 51? / b + z of the mass centres of 
projectile and target ando™ is the isospin averaged nucleon-nuclcon 
total cross-section. 'Jhc integrand in eq.(2) represents the overlap 
of the density distributions of the nuclei. 

It was shewn in ref. 16 that only the'tail of the nuclear 
densities (i.e. largo impact parameters) gives rise to values of T(l>) 
different from 0. Thus an adequate description of T(b) w a s obtained by 
fitting the tails of realistic nuclear density distributions by gaussian 
functions 

p(r) - p(0) exp (-*2/a2) (3) 

whore p(0) and a were calculated using semi empirical Fonuulac (see ref. 16 
for more details}. 
With these densities an analytical foim is obtained for T(b) : 

.A3 TCbJ.cxp-t^fWt w p ( . ^ _ ^ ] (4) 



This expression dcvclopped by Karol to reproduce data at relativisti.c 
energies ^ can also be obtained with the optical limit of Glauber 
theory •". As our results Iiave been obtained at medium energy we 
decided to take into account the Coulomb forces by substituting 
T(b') for T(b) in formula 1 with b'(l>) being the classical distance of 
closest approach. Thus a,, is given by : 

(5) 

"Hie root mean square radi i used in the semi empirical formulae of ref. 16 

spin 
20) 

have been taken from the littérature '. o^ 1 was obtained as the isospin 
averaged cross-section of the free nucleon-nucleon total cross-section 

5. Results and discussion of microscopic calculations 

The predictions of the calculations are compared witli experimental 
data in figure 1. The broken curve is drawn to show the general trend of 
the predictions. An overall agreement is clearly observed over the whole 
range of mass for the two energies. Thus simple microscopic calculations 
describe the trend of o^ for heavy ion collisions even at low energies 
where the optical limit of Glauber theory is probably inaccurate. The 
small differences observed between predictions and data could 
be due to the fact that we have not included the Pauli blocking effect in 
the calculations. The effects of Fermi motion, Pauli blocking and the nuc: 
potential have beeh included for nucléon-nucleus system by l)i liiacomo m\<\ 

al. * who observed;in iiiiprovmont of the description of the data. More 
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refined calculationsjm Hiding these effects for heavy ion coll isions arc 

uiuler consideration. Hie overall agreement suggests strongly that the 

transparency observed in this study for heavy ion systems over a wide 

range of mass can be related to the behaviour of a?." as for light pro jec t i les . 

I t should he noted that the predictions of the calculations are only 

sensit ive to geometrical properties and to the parameters (nuclear densities 

and nuclcon-miclcon total cross-section) at the surface of the coll iding 

nuclei . Tims the tota l reaction cross-section o., i s a quantity which yields 

information essential ly for large impact parameters so that questions 

concerning the relevance of the simple model used herein a t small impact 

parameters cannot be answered. 

As mentioned above the s ta r l ing point in such calculations 

resides in the definition of the mean free path for nucléons in nuclear 

matter. 

Microscopically the mean free path A of a nucléon in nuclear 

matter of constant density p is defined as 

A = (p o T ) (6) 

Here Cy is the isospin averaged nucleon-nuclcon total cross-section. 

Ibis simple definition of mean free path does not apply to the case of the 
collision of nuclei having a realistic (i.e. not a constant sharp edged) 
density. Forthis case a local mean free path can be defined in the overlap 
region of the nucléon densities at each step of the collision. This quantity 
A(b,z) is implicitcly contained in the microscopic calculations dcvelopped 

by Kami 1 6 ). 
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- ( 4 n p(ii fz»"1

 ( 7 ) 

whore p t , f> are the nuclear densities of the colliding nuclei, n i s the distance 

between the two mass cent res and r i s the projected distance of any point 

onto the n ax is . Tlic coordoiiato z i s taken in the beam direction as defined 

in figure A together with the impact parameter b . The success of the model 

in predicting o R values indicates that equation (7) i s a t least con'ect foi-

large impact parameters for which (1-T(b)) « 1. As. an exemple we have calculais-.' 
12 12 values of A(b,z) for the system C + C at 83 hfeV/nucl. choosing the impact 

I 
parameter b . / such tha t 

T ( b 1 / e ) = 1/e (8) 

Tlie value of b 1 . is 5.4 fm and the dépendance of A(b,z) on z is 
shown in figure 2. For the highest overlap densities (z = 0), the local 
mean free path is of the order of 2 fm and increases for larger z tending 
to infinity as p(b,z) tends to zero. 

Finally we remark that the model may bo extended to calculate other 
211 observables. Tims Chauvin et al. ' have fitted elastic scattering data 

with the same parameters we used to calculate values of o R. They have 
12 1? obtained a nice agreement with C + C data at 30 and 83 MeV/nucl. 
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6. Empirical parameterization for o„ 

IAS tlicy reproduce the trend of o R, microscopic calculations 

con be used to study the origins of the variation of a„wjt1> energy and to 

ostablisli a pni'tmctrizution of. o„ as n function of the masses of t!io 

colliding nuclei. Tor this study wo also considered other data 

from the littérature >'',3J. in aJU 17 distinct cases taken into account 

a pood overall, agreement between microscopic calculations and the data 

has been obtained as shown in fig. Id. Figure 3 shows the calculated value 

of (1-T(b)) at two energies (30 and 83 MsV/nucl):for two sets of 3 systems 

eacii having approximately the same value of (A.. + A ' ) 2 . For each 

system tlie dasiiod area represents the region of impact parameter 

becoming transparent when the beam energy increases from 30 to 83 MaY/nucl. 

This region of transparency is clearly located at the higher impact 

parameters and the form and the thickness of this region depend weakly 

on the system studied. A second observation is that a„ for a given value 

of (A,!/3 + A ^ 3 ) 2 depends on the mass assymetry of the system. This can 

be explained by a geometrical argument. For given values of impact parameter 

b and (A!^ 3 + A 1 ^ 3 ) 2 the volume of overlap depends on the mass assymetry 

of the system. As this volume increases with the syiiietry of the system, 

reactions can occur at higher impact parameters for nearly symétrie systems 

such as Z 0Ne + 1 2 C than for more assynetric ones such as II + Cu and 

^le + 4 0Ca. These observations can be used to improve the usual parametrization 

of o R 

This formula is a modification of the black disk model 
. . . . 13", without the Coulomb term at rolativtstic energies 

As remarked by Karol '' the overlap tenu x must lie varied for 

cadi system to reproduce the data. 
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We propose to replace the overlap tenu by two dis t inc t tenus 

in'order to reproduce the data at a given energy witli an unh|uc set of 

parameters. These two terras wi l l respectively describe the transparency 

effect and the mans assymetry effects . The 'proposed paramotvizalion of 

•.-̂ < ;̂-$^£-̂ -& 
'JliC! nssymetry tonn lias been paramotrizod by observing that tlio volitnc overlap 

increases nearly as A_/"< A ^ J for a gi>..n value of ( A 1 / 3 + A ^ 3 ) . 

The term c i s energy dependant rind is related to 

the thickness of the region of impact parameter becoming transparent for 

nuclear rcacti ons as the energy incivascs. 

The improvmant Ovc to the assymctry tenn can bo observed in 

figure A. I ;igure 4a represents the r a t io of experimental values of o,* with that 

calculated using formula 9 with r„ = 1.2S fill and x = 0. Figure 4b shows the 

influence of changing x with energy to improve the f i t with formula 9. 

I t i s clear that an unique set of values of r« and x in formula 9 at a 

given energy cannot describe correctly d a t a o b t a i n e d 

with different types of p ro jec t i l e . Finally the figure Ac shows the same 

ra t io but with op calculated with formula (10) using the parameters l is ted in 

table .2. An overall agreement i s observed for th i s great variety of systems. 

The most important discrepancies arc for systems for which the Coulomb 

correction i s very important ((1 - " r / ' W * " " ' ) • ' ; ° r t ' l c s 0 systems, 

(mainly p + 1 2 0 S n , 2 0 8 r b , at 30 MsV/nucl) the effect of the nuclear 

potential should be taken into account, The effect of the nuclear potential 

has been taken into account for p + ' u °Pb and p • Sn at 30 MsV/nucl. in 

the microscopic calculations using the parni&'trir.ation of the nuclear 

potential given by Nsnct ' . Apart from th i s problem formula (1(1) seems 

to be able to reasonably reproduce a,, values over a wide range of mass 

and energy. 
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Summary and conclusions 

Ko have measured n R for heavy ion collisions at two bombarding 
energies (30 and 83 MeV/nucl). A transparency for nuclear reactions 
'has been clearly cstablishcdovcr a wide range op mass of the colliding 
systems* A comparison between data and predictions of a microscopic, 
calculation devcloppcd by-Karol has been performed. The overall agreement 
suggests strongly that as for lighter projectiles the transparency 
of p., can be linked with the behaviour of the total' cross-section 
for nuclcon-nuclcon collision c?.n. Ilie predictions of t'lio microscopic 
calculations have shown that tlie'region of impact parameter bceoming 
transparent with increasing energy is located at the surface of the 

colliding nuclei and that the thickness of this region is nearly 
12 12 indépendant of the system studied. .A mean free path A for C + C 

at S3 MeV/nucl. in the transparent surface region of typically 2 fm 
was found. A dépendance of on with the assymetry- of the colliding 
system is also observed and has been explained with pure geometrical 
arguments. All these observations were employed to establish a new 
parametrization of a,, for all masses and energies in which only 
one parameter is energy dependant. 
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Tabic captions 

Tabic 1 
Numerical values of total reaction cross-sections a,, measured iGiiip, the 
attenuation method. 

Tabic 2 
2 Parameters of formula (10] obtained with a x minimization fitting procedure. 

The data used in addition to ours for this study are extracted from the 
references indicated opposite each incident energy. 

t 



Tiihlc 1 

. ElaL / nucleoid 30 M.-V/m:cl 

System 0 J ( (nib) 

1 2 c +
 1 2 c 1315 t 40 

2 ° N 0 4 1 2 C 1550 t loo 

2°N3 +
 2 7 A 1 2130 4 l'2o 

2 ° N e 4 5 Cro 2770 4 200 

2 0Ne 4 M7.n 2850 4 1BO 

E lab / nucléon = 83 MeV/nucl 

System 0"H (nib) 

1 2 C 4 1 2 C 960 ± 30 1 
1 2 C 4 2 7 A 1 • 1400 t 40 
12„ . 40„ C + Ca 15S0 4 60 
1 2 C 4 S « F e J815 4 loo 
1 2 c +

5 6 r o IGiO i 100 
1 2 c 4 5 7

F e 1320 4 80 
1 2C 4 M

Z „ 1900 4- 140 

C 4 Zn 2010 4 140 
I 2 C 4 6 8 z n 2120 t 140 
1 2 C 4 8 9 Y 2020 4 160 



Tiihle 2 

hJal) ( " l > v ' ' m K l ) r 0 ( f i i i ) :i c 

30 ' 1 ' C ' 7 ) 1.05 1.9 • 0.6 

63 b ' ^ .1.05 1.9 1.4 

600-900 5 , 1 3 ) 1.Ô5 1.9 1.9 



Figure captions 

Figure 1 

W o t of the expérimental data with corresponding error bars and of the predic
tions of the microscopic calculations h'nsed on the formulism devcloppcd by 
Karol . flic lines arc drawn to guide the eye and to illustrate the general 
trend of data and predictions. 

Figure 2 
Local density p(b,z) and local mean free path A(b,z) of nucléons in the 

12 17 
region of volume overlap of the system C + C at 83 IfcV/nucl as a 

function of the coordinatez. The impact parameter has been fixed to 

b l / e = 5 - 4 f n w h c r e T ^ b 1 / e J = 1 / e -

Figure 3 

Variation of the reaction probability (1-T(b)) as a function of the impact 
parameter b for Ii, . /nucl. = 30 and B3 MsV/nucl. Each set of three systems 
has approximately the same value of (A.' + A- ) . The dasliod area represents 
the transparent region and the vertical line is drawn to show the variation 
of the mean position of this region with the mass assymetry of the system. 
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Ratio of tho experimental to t)io calculated vnlue of o R . The calculated valin-s 

of OII nro respectively 

3a - , ,* (tf5 + A^Va - V W r„ = 1.25 f. 

3b - overlap model 

it rjj ( A ^ 3 + A 1 / 3 - x ) Z ( 1 - ] ! c / j y r 0 - 1.1 fin x = 0.1 30 MuV/micl. 

X = 0.7 83 MïV/iiucl. 

X = 1.3 600-900 MuV/nucl. 

3c - formula (7) usina thD parameters l i s ted tnble 2 

3d - microscopic calculations based on the formalism of Karol .. 

Hie parameters used for the figure 3b and 3c have been obtained using 
2 

a X minimization f i t t i ng procedure. 



h * 4 

4 , sc+x 
j Î0N.+X 

(A, + Ap) 
50 



F ; 3 6 



(r. 

r 

I 3 



i 1 

(O) . * I 

1. 

i 

1 1 ' . • . J 'HI* 1 1 
» 

0,-

•h ' • i • X/n = SO 
0,-

0. k. fe ». 

1.-
S i 

«t ii 
i f 

• ; < • • J j i m » ' 1 1 

a-

M ' Vn=r 
a-

0. • k " • io. 5. 

<C) i 1 

t . - Vj . 't i t f i . i » U iii * ,.' 
1 

o.-
Xrt»=3 

o.-
IX k 4x s. 

(di 
1 

1 . - '\V 'I M/I.. , I !niu ' ' I l 

o.-

X^=2.5 
o.-

». k Jo. 9-

(A,+A p ) 


