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1. INTRODUCTION 

In recent years a considerable experimental effort has been 
devoted.to the investigation of nuclear.reactions iriduced by 
high-energy projectiles 111

• Such investigations yield valuable 
information for understanding the reaction mechanism and nuc­
lear properties, but can also be useful for testing the funda­
mental concepts of high-energy physics.The interaction of high­
energy projectiles with complex nuclei can be understood in 
terms-of a two-step mechanism in which the excitation and de­
excitation stages are assumed. Experimental data are obviously 
discussed in the framework of two extreme concepts of the re­
action mechanism: the abrasion-ablation121 and the . intranuclear 
cascade l 3;4/ models. These model representations can be used 
to calculate the mass distributions of target residues in these 
interactions. 

1561 Two basic hypotheses of high-,energy physics ' can also 
be discussed. The hypothesis of factorization (scaling) pre­
dicts that both the spectra and yields of a given fragment can 
be described as a product of a target or projectile factor. 
The distribution of fragments is independent of the proj~i;:t:ile 
except fora constant term projectile factor. The second one, 
limiting fragmentation, predicts that the energy·spectra and 
cross sections of residues in their proper frame (either a pro­
jectile or a target) are independent of bombarding energy at 
sufficiently high energies. 

In this context a.careful and systematic experimental study 
of the distribution of ·residues produced in nuclear reactions 
induced by high-energy projectile is desirable •. Particularly, 
it is worthwile to investigate the yields of products formed 
in relativistic heavy-ion interactions with those produced. in 
proton-induced reactions at the same AGeV energy. Using this 
motivation, we have undertaken a study of the nuclear reactions 
induced by 3.65·AGeV 1:C-ions and 3.65 GeV protons with tanta­
lum target nuclei using the foil stack action technique and 
Ge(Li) gamma-ray spectroscopy. This experimental technique is 
unique as regards the identification of a variety of residues, 
the products of spallation and target fragmentation. A large 
n~ber of heavy target residues forms a good statistical basis ____ ..,_ __ _ 
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for obtaining their charge and mass distributions, as well. 
In view of both basic concepts and reaction mechanisms these 

· results and their analysis are important. Moreover, the avai­
lability at the Dubna synchrophasotron to accelerate the 1:?c­
ions and protons with the same A GeV energy allows one to make 
a comparison with earlier studies of the tantalum target frag­
mentation by intermediate 0.34-0.66 GeV 17- 91, 5.7 GeV /lO/ and 
8.1 GeV 1111 proton energies, respectively, as well as to gain 
new experimental results: to date the nuclear reactions of 
tantalum with high-energy 12C-ions have not been experimental­
ly studied. 

The paper is organized as follows. The experimental proce­
dure is described in Sect.2. The results are presented in 
Sect. 3, i.e. nuclidic cross sections and their parametriza­
tion which gives charge dispersions and isobaric yields of tar­
get residues in both experiments. Here, the measured recoil 
properties of intermediate fragments as well as effects of se­
condary particle induced reactions are also given. Sect. 4 
deal~ with the test of fundamental hypotheses (factorization, 
limiting fragmentation) .regarding to present and previous re­
sults. In Sect. 5 we compare mass-yield distributions with the 
abrasion-ablation and .intranuclear cascade model calculations. 
Finally, Sect. 6 contains our conclusions. · 

2.·EXPERIMENTAL 

. Target stacks containing Mylar, alumin'ium and t_antalum 
. foils of high purity (99.99%) were irradiated with 3.65 AGeV 

12C-ions and 3.65 GeV protons in an external beam of the Dubna 
synchrophasotron. The target discs were 5 cm in diameter and 
their thicknesses were as indicated in table 1. The.target 
stacks, positioned so that the beam passed through the centre, 
were exposed to 12C-ion and proton beams with a total intensity 
of about 10 13

• Aluminium foils No.2 in both target stacks were 
used as beam flux monitors by measuring the induced 24Na ac­
tivity. The cross sections of the monitor reactions 
27Af(p,X) 24 Na and 27 Ae( 12c,X) 24Na were taken to be 8.7±0.8 mb 
and 19. 0 ± 1. 5 mb /12/ , respectively. 

The targets were gamma-ray counted on the Ge(Li) spectrome­
ter with 4096 channel capacity. The resolution of three Ge(Li) 
detectors used (28 cm3 , 45 cm3 and 50 cm3 ) was 2.8 keV, 2.3 keV, 
and 2.5 keV, respectively. They were calibrated for absolute 
efficiencies with a variety of gamma-ray standards: based on 
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Table 1. Properties of the target stacks· 

Foil Material Thickness (mg/cm 2
) for 

proton beam 12C-ion beam 

1 Al 19~ 5 20.1 

2 Al 20.0 20.0 

3 Al 20.0 19.8 

4 My 17.6 17-5 

5 Ta 62.·1 61.9 

6 Ta 154.2 154.0 

7 Ta 61.8. 62.0 

8 My 17-5 17.5 

the deviations of individual calibration points from a smooth 
curve the absolute accuracy of the calculations wa~ estimated 
to be about 5%. The spectra were analyzed with a computer 
code SAMP0 1131 • The radionuclides were unambiguously identi­
fied by their gamma-ray energies, half-lives and fractional 
abundances 1141 

3. RESULTS 

3.1. Secondary effects 
\ 

The contribution of secondary particle induced reactions. 
to the nuclidic cross sections was estimated from the ratio 
of the production cross sections measured_simultaneously 
with the thick and thin tantalum targets~ Fig. 1 shows the 
ratio obtained for these two targets in both experiments as 
a function of product mass number. The ratios for b~th reac­
tions were found to be independent of mass number for pro­
ducts with A._~ 150; the average value of the thick to thin 
target cross section ratios fluctuates about unity. It indi-
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Fig. 1. Thie~ to thin target cross sectio{l? rat\o~ R = 
= a (154 mg/cm 2)/a (62 mg/c~) from the C + 8 Ta and 
reactions at 3.65 AGeV, respectively. 

cates that secondary effects for these products are negligib­
le. On the other hand, the experimental ratios for products 
A~ 150 sharply increase with product mass number. It shows 
the occurrence of visible secondary effects for nuclides pro­
duced close to the target number. The nuclidic cross sections 
in this mass region were corrected for the contribution of se­
condaries by linear extrapolation to zero target thickn~ss. 

3.2~ Nuclidic Cross Sections 

The nuclidic cross sections are listed in table 2. The er­
rors assigned to the cross section values are based on those 
of counting statistics, detector efficiences and target thick­
ne.sses, as well. The systematic error of about 10% correspond­
ing to the beam flux monitor is not included. 
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Table 2. Cross sections for the production of target residues in the 
reactions of tantalum with 3.65 AGeV 12c-ions and protons. Symbols I 
and Care used for independen~ and cumulative yields, respectively •. 

Nuclide Type of yield Protons {mb) · 
12C-ions (mb) 

1 2 3 4 

24Na- C 
+ 36.f!:3.3 7-5-0-5 

28 C 2. 9!0.2. + 
Mg 

12.1-0.9 

43K C 
+ 1.5-0.2 

46sc I 
+ + 

6.3-1.0 13.7-2-9 

48sc I 
+ + 

0.8-0.2 3-4-0-7 

52Mn C 
+ + o. 7-0.1 1.8-0.4 

59Fe C 
+ + 

1.0-0.2 2.1-0.1 

65zn C 3. 9!0. 6 10.5!1.~ 

72Ga 
+ 

C 
6.8-1.2 

73Ga 
+ 

C 
4.Q-1.1 

71As C 
+ 6.s!o.7 2.1-0.2 

74As 
+ 7.3:0.9 

I 2.s-c.2 

73se C 
+ 1. 0-0. 2 

75se 2.9:c.E 
+ 

C 
7.7-1.E 

77Br C 4.2:1.0· 

81Rb 3.6:!:0.3 
+ ,, 7.9-0.8 

V 

82Rbm C 
+ + 

1,. 7-0. 4 6.0-1.5 

84Rb I 0.6:!:c.1 
+ 2.1-0.5 

84Rbm I o.s:!:c.2 

5 



Table 2 (continued) Table 2 (continued) 

-
1 2 3 4 1 2 3 4 

86y 3.9:!o.6 + 
+ C E.2-1.4 --

6.0-1. 9 132ce C _87y + 
+ C 2.8-0.2 + 19.9:-2-8 133ce C 8.4-1.2 

3.4:!o.5 + 
+ ·6 

87ym C 11.6-1.9 
135ce 5.e!o.·5 12.3-1.-C 86zr + , • 9:!:o. 4 + C 1.5-0.2 
138prm C 3.1-1.e 

8%b + + 
+ C 2.3-0.2 5.2-0.7 

I + 19-3-2-7 145Eu C 13-5-1. 9 
90Nb + + 

+ C 2.1-0.3 6.4-1.1 + 21.0-2.8 146Eu C 1 o. 5-1. 2 + + 
+ 

93Tc C 1.3-0.2 2.1-0.4 I 
147Eu 14.1:!:1.6 29-7-3.8 C + + 94Tc 2.6-0.6 + I 1. 4-0. 2 

l 14eEu I 2.3-0.4 
+ 

7~5!2.0 
95Tc C 3-7-0-3 + 150Eu ·c 4. 9-1. 0 _101Rhm + 

+ . + 1 C 2.9-0.3 
147Gd 1c.e-1.2 25.7-3-C 100Rh 13.0:!:2.6 + + I 

' 29-9-4.0 i 149Gd C 14.2-1.8 104Ag + 5.0!1.4 
17. 3:!: 6. 9 

C 2.5-0.6 + 151Tb C 8.0-3-5 105Ag 4.s!o.6 
+ + C 

I 153ny C 5.8-1. 9 15.0-4.8 
125sn + 

14.9!2.6 
C 7.1-2.2 + 160Er C s.1-1.2 

+ 118Sbm C 3. 6: 1 • 2 161Er C 11 • 9!3. 1 24.8-9.0 
126Sb + 6.9!1.8 i1 + 47. 0!9. 8: C 3-9-0.9 166yb. C 26.1-4.9 

+ 127Sb 1. o! 1. I + 
4.7!0.6 10.3-1.5 C 11.2-2.1 169yb C ,,, 

+ 121Te + + 31. 7-3-3, 
/ 

17.0-1.5 C 6.1-0.7 171 Lu. C 
129cs C 7. 6:!:c. 9 170Hf C 14.4:!:3.6 43.2!9.4· 
140Ba + . 

+ 36.1!4.9 C 13.E-2. 7 173Hf C 15.3-2.0 131 
. + + La C 4.0!0.4 175Hf C 18.3-1-9 43. 6-4. 9 

132La 
9.1!0.5 + C 19.4-1-2 
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Table 2 (continued) 

1 2 3 4 

174Ta C + 8.6-1.1 + 23.8-3.2 

175Ta C + 19.3-1.8 + 41.2-5.1 

178Tam I 12.0:5.5 

1c2Ta C 
+ 3-9-0.7 

1e2Re I + 24.1-8.2 

184Ir C 
+ 6.4-4.1 

192Au C 
+ . 

19. 9-4-5 

3.3 Charge and Mass Distributions 

The nuclidic formation cross sections a(A,Z) were paramet­
rized as a function of the product mass A and atomic number 
z as 

a(A, Z) = a(A)( 2rrC;(A)]-½ exp( - (Z -Z pCA ))2 
2C:(A) ], (1) 

where a(A) are isobaric yields, Cz(A) is the charge dispersion 
width parameter for the mass number A, and Zp(A) is the most 
probable atomic number for that A. Over small mass ranges, the 
width parameter is independent of A, and the centre Zp(A) of 
charge distributions can be represented by a linear function 
of 

Z (A) = a + bA. p (2) 

Using these assumptions as well as a further assumption that 
a(A) varies smoothly and slowly as a function of mass number! 
the measured cumulative cross sections were iteratively cor-

d /15/ recte for precursor $-decay . 
In order to obtain the charge dispersion parameters, the 

measured nuclidic cross sections a(A,Z) placed in eight group~ 
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Table 3. Charge-dispersion parameters 

Mass Protons 
range CZ a b 

24-65 o.6s c.60 o.44 

71-81 1.06 0.31 0.4,5 

84-90 0.62 -0.55 0.48 

93_105 o.'90 -2.29 0.46 

121'..:.135 1.25 3.42 0.40 

145-153 1. 10 3.27 C.42 

155-170 0.60 0.78 0.41 

171-175 0.90 -2.84 0.43 

171 I A I 115 

Mass 12C-ions 
range cz· a b 

24-65 0.62 -1.12 0.48 

72-81 1.12 1.24 0.43 

84-9C 0.64 1.10 0.44 

93-1C5 0.95 0.24 0.44 

125-135 0.60 1.50 0.42 

145-153 1.20 1.eo 0.42 

155-170 0.65 -5.82 0.46 

171-192 1.20 -7.62 0.48 

UF- I 155 I A 1111 145 f A i 1H 

inbl I . m • • • ns 

,o1 l I! , A 
tJIAl1~ 

I 
100 

IHAUO 71 I A 111 

P + 
111

Ta 

• ·r·· _ ~0.1 
' 4 

I 

,, .. ,· 

-1 0 1 -1 0 -1 0 1 -1 0 1 

z -z p . 
Fig. 2. The charge dispersion curves from the reactions of 3.65 GeV protons 
with 181Ta. 
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to mass numbers were fitted to an independent Gaussian-shaped 
yield (eq. (1)) with the non-least-square robust minimization 
code ROLSM 1161 • It should be noted that no isomeric states were 
included in the fitting procedure. Nucliding groupings along 
with the width parameters Cz and the coefficients a and b of 
the Z p(A) functions ( eq. ( 2)) for both investigations are 
listed in table 3. The charge distributions for target residues 
from the p + 181Ta and 12c + 181Ta reactions at 3. 65 AGeV are 
displayed in figs. 2 and 3, respectively, where, as usual, the 
calculated fractional isobaric yields aF are plotted versus 
Zp-Z. As can be seen, the charge distributions of target re­
sidues from both reactions are very similar, the differences 
being in the magnitude of yields. 

The mass isobaric yields aA have been also obtained on the 
assumption of Gaussian charge dispersions and the set of the 
fitting parameters listed in table 3. The p + 181Ta and 12c + 

· + 181Ta mass yield distributions are displayed in fig. 4, were 
the aA values are plotted versus the product mass number A. 
Both distributions are displaced vertically by a factor of 10 
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Fig. 4. The mass yield distributions of target residues from the reac­
tions 12c + 181Ta and p+ 181Ta at 3~65 AGeV, respectively. 

for display purposes. The error bars incorporate only measure­
ment statistics and do not ·take into account the·. errors due 
to uncertainties in the beam flux or those induced by the ana­
lysis of the charge distributions •. Due to the ch~rge ~Hspersi­
on fitting process, the value of systematic uncer.tainties was 
estimated to be approximately 20%. . 

3.4. Recoil Properties of Intermediate Fragments 
i 

The Mylar foils No.4 and No.8 in .both tar~et stacks were : 
used as' catchers of intermediate fragments· ("' .. Na , 

28
Mg) emit-. 

ted in the backward and forward direction, respectively. The 
appropriate forward (F) and backward (B) catcher foils were 
gamma-ray counted on the same Ge(Li) spectrometer as discuss-· 
ed in Sect. 2. The activities of -24Na and 28 Mg were determi­
ned in a given catcher from the counting rates of the most in-

11 



Table 4. Recoil properties of 24Na and 
28

Mg fragments produced in 
the p +18 1Ta and 12 c+ 181Ta reactions at 3.65 AGeV 

Fragment Reaction F/B 2W(F+ B) (mg/cm2) 

24Na 
p+181Ta + + 2.01-0.11 10.56-1.45 

12c+181Ta + + 2.32-0.14 12. 68-1. 67 

28Mg 
p+181Ta + + 1. 86-0.12 12. 48-1. 50 

12c+·181 Ta + + 2.20-0.14 14. 23-1. 73 

tense gamma-rays 1141 • It makes possible to determine the ra­
tios of the forward-to-backward emission F/B and the mean ran­
ges in the target material 2W (F + B) . Here, F and B are the 
fractional numbers of fragments recoiling into the forward and 
backward catcher, respectively, Wis the total target thick­
ness in mg/cm 2. The results obtained for 12C -ion and proton 
projectiles are summarized in table 4. It is seen that F/B as 
well as 2W(F+ B) values for both fragments are larger in re­
actions induced by 12C-ions. 

4. TEST OF FUNDAMENTAL HYPOTHESES 

The discussion of results can be presented in terms of the' 
basic_ concepts of high-energy nuclear physics, such as facto..:' 
rization and limiting fragmentation. · 

Let us consider a single particle inclusive reaction 

P+T-F+X, (3) 

in which the projectile P interacts with the target T to pro­
duce fragment F, and X represents anything else. Following the 
hypothesis of factorization 151 , the cross section for product: 
of the target fragmentation F can be factorized to 

F 
aT;P 

F 
aTyP' (4) 

where Yp is dependent only on the projectile. Thus, the facto­
rization implies that ratios 
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Fig. 5. Relative projectile factors Ji2c/Yp and yd/yp ~f ·target 
residues from the reactions of 3 .65 AGe"-1 1Jt-ions, deuterons 1111 

and protons with 181Ta. The solid horizontal ·lines indicate the 
appropriate average values. 

u F( 120 + 1s1Ta) Y12C 

F( 181T ) a p + a Yp 
(5) 

should have a constant values for any target residue. In the 
equation (5) the ratio y12 ,.Jy represents a relative projec­
tile factor. This observab1.e P for tantalum fragmentation by 
3.65 AGeV 12C-ions and 3-65 GeV protons is· displayed in fig.5. 
The average value of the relative projectile factor< Y12cfYp >= 
= 2.32 !" 0.56 was obtained for 38 values of isobaric cross 
sections of target residues in the mass region from A= 24 to 
A=175. It corresponds to the ratio of the total cross sec­
tions of monitoring reactions 27Ae( 12C,X) 24 Na and 27Ae(p,X) 24Na 
at 3-65 AGeV which is 2.18 ± 0.39. The relative projectile fac­
tors yd/Yp for 3-65 AGe~ deuterons 1111 and 3-65 GeV protons 
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Tabl_e 5. Comparison of cross sections, radii and impact parameters 
of nuclear reactions with 181Ta induced by 3.65 AGeV protons, deu-
terons Ill/ and 12c-ions 

Reaction UTR 
"R' Rp RT b 

(b) (b) (fm) (fm) (fm) 

p+181Ta + 1.52-0.26 2.22 1.37 7-75 6.96 

d+181Ta 1. 67:!:o. 31 2.42 1.73 7.75 7. 29 

120+1s1Ta + 2.36"."'o.4e 3.26 3 .14 7.75 8.67 

are also shown in 'fig. 5. The average value <yd/ y > = 1. 62 ± 
1 0.39 was found to be'also consisted with the ra/io of total 
cross sections of appropriate monitoring.reactions which is 
1.70 ± 0.32 1171 • 

The production cross section of target ~esidu~s, uTR, can 
be obtained by an appropriate summing of the isobaric yields. 
Our integration was· performed over the interval from A = 40 
to the target mass number. A lower limit of 40 mass units 
was chosen for the same reasons as ·given _in 1181 • · The results 
of this integration along with those for the d + 181 Ta 1111 in­
vestigation are· summariz_ed in table 5. Here, the total reac­
tion cross sections uR calculated as 

2 1/3 1/3 2 
uR = rrr0 (AP +AT -bPT), (6) 

with parameters r 
O 

= 1. 37 fm and bpT = 0.51 1191 are also in­
cluded. The scaling of the cross sections uTRis evident. 
It is also seen that cross sections of target residues repre­
sent about 70% of uR; from the fraction of the total reaction 
cross section the · impact parameter b can he estimated. As is 
seen from table 5, the calculated impact parameter values 
b .<· Rp+ RT• where the appropriate radii are Rp = r0 A~

13
, and 

RT= r A1T13 , respectively. This indicates that residues from 
0 ' 

the tantalum fragmentation by 3.65 AGeV projectiles are pro-
duced in collisions where the centre of the projectile lies 
inside the radius of the target nucleus. 

'Another evidence for factorization could follow from the 
comparison of FIB and 2W (F + B) recoil properties for both 
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Fig. 6. Ratios of cross sections of target residued from p + 181 Ta reactions 
measured in this work with 3.65 GeV protons to those of ref. /11l for·a.l GeV. 

projectiles. If the factorization hypothesis is valid, the 
appropriate ratios should oscillate about unity: 

[ FIB]12c [2W(F + B)]12c 
1. 

[FIB] p [2W(F + B)] p 
(7) 

Neverth~,less, the ratios [ FIB] 12c /[ FIB JP for 24 Na and 28 Mg 

fragments 1.15 ±0.14 and 1.18± 0.16,respectively,as well the 
ratios of mean ranges [2W(F+B)] 12 /[2W(F+B)] 1.22 ± 0.34 

, C p 

and 1.14 ± 0.29, respectively, are larger'than expected. 
The concept of limit-ing fragmentation 161 implies that for 

suffici~ntly high projectile energies the cross section for 
production of a residue is independent of energy. In order to 
test this hypothesis, we compared our. p + 181 Ta results with 
previous: proton data /lO, 111 at 5. 7 GeV and 8 .1 GeV, respecti­
vely. The ratios u3_65 /u5. 7 and ag_65 /ua.1 ( see fig. 6) of 
the measured 10 and 34 nuclidic cross sections, respectively, 
fluctuate about unit. The average values of the ratios are 

<u3.65/u5.7> =1.05 ± 0.15 

<u
3 65 /u 1> = 1.05 :!:. 0.29, 

• 8. 
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respectively. The target residue mass distributions obtained 
for the reaction of relativistic protons with tantalum target 
nuclei are compared with those for intermediate protons 17-1J/ 
in fig. 7. The shapes of p + 181 Ta mass yield distributions 
at 3.65 GeV, 5.7 GeV and 8.1 GeV are very•similar, but diffe­
rent from those resulting from the p + 181Ta reactions at 
0.34 GeV 171 , 0.45 GeV 181 and 0.66 GeV 191 proton energies. 
The limiting fragmentation, as has been attempted, is not va­
Hd for intermediate proton energies. The similarity of the 
mass distributions of target residues as well as ratios of 
nuclidic cross sections at 3.65 GeV, 5.7 GeV and 8.1 GeV ma­
nifests the validity of limiting fragmentation at these ener-
gies. 10 3 ,-------r------r-----,---------. 

16 

102 

~ 
(mb) 101 

,oo 

10-1 

102 

Ip +1s1Ta J 
0.66 Gev • .-• 

-~ . . __ /··· •-

:1 
.: .. 

,._;·'• 
I • . -• : . 

I : 
3.65 GeV ·: 

• • • • • 
Q.45 GeV : 

'v .
..... , • ·" ·, -• ~ . 1........... : 

·ii • ' 
0.34,~V,' \ : 
' . .. : '- .. . _-..,.. ..... 

~ 
10 ,._0 ___ 5._0 __ _._100 ___ 1_._50 __ ~2-00 

PRODUCT MASS NUMBER 
Fig. 7. The comparison of the target residue mass distribu­
tions for the interactions of- tantalum with intermediate and 
high-energy protons. 

5. COMPAROSON WITH MODEL CALCULATIONS 

The,mass-yield distributions of target residues from the 
p + 181Ta and 12c + 181 Ta reactions at 3. 65 AGeV were compared 
with the abrasion-ablation (AA) and intranuclear cascade (INC) 
model calculations. Th~se two models represent two different 
views of relativistic nuclear collisions: while the intranuc­
lear cascade model pictures the interaction as uncorrelated 
collisions between individual nuclaons from.two nuclei, the 
abrasion-ablation model :·assumes that the interaction cdnsists 
of inelastic collisions of "streaks" of nuclear matter with 
an overlap region. Both model representations.are based on the 
same assumption that the nuclear reaction is a·two-stage pro­
cess, In the first fast stage of the interaction an excited 
primary projectile and target remnants are created, in the 
second stage a slow statistical deexcitation of the.remnants 
by particle emission is followed. 

The collision in the INC model.is governed by the proper­
ties of the nucleon-nucleon interaction: each nucleon from the 
projectile and target interacts as a single entity. A detailed 
review of different approaches and many generalizations of 
this.model can be found in ref. 1201 • The version of the INC 
model and appropriate computer codes that we have used:are 
those of Hanssgen et al.121- 281 • Because the model approaches 
have been described in detail in refs/21- 241 , only the main 
assumptions are presented here. The INC-codes HADRIN 1261 , 
NUCRIN 1271 and JADJAD1281 provide a Monte-Carlo (MC) simula­
tion of the inelastic hadron-nucleon, hadron-nucleus and nuc­
leus-nucleus interactions, respectively, of the type 

A 1 +A 2 ➔ I h 1 +F; (8) 

the statistical decay is performed by the.MC-c~de DECAY 1251
• 

The colliding nuclei, considered in their rest systems with 
uniform nucleon density distributions, are divided into cent­
ral and peripheral interaction regions. While in the central 
region the fractions of both colliding nuclei interact toge-, 
ther in row-on-row picture 1291 , the remaining fragments outsi-­
de the central region interact only· with one single nucleon. 
The impact parameter and azimuthal angle are determined by 
the MC sampling, the average scattering angle is determined 
from the nucleon-nucleon interaction. The size of the central 
region of the interaction is assumed to be proportional to 
the volume of the corresponding developed cascade cone which 
depends on the laboratory momentum of the projectile and the 
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number of nucleons of the target nucleus. For uniform nucleon 
distributions inside the. nucleus the number of nucleons in 
the central region· is proportional to the volume of this cone 
and can be calculated by the corresponding geometrical condi­
tions. The:corresponding nucleon Fermi·momenta are MC sampled 
from the phase-space momentum •distribution. The simulation 
stops,if no further nucleon is available inside one of the col­
liding nuc+ei or if energy and charge conservation do not 
allow any further particle emission. The appropriate formulae 
used for the calculation of excitation and cascade energies 
can be found in 1211 • The Pauli pronciple is applied only for 
nucleons and interactions between cascade hadrons are neg­
lected. 

The application of the macro·scopic AA model in target frag­
mentation calculations must be connected with t:he simple "cle­
an-cut" geometry 130- 321 • We have used the "firestreak" geom1::t­
ry 1381 to calculate the abrasion stage of the interaction. 
From this part of the calculation we obtained the excitation 
energies and cross section for the formation of the primary 
residues. In the ablati.on stage of the interaction the prima­
ry residues were deexcited through the statistical evaporation 
in order to construct the final product residue mass distribu­
tion from the primary distribution and the· excitation energy 
of each primary. . . 

Two·basic assumptions were included: both nuclei were assu­
med to have sharp spherical surfaces and the interaction pro­
ceeded via collinear streaks of nuclear matter from the pro­
jectile and target. The colliding nuclei with radii equal to 
1.37A113 and streaks of 0.15x0;15 fm 2 were taken into account 
in our calculations. Each of the streaks consisted of the sum 
Np+ NT of participant nucleons from the projectile, Np, and 
target, NT, respectively. This sum was calculated from geomet-
rical considerations alone as a function of the impact para­
meter b. From the inverse function of b the cross section for 
a primary· residue of a given mass has been determined. Each 
primary residue was assumed to have an excitation energy given 
by multiplying the surface energy coefficient 0.95 MeV/fm 2 1341 

by the excess surface area of the residue. The deexcitation 
of the ·primary residues has been calculated using a modified 
version of the well-known evaporation code ALICE 1851 • We used 
the level density 

. -2 --
p ( E * ) = C ( E * ) exp [ 2 y' aE * ] , (9) 

where C is a constant proportional to mass number and 
a= A/8 Mev-1

• The cross sections of the final products were 
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Fig. 8. The comparison of the mass distributions from 12c+ 181 Ta and 
p + 181Ta reactions at 3.65 AGeV with INC (solid histograms) and AA 
(dashed curves) calculations. 

obtained by the appropriate summing over the impact parameter 
of the initial collision, each impact parameter being weighted 
by its geometrical probability. 

The mass distributions calculated for the nuclear reactions 
12 181 181 T · C + Ta and p + a at 3. 65 AGeV usmg the INC and AA 
models are compared to experimental isobaric cross sections in 
·fig. 8. The INC calculated results have been bined in M = 4 
intervals, the results of the AA calculation in the firestreak 
geometry are shown by the dashed lines. We have arbitrarily, 
cut off the AA calculations at A .. Atarget/2 because the j 
emission of products with lower mass lies outside the scope 
of the AA model 134, 381 • A good general agreement with the ex­
perimental mass-yield distributions was obtained. Particular­
ly, the INC model reproduces both experimental mass-yield di­
stributions reasonably well. On the other hand, the AA fi­
restreak model calculations were found to overestimate the• 
appropriate mass-yield distributions in the vicinity of the 
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target mass numbers. The discrepancies between calculated and 
experimental values in the target mass regions are caused by 
the lo~ values of the excitation energies of the abraded nuc­
leus. Nevertheless, the shift to higher values of excitation 
energies p~edicted by this model is unrealistic and it dest­
roys the shape of the AA model curve, as well. 

6. CONCLUSIONS 

The determination of nuclidic cross sections of many target 
residues from the interaction of tantalum with 3.65 AGeV 1~­

ions and prptons as well as at~entive parametrization of these 
data enabled us·to perform a detailed comparison of the inte­
raction of these two projectiles with a heavy target nucleus. 
The charge dispersions were found to be closely comparable and 
the mass-yield distributions obe~ factorization down to A - 30. 
The intermediate mass fragments 4Na and 28Mg have enhanced 
forward-to-backward ratios and mean ranges in 12C-ion induced 
reactions. The evidence·of limiting fragmentation comes from 
the similarity of the p .:..J81 Ta mass distributions at 3.65 GeV, 
5.7 GeV and 8.1 GeV proton energies. The integration of the 
cross sections for target residues with A~ 40 makes a contri­
bution of 70% to the total reaction cross section. The calcu­
lation of the impact parameters-based on this fraction of the 
"Hard sphere" reaction cross section indicates that target re­
sidues from the reactions of 3.65 AGeV 120-ion and proton pro­
jectiles with 181 Ta nuclei are created mainly in· central col -
lisions. 

The results have been compared with two different reaction 
models. The agreement of the mass yield distributions with in­
tranuclear cascade calculations indicates that both interac­
tions can be understood as uncorrelated collisions between in­
dividual nucleons from the interacting nuclei.On the other hand, 
the mass yield distributions predicted by the macroscopic ab­
rasion-ablation model in a firestreak·geometry were found to 
overestimate experimental isobaric yields, particularly in the 
vicinity of the target mass numbers. These discrepancies could 
not be explained by the increasing of the appropriate excita­
tion energies. The introductipn of the "collective tube'' inter­
action may'be an improvement in this respect. 
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Ko3Ma II. H AP. 12 . 
PeaKQHH TaHTana C HAPaMH CH npoToHaMH 
c :rneprHHMH 3.65 Af::,B H 3.65-._f::,B; ' '. 

El-89-252 

CeqeHHH o6pa30BaHHH HAep-ocTaTKOB npH B3aHMOAeHCTBHH 
HAeP TaHTan~ c HAPaMH 12c H npoToHaMH c ::,tteprtteH 3,65 Af::,B 
onpeAeneHhl no H3MepeHHIO raMMa nyqeH C HCnOnb30BaHHeM·Ge (Li) 
cneKTPOMeTpa. Ha OCHOBe 3THX AaHHb)X onpeAeneHb) 3aPHAOBbJe 
H MaCCOBbJe pacnpeAeneHHH 06pa30BaB11IHXCH HAep-ocTaTKOB. 
AttanH3 3KCnepHMeHTanbHblX pe3ynbTaToB npoBOAHTCH B paMKax 
OCHOBHhlX KOHQenQHH q>H3HKH q>parMeHTaQHH npH Bb)COKHX 3Hep­
I'HHX. ,[laHHbJe TaK)Ke cpaBHHBaJOTCH C pacqeTaMH no TeopeTH­
qecKOH MOAenH O6AHPKH H BHYTPHHAepHoro KaCKaAa. 

Pa6oTa BhmonHeHa B Jla6opaTOPHH Bh!COKHX 3HeprHH OIDU1. 

IlpenpHHT 061,e,1umeHHoro HHCTHTyra imepHblX HCCJJe,l:\OBaHHH . .Ily6Ha 1989 

P.Kozma et al. 
Nuclear Reactions of Tantalum with 3.65 AGeV 
12c-Ions and 3.65 GeV Protons 

El-89-252 

The cross sections of a number of target residues for­
med in the reactions of 3.65 AGeV 12C-ions and 3.65 GeV 
protons with tantalum have been measured. The measurements 
have been done by direct counting of irradiated targets 
with a Ge(Li) gannna-ray spectrometer. Charge dispersions 
and mass-yield distributions were deduced from these data.' 
The results are discussed in terms of the basic concepts 
of high-energy nuclear ph:,esics. They are also compared 
with intranuclear cascade and abrassion-ablation model 
calculations. 

The investigation has been performed at the Laboratory 
of High Energies, J'INR. 
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