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1. INTRODUCTION 

The p a s t  decade witnessed p a r t i c u l a r  i n t e r e s t  i p  t h e  

experimental  study of  nuclear  r e a c t i o n e  induced by high- 

energy p r o j e c t i l e s / ' / .  Such e tud iee  y i e l d  va luab le  i n f o r -  

mation not  only f o r  understanding t h e  r e a c t i o n  mechanism 

and nuc lear  p r o p e r t i e s ,  but  a l s o  f o r  t e s t i n g  t h e  b a e i c  

concepts  of highLenergy phyeice. The i n t e r a c t i o n s  of high- 

energy p r o j e c t i l e s  wi th  complex n u c l e i  can be understood 

i n  terme of a  two-step mechan;em/2/ i n  which t h e  e x c i t a t i o n  

and d e e x c i t a t i o n  s t a g e s  a r e  aseumed. Experimental d a t a  a r e  

u s u a l l y  discussed i n  t h e  framework of two extreme concepte 

of t h e  mechanism: t h e  intranuc1ear;caacade evaporation/384' 

and the  abrasion-ablationI5/ models. It  should be noted 

t h a t  both model repreae t l t a t ions  can be used t o  c a l c u l a t e  

t h e  maae d i s t r i b u t i o n  of t h e  t a r g e t - l i k e  ree iduee  produced 

i n  these  r e a c t i o n s .  

Two hypotheeee o r i g i n a l l y  developed t o  descr ibe  nucleua- 

nucleue in te rae t ione i6 /  can be a l e o  appl ied .  The hypothesie  

of  l i m i t i n g  fragmentat ion p r e d i c t s  t h a t  t h e  energy s p e c t r a  

and c roes  s e c t i o n s  of  a fragment i n  its proper  frame 

/ e i t h e r  a  p r o j e c t i l e  o r  a  t a r g e t /  should become independent 

of bombarding energy a t  s u f f i c i e n t l y  h igh  energ ies .  The 

second one, f a c t o r i z a t i o n ,  p r e d i c t s  t h a t  both t h e  s p e c t r a  

and y i e l d s  of a  g iven  fragment can be w r i t t e n  a s  a product 

of  a  t a r g e t  /o r  p r o j e c t i l e /  f a c t o r .  The d i e t r i b u t i o n  of 

t a r g e t  fragments i s  independent of t h e  na ture  o f  the  pro- 

j e c t i l e ,  except  f o r  a '  conatnnt  term / t h e  r a t i o  of  p r o j e c t i l e  

f a c t o r e / ,  and v i c e  verea . - ..... f o r  p r o j e c t i l e  . . . . . . . . . . .  fragmenta. 

In  t h i s  con tex t  a c a r e f u l  and systematic  experimental 

study of the  d i s t r i b u t i o n  of t a r g e t  fragments produced i n  

high-energy nuc lear  r e a c t i o n s  is  worthwhile. P a r t i c u l a r l y ,  

i t  is d e s i r a b l e  t o  i n v e s t i g a t e  t h e  y i e l d s  of products  fo r -  

med i n  r e l a t i v i s t i c  heavy-ion i n t e r a c t i o n s  with those pro- 

duced i n  proton-induced r e a c t i o n s  a t  the same AGeV energy. 

Using t h i s  motivation, we have undertaken a  s tudy of  the  

nuclear  r e a c t i o n s  induced by 3.65 AGeV 12c-ions and 3.65 

GeV protons with medium and heavy t a r g e t  nuc le i  using the  

f o i l  s t ack  a c t i v a t i o n  technique and Ge/Li/ gamma-ray spec- 

troscopy. A s  a  f irst  s t e p ,  the  experimental r e s u l t s  concer- 

ned with the  s p a l l a t i o n  of 5 5 ~ n ,  5 9 ~ o ,  n a t~ i  and m t ~ u  a r e  , 

presented. 

2 EXPERIMENTAL PROCEDUHE I 
I r r a d i a t i o n s  were performed using t h e  e x t e r n a l  beama 

of 3.65 GeV protons and 3.65 AGeV 1 2 ~ - i o n s  a t  the  Dubna 

synchrophasotron. The i r r a d i a t i o n  condi t ions  a r e  summarized 

i n  Table 1. Each t a r g e t  s tack  cons i s ted  of t h r e e  f o i l s :  t h e  

o u t ~ b r s  were used f o r  r e c o i l  l o e e  compensation, the  c e n t r a l  

f o i l  wae analyzed. The t a r g e t  f o i l s  enclosed i n  the  Mylar 

2  ca tchers  17.5 mg/cm t h i c k  were preceded on t h e  upstream 

s i d e  by a 19.5 mg/cm2 aluminium f o i l  surrounded by A 1  

guard f o i l s  of t h e  same thicknesses .  The induced 2 4 ~ a  

a c t i v i t y  i n  the  c e n t r a l  A 1  f o i l ,  a long  w i t h  t h e  known/7/ 

croes s e c t i o n s  f o r  the  2 7 ~ 1 / 1 2 ~ , ~ / 2 4 ~ a  and 2 7 ~ l / p , ~ / 2 4 ~ a  

r e a c t i o n s  of  19.0 mb and 8.3 mb, r e s p e c t i v e l y ,  wae used t o  

c a l c u l a t e  t h e  beam f lux .  The guard' aluminium f o i l s  were 

used f o r  r e c o i l  a c t i v i t i e e  el iminat ion.  The diameters  of 

t h e  t a r g e t  s t a c k s  were 4  cm / 5 5 ~ n ,  and 8 cm / M t ~ i y t ~ u / .  



.su
o

a
o

id
 h

ag 
q

g
-f Xq 

u
o

y
~

e
y

p
e

iiy
 ia

a
3

e 
sin

o
q

 Ieia
n

a
s 

ioa3aaap
 - 

/?
~

/a
3

 ~
1

3
 

SP 
q

arn
 u

ayea 
a

a
lie

a
 

a
~

e
q

o
s

 aq
3 3

0
 u

n
aa3ad

s 
X

ea-euuuel 
aqL

 
'L

'a
~

d
 

-
 

a
 

rn 
ii 

3
 

A
,

 
0

 
- 

L4 
o

 
~

d
 

r
(

a
m

.
4

 
a4 

.
r

l
b

4
0

+
 

U
 

U
 

m
 

w
 

O
r

(
 

-
0

9
 

2
2

2
2

"
 
P

O
Q

d
 

-
4

~
L

d
-

4
a

0
-

4
0

1
.

 
o

c
~

i
-

'
~

~
w

m
 

w
w

0
3

L
d

 
,
 ..-I 

Ld 
P

l
d

 
IU

 
.4

 

W
~

A
E

 
+

L
d

W
 

M
 

Ld 
.4

 
M

L
d

O
.

4
r

l
w

E
 

*
4

r
l

O
 

0
C

L
d

W
 

d
 

M
d

 
0
 

C
 

P
 

g
-

o
 

I
U

E
-

 
h

a
 a

 
'

H
G

,
I

U
i

-
'

 
.

4
h

G
z

E
:

P
w

H
 

i-' 
+

c
+

 
+

 
a
 

..-I 
.d

 
i-' 

c
 

i
-

'
w

.
.

-
I

r
(

 

a
 

~
4

.
4

4
~

 
w

 $ 
Ld 

i-
' 

E
 

h
L

d
'

C
1

C
L

:
'

.
-

I
 

5
0

L
d

'
H

O
L

d
 

L
d

a
I

+
'

M
 

L
d

Z
G

 0
0
6
4
,
"
"
 

r
(
 

'w
 

w
 

M
 

.4
 
,
 m

a
g

2
U

 
0

 
k
 

Q
4

C
C

 
3

L
d

L
d

E
z

f
l

E
m

L
d

 

C
 
Q

 

.: 
Z

Z
 E

m
 

1
 

"
O

"
 

i-
' 

'
j
 

E k
 

w
 

c
(

W
k

L
d

P
l

 

C
I
 

m
 

3
L

d
.

4
 

.
a

+
&

 
c 

+
 

~
d

 
..-I 

m
 

i-' 
P

 
k
 

w
C

 
2 

:: 
E 

2 
.:4. 

0
,

 
a
I 

..-I 
a4 

+
+

L
d

m
m

 
..-I 

0
 

m
G

M
.

 
w

 
F

I
a

I
 

C
w

E
d

i
-

'
+

r
l

 
o

a
w

r
l

 
IU

 
r
l 

6
m

i
-

'
a

i
!

&
:

5
$

8
 

I I 
C

 
0

.
4

 
C

 

In
': 

mu 
2
 

i-'" 
I 

In
'. 

In
 

In
 

2 
2 

:
"

 
I 



I l
d

U
 

I
d

0
 

I
C

C
 

1 o
m

 
1

-
4

5
 

l
+

C
 

1
0

7
 

I ZZ 
I

 PI 
I I I I 

C
5

 
I

O
U

 
l

4
k

 
1

+
5

 

; .: 
2 

1
5

0
)

 

IS
E

 
I I I I I I 

U
 

1
5

 
1

-
4

 
I 

d
 

I 
I 

I 
Q-4 

I
d

 

: 4 
I I I I I 

U
 

1 
5
 

I 
-4

 
I

d
 

I
0

 
I

5
 

1
7

 

I 

In
 

n
\
o

 
m

 
- 

m
m

 r- 
m

~
 

r
-

m
 - 

N
 

-
+

m
m

m
~

P
-

n
 

n
n

'
"

S
~

,
"

:
.

~
~

:
:

s
~

~
m

n
,

m
r

-
I

n
r

-
 

- 
N

W
 m

 
i

n
-

 
r

m
 m

 .- 
m

 * 
r
 

- 
-

m
 .-.- 

r
 
9
3
Z

m
r
-*

m
n

m
 

.- 
z

.
-

m
~

-
r

n
 

.- 

'C
f 

5 
.

c
m

 
X

 
w

"
3

'
C

f
s

.
c

 
C

 
C

 
a
 

w
 

'C
f 
c
 

a
 

W
T

I
Q

C
C

 

r
d

-
 

7
-

 
r- 
N

 
m

 
r- 

m
 

m
 

m
 

.
m

I
n

i
n

N
i

n
i

n
m

 
w

+
=

 e
n

d
-

m
m

 
. 

. 
. 

. 
. 

.- 
.

.
.

.
.

.
 

n
 

w
w

 
.

.
.

.
.

 
. 

. 
. 

d
-
 

m
 

P
-

N
P

-
r

d
-

 
7
 

P
-

m
m

P
-

n
?

d
-

m
m

 
A

 
o

r
-

G
r

-
e

m
~

~
m

 
r

-
N

i
n

,
m

,
N

,
,

 
N

 
N

N
-

d
-

 
m

 



3. RESULTS AND DISCUSSION ' ' 

The measured n u c l i d i c  c r o s s  s e c t i o n s  f o r  proton and 

"c-ion induced r e d c t i o n s  on 55Hn, 5 9 ~ 0 ,  n a t~ i  and " a t ~ u  

a r e  l i a t e d  i n  Tab les  3 and 4, r e s p e c t i v e l y .  The e r r o r s  

a s s o c i a t e d  with t h e  c r o s s  s e c t i o n s  r e f e r  t o  count ing a t a -  

t i s t i c e ,  d e t e c t o r  e f f i c i e n c e a  of gamma r a y s ,  t a r g e t  t h i c k -  

nesses  and so on. The sys temat ic  u n c e r t a i n t i e s  due t o  t h e  

beam f l u x ,  which wehe es t imated  t o  be about  1596, a r e  no t  

included i n  t h e  quoted e r r o r s .  Each y i e l d  was i d e n t i f i e d  

as being independent.1, o r  cumulative,C: t h e  cumulative 

y i e l d s  C+ and C- r e p r e s e n t  t h e  i n t e g r a t e d  i a o b a r i c  c r o s s  

s e c t i o n  o f  neu t ron-def ic ien t  and neutron-excessive precur-  

s o r s ,  r e s p e c t i v e l y .  

The r e s u l t s  from t h i s  experiment have been examined 

by t h e  f i t t i n g  procedure desc r ibed  i n  d e t a i l  i n  our  pre- 

voiua paper/11/. We assumed a smooth dependence of s p a l l a -  

t i o n  c r o s s  s e c t i o n s  6 (A.2) on A and Z: 

Ln [s(A*~)]= ~ ( A I  + c(zP(*)- 2) ; /2/ 

s, C and Z p  d e f i n e ,  r e s p e c t i v e l y ,  t h e  d i s t r i b u t i o n  o f  

i s o b a r i c  y i e l d s  / m a s ~ - ~ i e l d  curve/,  t h e  f r a c t i o n a l  i ao-  

b a r i c  y i e l d s  /charge-dispers ion curve/ and t h e  p o s i t i o n  

of t h e  maximum y i e l d  f o r  a given A. The l eaa t - squarea  

computer program FEDEF/"/ was used t o  f i t  our  d a t a  with 

t h e  polynomial express ion  i n  A of varying o rder .  Only in-  

dependent y i e l d s  / see  Tables  3 and 4/ were taken i n t o  account .  

For both s e t s  of r e s u l t s  t h e  b e s t  f i t a  of t h e  f r a c t i -  

ona l  i s o b a r i c  y i e l d s  were obtained with t h e  Gaussian form 

6, = exp ( C F ~ ( A )  - d2} 
with 

zp(*) = b l A  + b2A2 . 

Table 3 Cross s e c t i o n s  f o r  proton-induced r e a c t i o n 8  ........................................................ 
Product  m G o  KN~ 6 u  

/mb/ ---------,,------,------- LrnbL------ lrnbL1----- L!!L ------- 
5 7 ~ i / ~ /  0.65'0.15 0.58'0.12 

5 6 ~ i / ~ /  0.20'0.07 0.1320.06 

6 0 ~ o / ~ /  8.3020.41 

5 8 ~ o / ~ /  i e. 91 '0.36 i 9.8520. 92 

5 7 ~ ~ / ~ + /  is.e3'0.29 15.2t3'1.06 16.58'0.85 

5 6 ~ o / ~ + /  7.20'0.54 5.00'0.52 4.97'0.28 

5 5 ~ o / ~ + /  0.68'0.06 0.81t0.14 0.9020.13 

"FC/C-/ 1.2320.18 

5 2 F e / ~ /  0.2120.02 0.19t0.02 0.23'0.03 0.1$0.03 

5 6 ~ / ~ ' /  2.44'0.12 2.37'0.41 2.31'0.22 

5 4 W / ~ /  14.3d0.22 11.98'0.21 13.7020.75 14.0220.58 

5 2 W / ~ /  5.2#0.11 .5.36'0.10 5.9220.38 5.5520.19 

51~r/1/ 17.4620.54 18.05'0.58 18.93'0.92 17.9221.02 

48~r/1/ 0.4120.04 0.3320.03 0.1620.04 0.35'0.04 

4 / ~ t /  11.8d0.38 10.9320.39 9.88'0.45 9.4420.27 

"SC/I/ 0.5220.02 0.5820.03 0.6920.09 0.6820.00 

4 7 ~ c / ~ /  2.1520.12 2.22'0.14 2.06'0.32 2.3d0.14 

4 6 ~ c / ~ /  5.7120.32 5.99'0.33 6.8520.58 6.05'0.25 

I 3.99k1.13 4.3520.12 4.5g0.37 5.1720.28 

/ I /  3.0820.16 3.9420.18 4.0620.38 3.8620.25 

4 3 ~ c / ~ /  2 . 0 5 2 0 . ~  3.1120.10 3.8220.31 3.7620.52 

4 3 ~ / ~ /  1.2320.06 1 .2d0 .06  1.6420.22 1.3320.16 

4 2 ~ /  I/ 2.920.17 ' 3 .07~0 .16  2.5920.21 2.9g0.61 

2ew~'/ 0.1420.02 0.37k.04 0.51 '0.07 0.5520.07 

24h/~-/ 3.1520.10 3 .2g0 .11  3.0620.19 3.5d0.16 
.................................................... 



Table 4 Cross  s e c t k o n s  f o r  12c-ion-induced r e a c t i o n s  ........................................................ 
Product  =Mn %o 6-'~i '%u 

/mb/ /mb/ -------------------------Lm!I ------I- !?!I --------------- 
6 5 ~ n / ~ /  5.31'1.16 ~.08'0.96 4.63'0.97 4.94'1.05 

6 1 ~ u / ~ + /  22.77'4.08 23.01'2.26 

5 7 ~ i / ~ /  1.54'0.48 1.27'0.53 1.30'0.42 1.33'0.62 

5 6 ~ i / ~ /  0.17'0.12 0.30'0.10 0.25'0.13 0.29'0.18 

6 0 ~ o / ~ /  32.49'4.96 28.79'4.72 30.76'4.79 31.87'5.1 1 

5 8 ~ 0 / ~ /  52.83'7.21 58.22'8.85 55.92'7.86 56.54'8.27 

5 7 ~ o / ~ + /  43.60'5.12 46.13'5.41 41.05'5.19 42.69'5.43 

5 6 ~ 0 / ~ + /  11.72'1.95 15.65'2.24 13.74'1.94 13.25'2.07 

5 5 ~ o / ~ + /  1.83'0.85 2.10'0.66 2.32'0.89 

5 g ~ e / ~ /  3.55'1.03 4.11'1.07 3.17'0.99 2.86'0.94 

5 2 ~ e / ~ /  0.21'0.07 0.39'0.16 0.35'0.113 0.33'0.14 

56Mn/~-/ 6.26'1.04 4.80'0.98 5.28'1.02 

5 4 ~ n / ~ /  27.85'2.2931.14'3.08 28.33'2.11 29.11i2.67 

5 2 ~ n / ~ /  10.38'1.07 11.92'1.15 11.17'1.05 10.80'1.06 

5 ' ~ r / ~ /  42.07'5.00 43.05'4.97 44.42'5.14 41.50'4.88 

4'~r/1/ 0.81'0.21 0.59+o.ig 0.68'0.25 0.73?o.a3 

4 8 ~ / ~ + /  20.58'2.06 18.70'1.41 19.93'1.37 20.24'1.41 

4 8 ~ ~ / ~ /  2.00'0.51 2.08'0.59 1.85'0.49 1.93'0.57 

4 7 ~ c / ~ /  4.83'0.73 5.37'0.92 5.35'0.85 5.42'0.72 

4 6 ~ c / ~ /  14.02'1.95 12.66'1.48 11.89'1.69 13.05'1.74 

4 4 S c m / ~ /  11.44'1.49 9.87'1.13 12.05'1.37 13.35'1.98 

4 4 ~ c / ~ /  7.35'1.64 6.52'1.65 8.14'1.84 7.99'1.39 

4 3 ~ c / ~ + /  8.10'1.26 6.94'1.18 7.88'1.13 7.25'1.35 

4 3 ~ / ~ - /  1.92'0.50 2.71'0.76 2.36'0.64 2.42'0.63 
4 2 ~ / ~ /  6.15'1.72 5.83'2.07 4.71'1.92 5.37'1.97 
2 8 ~ g / ~ - /  0.42'0.07 0.95+0.19 1.37'0.38 1.56'0.40 

2 4 ~ a / ~ - /  10.23'1 . I 9  11 .06 t4 .42  8.93'1.22 9.12'1.26 
........................................................ 

No s i g n i f i c a n t  d e v i a t i o n s  o f  t h e  y i e l d s  o f  s p a l l a t i o n  

p r o d u c t s  f o r  a l l  mtdium t a r g e t s  used i n  t h e  p r e s e n t  - 

exper iment  from t h i s  cha rge  d i s p e r s i o n  cu rve  were ob ta ined .  

The PWHM of  t h e  Gauss ian curve  was e q u a l  t o  a b o u t  -1.2 . 
The v a l u e s  of  Z f o r  a g i v e n  A i n  a g i v e n  mass r e g i o n  of  

P 
t h e  s p a l l a t i o n  p r o d u c t s  a r e  independen t  o f  t h e  n a t u r e  o f  

t h e  p r o j e c t i l e :  t h e  pa ramete r s  b l  were found t o  be i n  t h e  

r ange  from 0.47 t o  0.48 and b2 ranged from -2 .5x10-~  t o  

- 4 . 3 ~ 1 0 ' ~ .  The charge  d i s p e r s i o n  c u r v e s  o b t a i n e d  from t h i s  

f i t t i n g  procedure  a r e  shown i n  Fig.2.  Here,  t h e  uppe r  cur-  

v e s  and open p o i n t s  a r e  f o r  12c- ions ,  t h e  lower  c u r v e s  

and f i l l e d  p o i n t s  a r e  f o r  p ro tons .  The a p p r o p r i a t e  c u r v e s  

a r e  d i s p l a c e d  v e r t i c a l l y  by a f a c t o r  o f  10 f o r  t h e  d i s p l a y  

purposee .  A s  can  be s e e n  from t h i s  f i g u r e ,  t h e  agreement  

between t h e  cha rge  d i s t r i b u t i o n s  f o r  both  p r o j e c t i l e s  i s  

e v i d e n t .  

. While t h e  charge  d i s p e r s i o n s  were r e f i n e d ,  t h e  mass- 

y i e l d  d i s t r i b u t i o n s  eA were a l s o  examined f o r  each o f  

t h e  a p p r o p r i a t e  d a t a  s e t s .  The b e s t  f i t s  of  t h e  mass 

y i e l d s  wcre o b t a i n e d  wi th  t h e  q u ~ d r u t l c  form o f  A 

The b e s t  f i t t i n g  pa ramete r s  were used t o  c a l c u l a t e  mis s ing  

I y i e l d s  i n  a d d i t i o n  t o  t h e  observed c r o s s  s e c t i o n s :  a n  e r r o r  

o f  20% of  t h e  mis s ing  y i e l d s  was assumed. The r e s u l t i n g  

mass-yie ld  d i s t r i b u t i o n s  a r e  d i s p l a y e d  i n  Pig.3.  The 

f r a c t i o n  o f  t h e  i e o b a r i c . c r o s s  s e c t i o n  de te rmined  e x p e r i -  

men ta l ly  i s  deno ted  by d i f f e r e n t  symbols:  t h e y  a r e  f i l l e d  

f o r  a c o n t r i b u t i o n  b f  > 50% of t h e  observed c r o s s  s e c t i o n  

and open f o r  20-50%. The s o l i d  l i n e s  a r e  t h e  l e a s t - s q u a r e s  
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