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In this paper we direct attention mainly toward interpreting 
the experimental results of Shibata et al with 250 MeV/N and 
400 MeV/N carbon ions and alpha particles on calcium targets at 
the Berkeley BEVALAC. Some of these results are summarized in 
Figs. 1 and 2. Cross sections for odd products may scatter, since 
these are particular gamma transition yields. The even-even points 
are more representative of full isotopic yield, since they are 
mostly based on 2 + 0(gd) transitions. Only relative yields were 
measured at 250 MeV/N, and they fall off more steeply with Q . 
than those at 400 MeV/N, the characteristic 1/e fall-off being 
10 MeV at 250 MeV/N and 17 MeV at 400 MeV/N. 

2 We have drawn on the works of D. Bowman and W. Swiatecki and 
of Hufner e_t a]L that was directed toward understanding the 0 
projectile fragmentation cross sections at 1 and 2 GeV/N. We take 
note also of the calculations of Loveland ejt al̂  on product yields 
in the gold region following relativistic carbon bombardment of 
uranium. 

The mass-40 region we address is of special interest in that 
geometrical and statistical models for the fast process and the 
subsequent evaporation stage should be more applicable than for the 
light projectile fragmentation. In contrast to the heavy element 
region we have no fission competition, and alpha evaporation is a 
significant process. There are also available considerable other 
data on Ca targets excited by high energy protons and by pions, 
though we shall not have space here to consider them in detail. 
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For the fast process we have used two related but different 
models, Swiatecki's abrasion (fireball) model and Myers' firestreak 
model. 

In the abrasion model one calculates geometrically as a 
function of impact parameter, b, the volume fractions f„ and f p 

remaining in the spectator pieces of target and projectile, respec­
tively. Frcm the inverse function b(f_) the partial cross section 
for a primary fragment of mass A is determined as 

»<« = *HA-^) 2 - ' M l 
In our calculations we introduce a dispersion in charge to 

mass ratio much as did Hufner. That is, each struck target nucleon 
is assumed to have a Z/A probability of being a proton. Hence, 
the charge dispersion for constant A has the form of a hypergeometric 
distribution 

(z,n) (DC) 
0 

where the capitals refer to the target nucleus and lower case letters 
refer to the knocked-out protons z, neutrons n, and total nucleons 
a(=z+n), respectively. 

Before beginning the evaporation calculations to determine 
final products, it is necessary to specify an excitation energy dis­
tribution for the primary fragments. Swiatecki proposed an excita­
tion energy term equal to the excess surface energy of the abrasion 
product, and we calculate and include this term. Following Hufner 
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we alsc add a final state interaction, assuming each struck nucleon 
has a 50% chance of passing through the spectator and depositing 
40 MeV of excitation. (This energy value, the dominance of (N,N), 
and the balancing out of capture against (N, 2N) processes can be 

7 rationalized from Monte Carlo work of Metropolis et CLL. ) Thus, 
each primary spectator with A-a mass number has a final state 
interaction with a number of nucleons mp„ T which have a binomial 
distribution given by 

(m )=^ml 
\mFSlj a 

P r 0 b^FSlj = ^TL ( 3 ) 

The excitation energy is given, for each m „ S I , by 
EFSI = 4 0 mFSI ( 3 ' } 

With the primary fragment Z, N, and E distributions from the 
fast process determined we begin calculation of the statistical 
evaporation of nucleons, deuterons, and alpha particles using 

Q 

Blann's code ALICE as a subroutine. We use his options of 
Myers-Swiatecki shell-corrected formula masses and level density 
constant a = A/8 MeV~ . We assume zero angular momentum throughout 
the evaporation cascades, since it is not obvious how to calculate 
spin distributions in the fast process and they may well be 
generally small. 

The abrasion model calculations, which are independent of 
bombarding energy, are shown in Table 1 alongside the 400 MeV/N ex­
perimental cross sections. (We show experimental cross sections 
only for the even products from 2 •* 0(gd) transitions.) The fit 
for the principal products derived by multiple alpha removal from 
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Ca is reasonable. However, there are two shortcomings that impel 
us to look to more refined model calculations. First, there is 
the lack of bombarding energy dependence of the abrasion model. 
Second, there is the feature that the abrasion model implies a 
strong correlation between target spectator excitation and pro­
jectile spectator excitation. The smaller the impact parameter 
the greater this excitation. Photographic emulsion experiments 

g 
of Heckman's group have shown, however, the presence of consider­
able pure target or pure projectile fragmentation events (some 
7 to 16% of each with nitrogen and oxygen beams at 2 GeV/N). 
Furthermore, there are the correlation experiments of Crawford 
et al between sodium target gamma rays and carbon beam fragmen­
tation patterns at 40 0 MeV/N. These results suggest very little 
correlation between the fates of the two collision partners, 
approaching the particle-physics limiting factorization behavior. 
This near factorization necessitates in addition to abrasion a 
grazing "Stochastic" excitation mechanism in which internal 
degrees of freedom of each collision partner independently extract 
translational energy through the time-dependent field of the other 
nucleus. 

To bring a greater measure of sophistication to the fast 
process we have gone on to explore the "firestreak" model of Myers. 
In this model the collision is subdivided into a set of "tubes" 
parallel to the relative velocity vector, with the matter within 
each tube assumed to thermally equilibrate all energy in excess of 
the translational kinetic energy for momentum-conserving center-of-
mass motion of the tube. In order to divide the tubes between 
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spectators and escaping firestreak it is necessary to specify some 
critical tube momentum p above which the tube escapes from the 
spectator. Clearly there will be a dependence on bombarding energy 
in the relationship between impact parameter and spectator mass. 
We have performed the firestreak calculation for several values 
of the critical momentum p„/p,, . (0.2, 0.45, and 1.0). These p 

c rFerm c 
values correspond respectively to tube translational energies of 
1 MeV/N, 8 MeV/N, and 38 MeV/N. The results are listed in Table I, 
where the firestreak calculations are denoted by 1, 2, and 3, 
respectively. The first case with P„/pp = 0.2 should approach the 
abrasion model calculation, since tubes with even slight overlap 
with projectile matter are ejected. It is evident from Table I 
that the cross sections of abrasion and firestreak 1 well agree. 

With the firestreak model,especially cases 2 and 3, there is 
an additional term contributing to the spectator excitation be­
sides the extra-surface term and the FSI. That is, those tubes 
receiving less than the critical momentum p for knock-out con­
tribute their total projectile energy input. Table II shows for 
some of the reaction intermediates (before final state interaction) 
their partial formation cross sections and excitation energies. 
From the abrasion model values one can see the surface energy term 
alone, and the extra excitation energy in the firestreak calcula­
tions arises from the "retained tubes." 

Let us turn to consider the grazing "stochastic" excitation 
12 mechanism mentioned earlier. It has been shown by Boisson et al 

(eq. 12) that the time-dependent nuclear potential energy felt at 
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the nearest point on the target surface during a grazing collision 
has a Gaussian dependence on time near time zero 

V(t) o£exp(-t 2/t o
2), where 

t = [2 r (R^+R )] 1 / 2/v, with R. and R the radii of target and o o t p ' t p ° 
projectile nuclei, r the range of the interaction and v speed of 
the projectile. The relativistic modification would replace v by 
cfi/ Vl-f5 . In general terms the nucleus is exposed to a perturbing 
field with energy (frequency) spectrum a Gaussian, the Fourier 
transform of V(t). That is, the characteristic energy E = 2 h/t . 

12 40 For C + Ca with force range and radius constant 1.4 Fm we get 
E = 83 3/ VT^62 MeV, which gives 85 MeV at 400 MeV/N and gives 
65 MeV at 250 MeV/N. The actual nuclear excitation spectrum will 
depend on various nuclear strength functions, most likely the 
isoscalar multipoles, quadrupole, octupole and higher. For 
orientation purposes if we assume flat nuclear strength functions, 

40 the stochastic grazing process would leave the Ca target with a 
Gaussian distribution of excitation energy with the above widths 
(85 MeV or 65 MeV respectively). It may be that the nuclear 
strength function falls off with characteristic Fermi energy if 
particle-hole excitation is the main mode of energy absorption. 
In that case the 85 and 65 MeV ri^ures might be reduced. 

The total cross section involved in the stochastic process may 
be estimated from the emulsion studies cited. About one tenth of 
observed heavy-ion events are pure target fragmentation, and the 
contributing range of impact parameters should be of the order of 
the force range of ̂ 1.4 Fm. Then we can be consistent with emulsion 
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observations if we say there is an 0.5 probability of a quantum of 
excitation being absorbed in this grazing zone, for then the 
1.4 x 2TT x (R+R ) rim cross section of 0.70 barns divides into t P 
4 equal parts, (1) pure target excitation, (2) pure projectile 
excitation, (3) both excited, and (4) neither excited. The 0.70/4 
(sO.175 barns) to each process is only slightly less than 10% of 

2 the geometrical cross section (R+R ) of =2.00 barns. 

Table 3 lists the percentage yields expected for various 
40 products from the Gaussian excitation energy distribution m Ca 

from the stochastic grazing process. 

We do not have at this time a fully satisfactory theoretical 
explanation of the results of Shibata ejt al. We prefer firestreak 
2 plus the stochastic grazing process, although the total theoreti­
cal cross sections generally exceed those measured. The absolute 
normalization of the experimental cross sections is less certain 
than the determination of relative cross sections. We are looking 
forward to comparison with beam fragmentation data from various 
s-d shell nuclei and Fe in unpublished experimental studies of 

13 Lindstrom e_t al. 

As it affects these calculations, the firestreak model at low 
critical momentum p for knock out (calculations 1 and 2) is not c 
very different from the simpler abrasion (fireball) model, and 
the latter might continue to be used. 

There is much yet to be done, and we hope the present work 
helps define the questions for further studies. Our lack of 



-9- LBL-6580 

agreement with data may indicate the need to modify the cylin­
drical scraping geometries of abrasion and firestreak models to 
allow for lateral spreading of a fast cascade bounded by conical 
surfaces. 
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Table I. Cross Sections (mb) of Reaction Products (even-even only) from 12 tO 
C + Ca Collisions Excluding Stochastic Grazing Process 

Exp. 
(2-K) 
Y-ray) 

Abrasion 
Ablation 

E L A B = 400. MeV/N ET.AR = 2 50. MeV/rt Exp. 
(2-K) 
Y-ray) 

Abrasion 
Ablation 

Firestreak 
1 

Firestreak 
2 

Firestreak 
3 

Firestreak 
1 

Firestreak 
2 

Firestreak 
3 

M C a 14.4±3.8 - - _ — _ . 
3 8 C a S.7±2.8 7.7 7.7 - - 7.8 - -
3 8Ar 15.2+3.5 7.8 7.7 7.8 - 7.8 d 50.7 -
3 6 A r S38.6+6.2 40.7 43.8 39.2 38.8 44.1 32.1 -
3*S 13. 2±6.0 28.8 25.8 23.7 27.3 27.5 25.0 _ 
32s <23.5±5.1 32.0 31.9 30.7 12.4 32.9 29.4 3.1 
3 2S i 7. 7±2. 2 1.6 1.9 1.8 0.9 1.9 1.7 0.4 r 
3 0 S i 

c 
< 23.5±5.1 21.5 22.0 23.6 19.6 22.0 24.1 8.0 

2 8 S i 22.0+4.5 24.1 24.6 24.1 33.7 24.6 25.0 23.1 
2 8 M g 16.5±3.9 16.2 16.7 17.0 12.2 16.4 17.3 22.2 
2 V 20.5+5.7 25.0 25.9 25.9 22.6 26.0 25.8 32.6 
2 2 N e 7. 5 ±2. 6 9.3 11.0 10.8 5.3 11.0 10.6 -

3-* 0+ (g.s.) transition 
33r b. Gamma unresolved from transition in Si; 3 8.6 mb is total. 

3 9 Îfi 
c. Gammas unresolved for S and Si; 23.5 mb is total. 
d. This large cross section compared to its 40 0 MeV/M value shows the sensitivity of cross sections near the target mass to the discrete excitation er^rgy chosen. 

The primary 3 9K intermediate is excited just above the proton bidding energy 
for 250 MeV/N and just below for 400 MeV/N. 
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Table II. Firestreak 2 Cross Sections and Excitation Energies 
(excluding FSI Engergy) for Fast Stage Products 
of Given A. 

Mass No. Firestreak 2 at Firestreak at Abrasion 
A 400 MeV/N 250 MeV/N 

cr(mb) E*(MeV)= 
E + E surf tubes 

o(mb) E*(MeV)= 
E + E surf tubes 

a(mb) E*(MeV)= 
Esurf 

39 193 5.8 203 8.1 193 1.5 
38 128 10.2 128 13.6 126 5.0 
37 107 17.9 101 19.3 99 8.7 
36 84 25.2 83 26.4 83 12.6 
35 72 32.1 71 31.5 72 16.7 
34 62 37.2 63 38.2 63 21.0 
33 55 41.7 59 44.3 56 25.6 
32 51 47.1 51 51.5 51 30.3 
31 46 52.9 45 57.9 46 35 
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Table IV: Cross Sec t ions (>1.0 nib) for a l l Products 

z A 
250. MeV/N 400. MeV/N 

z A FIRESTREAK 
2 

STOCHASTIC 
E =65 MeV 
0 

TOTAL FIRESTREAK 
2 

STOCHASTIC 
E =85 MeV o 

TOTAL 

20 40 - 60.2 60.2 - 46.2 46.2 
20 39 50.7 4.9 55.6 48.2 3.8 52.0 
20 38 - 1.0 1.0 - 1.0 1.0 
19 39 - 56.0 56.0 48.2 43.8 92.0 
19 38 - 6.3 6.3 - 5.4 5.4 
19 37 8.8 1.8 10.6 8.1 1.5 9.6 
18 38 50.7 40.3 91.0 7.8 34.0 41.8 
18 37 19.7 16.1 35.8 19.8 15.4 35.2 
18 36 32.1 30.8 62.9 39.2 27.7 66.9 
18 35 3.7 3.9 7.6 4.2 3.9 8.1 
17 37 4.3 3.9 8.2 1.1 3.8 4.9 
17 36 5.9 1.4 7.3 5.9 1.4 7.3 
17 35 19.7 23.8 43.5 16.0 22.2 38.2 
17 34 4.4 3.9 8.3 4.2 4.2 8.4 
17 33 8.5 1.3 9.8 7.8 1.7 9.5 
16 36 3.8 1.0 4.8 3.8 1.1 4.9 
16 35 1.7 0.4 2.1 1.9 0.6 2.5 
16 34 25.0 23.9 48.9 23.7 25.5 49.2 
16 33 29.4 10.1 39.5 29.1 12.9 42.0 
16 32 29.4 14.4 43.8 30.7 17.8 48.5 
16 31 4.7 1.6 6.3 4.8 2.3 7.1 
16 30 3.3 0.6 3.9 3.1 0.9 4.C 
15 33 4.3 1.2 5.5 4.1 1.6 5.7 
15 32 2.8 0.5 3.3 2.6 0.9 3.5 
15 31 19.8 8.4 28.2 17.0 12.1 29.1 
15 30 6.4 1.4 7.8 6.4 2.2 8.6 
15 29 4.3 0.4 4.7 4.3 0.9 5.2 
14 32 1.7 - 1.7 1.8 0.4 2.2 
14 31 1.3 - 1.3 1.3 - 1.3 
14 30 24.1 5.9 30.0 23.6 9.3 32.9 
14 29 15.2 2.2 17.4 14.7 4.6 19.3 
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Table IV: Cross Sec t ions (>1.0 mb) fo r a l l Products (Cont 'd) 

z A 
250. MeV/N 400. MeV/N 

z A FIRESTREAK 
2 

STOCHASTIC 
E =65 MeV o 

TOTAL FIRESTREAK 
2 

STOCHASTIC 
E =85 MeV o 

TOTAL 

14 28 25.0 3. 6 28.6 24.1 8. 0 32.1 
14 27 4.8 0. 5 5.3 4.9 0. 9 5.8 
14 26 3.1 1. 4 4.5 3.0 0 4 3.4 
13 29 ' 1.9 - 1.9 1.7 0 4 2.1 
13 28 1.8 - 1.8 1.9 - 1.9 
13 27 14.3 1. 4 15.7 14.9 2 9 17.8 
13 26 4.0 - 4.0 3.8 0 5 4.3 
13 25 3.8 - 3.8 3.7 - 3.7 
12 26 17.3 0 7 18.0 17.0 2 1 19.1 
12 25 11.9 - 11.9 12.1 0 9 13.0 
12 24 25.8 0 7 26.5 25.9 1 6 27.5 
12 23 4.6 - 4.6 4.6 - 4.6 
12 22 3.4 - 3.4 3.5 - 3.5 
11 23 11.1 - 11.1 11.2 - 11.2 
11 22 2.9 - 2.9 2.9 - 2.9 
11 21 3.0 - 3.0 3.0 - 3.0 
10 22 10.6 - 10.6 10.8 - 10.8 
10 21 8.4 - 8.4 8.6 - 8.6 
10 20 18.7 - 18.7 18.6 - 18.6 
10 18 2.3 - 2.3 2.2 - 2.2 
9 19 3.8 - 3.8 3.9 - 3.9 
8 18 3.4 - 3.4 3.4 - 3.4 
8 17 2.3 - 2.3 2.4 - 2.4 
8 16 4.8 - 4.8 4.7 - 4.7 
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Figure Legends 

Fig. 1 Formation cross sections for various gamma transitions in 
12 product nuclei from 400 MeV/N C bombardment of natural calcium. 

. . . 40 
The abscissa is the minimum excitation energy of Ca required 
to form the product. This figure was supplied by Dr. T. Shibata 
from his work of ref. 1. 

Fig. 2 Cross sections for first-excited (2+) to ground (0+) 
12 transitions m various even-even products from C on Ca at 

two different energies. The 250 MeV/N data are shown as relative 
cross sections, since the absolute normalization was not deter­
mined. The abscissa -Q_._ is the same as in Fig. 1. The 

^min ° 

straight lines are a visual fit to the data points. This figure 
is from ref. 1. 
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