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ABSTRACT 

Calculations of large mass fragment yields from high-energy heavy-

ion reactions are performed based on the abrasion-ablation model. 

The geometrical picture of the clean-cut fireball model is used to 

calculate the number of participant nucleons in the abrasion stage 

and the excitation energy of the spectators (primary residues). A 

standard statistical evaporation code is used to calculate the ablation 

stage. Results from this model show an overall agreement with experi-

mental data, although some systematic discrepancies are found and 

discussed. A final state interaction is introduced which increases 

the average excitation energy of primary fragments and improves the 

results considerably. 

NUCLEAR REACTIONS Relativistic Heavy-ions, abrasion-ablation model, 
peripheral reactions, calculated fragmentation cross sections. 
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I. INTRODUCTION 

A new field of nuclear research emerged from the possibility 

of accelerating heavy ions to energies of hundreds to thousands of 

MeV per nucleon in the Berkeley Bevalac. The great interest in this 

new research area was prompted by suggestions that under the extreme 

conditions of a relativistic heavy-ion collision many new exotic phe

nomena ("Lee-Wick abnormal nuclear matter" ,1 "shock waves" ,2 "pion 

3 . 
condensati~n". ) would be produced. Although experimental evidence 

for the above processes have not been found yet, other interesting 

phenomena, such as "factorization",4 "scaling,,5 and "limiting frag

mentation" ,6 have been observed. 

The subdivision of high-energy heavy-ion reactions into central 

and peripheral collisions is already well established among nuclear 

physicists. These two qualitatively different types of collisions 

are clearly distinguished by observation of streamer chamber? and 

1 l ' 8 , nuc ear emu Slon plctures. The central (or near-central) collisions, 

h ' h ' bo t lO~ f 11 18 h t' d by 1 t w lC comprlse a u ~ 0 a cases, are c arac erlze an amos 

complete destruction of both the projectile and target nuclei. A 

large number of high energy particles come out over a wide range of 

angles, i.e., these violent processes are high-multiplicity events •. 

From the point of view of Swiatecki's participant-spectator model, 9 

practically all nucleons in both colliding partners are participants 

in a central collision. By contrast, in case of a peripheral event 

the momentum and energy transfers are relatively small. Only a few 

nucleons in the overlap zone effectively interact during the collision, 

i.e., the number of participant nucleons is small. As a result, a 
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few particles are observed in the extreme forward cone of laboratory 

angles with velocities approximately equal to that of the projectile. 

These particles originate from the fragmentation of the excited projectile. 

Simultaneously other particles are observed to have an almost isotropic 

distribution in the Lab frame, and these particles are considered to be 

evaporation products from the excited target residue (target fragmentation). 

Many experiments have been performed to investigate one or the other of 

these processes. For a (recent) review of the experimental situation 

see Ref. 10. 

In this paper we attempt to interpret results of target or projectile 

. 11-13 fragmentation experiments with high energy heaVY-lons. We calculate 

cross sections for production of heavy fragments considered to be 

produced in peripheral collisions. We stress that the calculations 

described in this paper apply equally well for both target and projectile 

fragmentation processes. Which process one chooses to study is merely 

a choice of reference frame. 

In Section II we present the overall scheme of the calculations, 

where following the abrasion-ablation model14 ,15 we have treated the 

reaction as a two-stage process. In Section III we give details 

of the abrasion stage calculations. The charge-to-mass dispersion 

in the abrasion products is considered in Section IV. In Section 

V we describe the ablation (or evaporation) stage of the reaction, 

and compare the results of a pure abrasion-ablation calculation with 

experimental data. These preliminary comparisons clearly show the 

need of an energy deposition higher than the extra surface energy 

term proposed by Swiatecki.9 As suggested in Ref. 15, we consider 
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a final state interaction process (FSI) between the abraded nucleons 

and the spectator. In Section VI, results of our calculations with 

FSI are compared with the same experimental data as before, and the 

agreement is found to be considerably better. 

We remark that although we will be using the geometrical picture 

of the clean-cut fireball mode116 for the fast (abrasion) stage, we 

will not refer to the other hypotheses of that model, since here 

we do not deal with the fireball itself (see Refs. 16-19). 

Instead, we concentrate our attention on the fate of the spectator 

(target or projectile) fragments. 
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II. COMPUTATIONAL PROCEDURE (Over all Scheme) 

The abrasion-ablation model introduced by Bowman, Swiatecki and 

14 Tsang, describes the reaction as a two-stage process. In the fast 

stage (abrasion) the nucleons within the overlap zone interact with 

each other and are sheared away from either the projectile or the 

target. The projectile fragment follows its trajectory with practically 

the same velocity as before, while the target fragment slowly recoils. 

Both fragments are excited as a result of the abrasion, and they later 

dissipate this excitation energy by undergoing particle evaporation 

(ablation) • 

To calculate the abrasion part of the reaction we could use the 

geometrical picture of either the clean-cut fireball model16 or the 

firestreak model. 20 In this paper we restrict ourselves to the former. 

From this part of the calculation we obtain the excitation energies 

and the cross sections for formation of the so-called primary residues. 

Then we start statistical particle evaporation from each primary residue 

to obtain the partial yields of the final (observed) fragments. Finally 

we sum the partial yields of each final fragment over all primary 

residues, and obtain the final yields, which are to be compared with 

the experimental values. Figure 1 illustrates the entire procedure. 
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III. CLEAN-CUT (FIREBALL) ABRASION PROCESS 

Two basic assumptions are included in the geometrical picture 

of the fireball model: both nuclei are assumed to have sharp spherical 

surfaces and to follow straight line trajectories. Therefore, the 

separation between spectator and target nucleons is given by the inter-

section of the two nuclear surfaces. The projectile scrapes the target, 

shearing away all nucleons located within the overlap zone of the 

two nuclei (participant nucleons). A geometrical view of this model 

is shown in Fig. 2. The number of nucleons ~ removed from the target 

is therefore calculated from geometrical considerations alone, i.e., 

for a given system ~ depends only on the impact parameter b (aT = aT(b». 

This number can be calculated by numerical integration of the overlap 

volume between a cylinder and a sphere. Instead, in this work we 

use the simpler approximate formulas derived by Swiatecki,9 which 

21 are shown by Morrissey et al. to be very good approximations for 

large impact parameters. 

Wi th aT (b) calculated as descr i,bed above, the mass number for 

the primary residue is simply given by 

(1) 

where ~ is the target mass number. From the inverse functio~ (b(~,) 

the cross section for a primary residue of mass AT' is determined 

by 

cJ(~,) = 'J1{b(~, + 0.5) 2 - b(~, _ 0.5) 2] (2) 
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In this model the excitation energy of the abrasion products 

(primary residues) results from the rupture of the nucleon-nucleon 

bonds in the intersection region. Since the number of bonds is roughly 

proportional to the intersection surface, we assume (as suggested 

in Ref. 9) the excitation energy to be proportional to the surface 

excess between the deformed abrasion product with a concave cylindrical 

surface gouged out of it and a spherical nucleus with the same volume. 

The proportionality constant is the nuclear surface tension, which 

2 is taken to be 0.95 MeV/fm • 

In Fig. 3 we show the variation of both the cross section (as 

calculated from Eq. (2}) and the excitation energy with the mass 

of the primary residue, which is a function of the impact parameter. 

The figure shows that while the cross sections for removing one or 

two nucleons are quite high in both cases the excitation energies 

left are between 1 and 6 MeV, which is not enough to induce particle 

evaporation. This point will be important to bear in mind when comparing 

with experimental results. 



7 

IV. CHARGE-TQ-MASS DISPERSION 

The abrasion stage as described in Section III only calculates 

the number of struck nucleons ~(b) without specifying the proton-neutron 

ratio of the abraded nucleons. Before proceeding with the evapora-

tion stage we must specify this ratio. This can be done in two 

very simple but rather different ways. The first, used in Ref. 16, 

I 

assumes that the proton-neutron composition of the ~(b) abraded target 

(projectile) nucleons is exactly the same as that of the target 

(projectile). This implies that for each impact parameter b, z(b) 

protons and n(b) neutrons are ejected, which are determined by 

(in case of target fragmentation) 

z (b) 

( 3) 

NT 
n (b) = AT ~ (b) 

where ZT and NT are respectively the number of protons and neutrons 

of the target. 

In our previous calculation22 we used a charge to mass dispersion 

(used also in Ref. 15), which assumes that each struck target nucleon 

has a 
ZT 

probabil i ty of 
A.r 

being a proton. Under this assumption, the 

cross section for production of a primary target residue (ZT"A.r,) 

is given by the hypergeometric distribution 
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( 4) 

where Z = ZT - ZT" n = ~ - NT' and a = n + z are, respectively, 

the number of protons, neutrons and nucleons removed from the target, 

and a(A.r,) is calculated by E>;J. (2). 

We understand that either calculation corresponds to a limiting 

si tuation: the former oorresponds to a si tuation of oomplete oor,relation 

among the nucleons, such as would be the case if nuclear matter were 

a two-oomponent crystal.' The latter, on the other hand, oonsiders 

no correlation at all between the proton and neutron distributions, 

a situation analogous to that of two non-interacting fluids. The 

actual situation certainly lies between these two limiting cases. 

In all calculations presented in this paper we use the no-correlation 

(Eq. (4» charge-to-mass dispersion, unless it is explicitly indicated 

otherwise. The final results (after evaporation) are not very sensitive 

to the choice of charge dispersion relations for the case of element 

distributions (summed over A). On the other hand differences between 

the two limiting expressions are more pronounced in the case of isotopic 

distributions, with advantage to the uncorrelated expression (E>;J. (4», 

at least in the lighter elements. 

An intermediate charge dispersion relation has been derived by 

Morrisseyet al. 21 They assume that fluctuations in the number of 

participant target protons are due to zero-point vibrations of the 

giant dipole resonance of the target nucleus. Charge dispersion curves 

obtained with their expression are somewhere in between the two limiting 
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cases presented above, i.e., their distributions are always narrower 

than those obtained with Eq. (4). Another interesting analysis, of 

the proton-neutron distribution in nuclei is given h¥ Bondorf, Fai 

d . 1 23 an N1e reno They use a hydrodynamic model to express the ground 

state correlations and investigate the possibility of observing such 

correlations after particle evaporation has occurred. Neither of 

these more complicated charge dispersion relations was used in this 

work, since here we are dealing with light systems where dispersion 

effects are not as important as for the heavier targets considered 

in Refs. 21 and 23. 
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V. THE ABIATION (E.VAPORATION) STAGE AND FIRST 
COMPARISONS WITH EXPERIMENT 

For this part of the calculations we use M. Blann's OVERLAID 

24 ALICE code, which performs statistical evaporations of nucleons, 

deuterons and alpha particles. We introduced some modifications and 

simplifications into ALICE to make it operational as a subroutine in 

our code. We use the option of the Myers-Swiatecki shell-corrected mass 

-1 formula and a level density constant, a = A/8 MeV • In contrast to 

our previous calculations,22 we have now used the option of dropping the 

pairing term in the ground-state mass formula. This choice is because 

ALICE uses the same level density (p(E) ~ E-2eXP(21.a:E» for all nuclei, 

without the usual pairing shift of the excitation energy in the level 

density formula. Therefore, following T. Ericson,2S we think that 

(for the range of products and excitation energies here) it is a better 

approximation to drop the pairing term in the calculation of the binding 

energies, in order to compensate for its absence in the level density 

formula. 

One of the difficulties of the clean-cut abrasion described 

in Section III is that it does not include transfer of angular momentum 

to the target fragment. Therefore, we assume zero angular momentum 

throughout the evaporation calculations. The most important effect 

of having a non zero angular momentum distribution would be an enhancement 

of alpha-particle evaporation relative to that of nucleons. Shibata 

et al.
ll 

found that the maximum angular momentum transferred to the 

12 40 . target fragments in the C + Ca at 400 MeV!N 1S about Sh. Such a 

small angular momentum value would have very little effect on the 

final results of our model. 
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In Fig. 4 we compare the results of our calculations (solid line) 

with the experimental data of· Lindstrom et al. 12 They have studied 

56 the fragmentation of Fe at 1. 8 GeV /nucleon by several targets at 

the Bevalac. Our calculated results for both cases presented (C and 

Cu targets) are higher than the experimental values, especially for 

the near projectile fragments' (Z = 25 and 24). We think we understand 

this feature: in the abrasion-ablation model as used h'ere, the cross 

sections for the elements close to the projectile (or target, in case 

of a target fragmentation study) are really dominated by the abrasion 

stage. As stated at the end of Section III, the abrasion cross sections 

for the elements one or two nucleons removed from the projectile (target) 

are quite high (see Fig. 2), but the excitation energies calculated 

with the extra surface energy term alone are not enough to induce 

appreciable particle evaporation from these nuclei. An examination 

of Fig. 5 (which will be explained in the next section) also leads 

to the same conclusion: it is necessary to introduce a mechanism 

for energy deposition other than the extra surface energy. 

Hiifner et a1. 15 encountered a similar situation in their calculations 

and proposed a final state interaction mechanism for energy deposition. 

We followed their idea and introduced a similar process in our 

calculations • 
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VI. FINAL STATE INTERACTION AND NEW COMPARISONS 

Since the nucleon-nucleon elastic scattering cross section at 

high energies is largely forward peaked, it is a good approximation 

to assume (at such energies) that the incident projectile nucleon follows 

a straight-line trajectory without changing its initial direction, 

while a struck target nucleon moves in the plane perpendicular to 

the projectile direction. Based on the above approximation, we further 

assume that 50% of the struck target nucleons are directed toward 

the target spectator piece, depositing in it part of their energy. 

In Ref. 26 the differential elastic scattering nucleon-nucleon 

cross section is presented as a function of t - the square of the 

four-momentum transfer to the target nucleon. From this angular distri-

bution, we evaluted the average four-momentum transfer (t) by 

(t) = 
00 dC1 
~ t at dt 

foo dC1 dt 
o dt 

( 5) 

which is related to the average kinetic energy of the recoiling target 

nucleon by 

(t) = 2~_ (E '1) 
N reC01 ( 6) 

dC1 
From the energy dependence of dt and Eqs. (5) and (6) we obtained the 

average recoil energy (E '1· ) as a function of the lab energy/nucl reC01 

of the projectile. 
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The real physical situation between colliding heavy ions is more 

complicated than this simple picture of individual nucleon-nucleon 

collisions. Therefore, we believe that the calculations presented 

above give only an upper limit to the energy imparted to a target 

nucleon during the collision, and are valid for the most grazing col-

lisions, where the situation is closer to that of an individual N-N 

collision. 

As the recoiling nucleon advances through the spectator piece, 

it loses energy in further N-N collisions. We calculate the deposited 

energy by assuming the recoiling nucleon energy to be given by27 

( 7) 

where >. is the nucleon mean free path, and a is the fraction of energy 

lost in each collision. In the calculation presented here, we take 

a = 0.25 (see Ref. 27) and 

>. = 1 
PO"NN 

( 8) 

where P = 0.17 Fm -3 is the nuclear matter density and O"NN is the N-N 

300 2 
cross section, assumed to be :::: E Fm (a fair approximation for 

E <150 MeV). 

Finally, the average deposited energy (~'SI) is calculated by 

averaging the deposited energy Edep over all possible orientations 6 

on the half plane of the spectator piece, i.e., 



EFSI = 

14 

1 
11" 

11" f Edep(e)d8 
o 

(9) 

Table I presents the values we obtained for the three cases 

studied in this paper. 

As stated before, we assume that each struck nucleon has a 50% 

chance of passing through the spectator, depositing <EFS1 ) of excitation 

on the average. Therefore, each primary residue with mass number 

AT' = ~ - ~ may have from 0 to ~ final state interactions according 

to a binomial distribution given by: 

Prob (mFSI) 
(10) 

The total excitation energy of a primary fragment (~,), which 

has undergone ~SI final state interactions is given by 

* E = Esurf (aT) + mFS1 • EFS1 
(11) 

where E feaT) is the extra surface energy term, which is a function . sur 

only of the number of nucleons removed. 

In Fig. 5 we show a comparison between the results of our 

calculations with FSI and the same experimental data of Fig. 4. The 

agreement is generally better than before, except for Z = 25 which 

now presents the opposite situation than before, i.e., the calculated 

value is less than the experimental result. We interpret this discrepancy 

at Z = 25 as an indication of the effects of other peripheral processes 

not included in our calculations, such as Coulomb dissociation via 
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the giant El resonance of the projectile28 ,29, or a dissociation of 

22 the projectile in the nuclear field of the target. The former has 

. 30 12 
indeed been observed by Heckman and Ll.ndstrom for the case of C 

and 160 (2.1 GeV /A) fragmentation. They observed that S"uch process 

is negligible for light targets, but becomes very important for heavy 

ones. In the present case (Fe fragmentation) Coulomb dissociation 

12 is certainly negligible for C targets, but it may very well account 

for some of the missing cross section at z = 25 for the case -of 

Cu targets. For heavier targets the cross section for Z = 25 elements 

increases much more than those for any other Z, 12 and the discrepancy 

between the experimental data and the results of our model becomes 

more pronounced, reflecting the above discussion. 

A comparison between the results of our calculation and the experi

mental results of the TOSABE Groupll is shown in Fig. 6. They utilized 

in-beam gamma ray techniques to study the fragmentation of 40Ca following 

interaction with high energy alpha and carbon projectiles. Most nearly 

measuring nuclide yields are the intensities of the 2+-+0+ transitions 

in doubly-even products. Also a few radioactive isotopes (shown on 

the left side of Fig. 6) were identified by measuring the off-

beam spectra between the one-second beam spills. The histograms represent 

the experimental data, and the full and dashed lines are, respectively, 

the results of our calculations with and without FSI. Again the'inclusion 

of FSI substantially improves the results, especially for those isotopes 

with masses close to the 'target mass. 

Shibata et al. ll qompared their Ca fragmen~ation data (both with 

alpha and carbon projectiles) with data resulting from Ca bombardment 
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by ~- and proton projectiles. Figure 7 was replotted from their work 

- 12 
with the inclusion of our theoretical results for C projectile. 

A feature clearly observed in this figure is the development of a 

plateau for yields corresponding to the heavier projectiles in contrast 

to the monotonic fall-off of yields resulting from the lighter ones. 

Such plateau is well reproduced by the present theoretical results. 

11 It was suggested that plateau formation for the carbon data reflects 

the great range of intermediate excited products formed at various 

impact parameters during the fast initial collision process, while 

the monotonic fall-off of the pion yields mostly represents statistical 

nucleon and alpha evaporation from excited 40Ca or its nearest neighbors. 

Within the context of our theory, their suggestion is equivalent to 

saying that production of a wide range of primary products in the 

abrasion-type process gives the distinctive plateau associated with 

the heavier projectiles. 

A last comparison is made between our results and the experimental 

dat f C · 1 13 a 0 umm1 ng et a • They performed radiochemical studies of the 

spallation products from copper irradiated with 80 GeV 40Ar ions, 

measuring cross sections for the production of 35 radioactive nuclides. 

We restrict the comparison to the heaviest isotopes, which are the 

most appropriate to our model due to their sure origin in peripheral 

collisions. The general trend of the data is fairly well reproduced 

by our calculations, but our results with FSI (see Table II) are a 

factor of 2 lower than the data, with a few exceptions. 3l 
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VII. COMMENl'SAND OONCLUS IONS 

The abrasion-ablation model with the clean-cut fireball abrasion 

and the OVERLAID ALICE evaporation rode has proven to be very useful 

in studying peripheral reactions between high energy heavy ions. 

However, the yields obtained with the pure abrasion-ablation model 

for the elements with masses very close to the target mass are too 

high as rompared to experimental data. The reason for this lack of 

agreement is believed to be the low values of the excitation energy after 

removal of one or two nucleons from the target, as calculated assuming 

only an extra surface energy contribution. This led us to include 

a final state interaction (FSI) mechanism in the calculations. The 

agreement between the theoretical and experimental results improved 

substantially in most cases. It is important to point out that there 

are no free parameters in the calculations presented in this work. 

Several modifications to the present model are possible, the 

most important of them being the use of a firestreak rather than a

fireball geometry for the abrasion stage with the option of a diffuse 

nuclear surface. This introduces several new features in the calculations 

and is the subject of another work to be published elsewhere. 32 Other 

charge dispersion relations incorporating ground-state correlations 

may also be used to investigate the effects of such rorrelation on 

the final product distribution. 
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Table I. Average energy deposited by a nucleon undergoing 
FSI. 

~ectator Lab Energy 

(KeV/N) 

40Ca 400 35.3 

1800 38.8 

Cu 2000 41.5 
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Table II. Comparison between theoretical results (with arid 
without FSI) and experimental Cu spallation yields 
(from Ref. 13) • 

Isotope Experiment Calculation Calculation 
without F5I with F5I 

64Cu 64.0 ± 15.0 50.8 25.4 
61Cu 32.0 ± 6.0 43.0 15.9 
57Ni 1.87 ± 0.28 3.51 1.08 
56Ni 0.1 :f: 0.8 1.5 0.1 
60Co 31. 0 ± 13.0 38.0 15.4 
58Co 37.0 :f: 7.0 39.3 42.5 
57Co 51.0 ± 5.0 25.6 25.9 
56Co 17.6 ± 1.4 16.6 7.7 
55Co 3.15 ± 0.22 7.7 1.48 
59Fe 5.9 ± 0.9 29.4 3.4 
52Fe 0.35 :f: 0.07 1.95 0.30 
56Mn 9.1 ± 1.6 23.0 5.8 
5~ 47.2 ± 1.8 28.5 29.9 
52Mn 17.3 ± 0.2 12~2 14.5 
51cr 51.9 ± 1.7 24.4 26.9 
48Cr 0.92 ± 0.05 3.48 0.76 
48V 26.8 ± 1.1 19.1 20.3 
4850 1. 73 ± 0.17 8.3 0.77 
475c 7.56 ± 0.37 11.2 3.4 
4650 21. 0 ± 1.4 14.4 9.1 
445c 31.8 ± 2.3 18.9 19.8 
43 50 8.5 ± 3.5 11.2 9.0 
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FIGURE CAPTIONS 

Fig. 1. Over-all scheme of the calculations. 

Fig. 2. Geometrical view of fireball abrasion. 

Fig. 3. Cross section and excitation energy as a function of the 

mass number of the primary residues. Calculated with the 

clean cut fireball abrasion for two systems used later for 

comparisons. 

Fig. 4. Comparison between results of a pure abrasion-ablation calculation 

(solid line) and experimental data of Ref. 12. 

Fig. 5. Same as Fig. 4 but with FSI included in the theory. 

Fig. 6. Comparison between theoretical results and experimental data 

of Ref. 11. Histograms correspond to experimental data, 

and full and traced bars are results of our calculations 

with and without FSI, respectively. Dotted lines on histo-

grams indicate experimental error bars. 

F ' 7 40C f " 1d 11 f 11 d 1 h l' 19.. a ragmentat10n y1e s or so-ca e a p a-nuc e1 as 

a function of number of alpha particles removed from target. 

The line connecting theoretical results is merely to guide 

the eyes. 



25 

COMPUTATIONAL PROCEDURE 

.. 
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CROSS SECTION 0'" r' 
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OUTPUT 
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0'" e ZF' AF ) 
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(OV ERLAID ALICE) 
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I-----t ... Sum over all abrasion_---. 
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