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A set of cross sections for spallation of relativistic nuclei
is proposed, base on (i) the best available proton cross sec—
tions, (ii) an extrapolation to heavier nuclei of the depen—
dance on the number of nucleons lost of the "target factor"
observed for C!2 and 016 by Lindstrom et al.(1975), in analogy
with Rudstam's formalism,and (iii) on a normalization of all
cross sections to the total cross sections for production of
fragments with Af > 6. The obtained cross sections for periphe-
ral interaetions are not inconsistent with simple geometrical
considerations.

1. Introduction. The recent Bevatron observations of spallation of relati-
vistic CIZ and OT® nuclei on heavy targets has motivated us to calculate atmos—
pheric corrections. This requires extrapolating the C and O observations up to
Nickel. This can certainly not be reliably done in a detailed way, but hope-
fully a reasonable rough approximation-can be obtained, valid at least for the
most important cross sections, i.e. those for production of fragments compara-—
tively close to the incident nucleus (larger cross sections and parent nuclei
abundances).

2. Total reaction cross sections.

2.1. Proton-nucleus reaction cross sections.

Total proton induced reaction cross sections Opesct have been widely
studied, and are usually found to follow approximately a smooth Ai2/3 law, where
A{ is the mass of the nucleus involved.

The most recent experimental studies are due to Renberg et al. (1972)
on proton-nucleus reactions and to Heckmann et al. (1973),complemented by
Lindstrom et al. (1975) for the loss of neutroms only, for nucleus-proton
collisions. Renmberg et al. (*) find a smooth variation of Oreact with Aj
over a wide range of masses Aj, that Juliusson et al. (1975) have fitted by

O geact = 54 (A;1/3-0.20)2 mp.

The nucleus—proton observations are restricted to 12C and !00.While the C point
is within 5 7 of Renberg's systematics, the O point is higher by 18 7 , i.e.

50 mb, It is difficult to understand why two alpha - str7cture nu§1ei (c!2
and 0]6) could behave so differently with respect to the A2 3 law(xx . Hence

we tentatively give the preference to the Remberg's data.

2.2. Nucleus—-nucleus reaction cross—sections

The total nucleus-nucleus reaction cross section will be fitted by a
Bradt and Peters (1950)_ type , formula.

O rener = KAl o aB-8)2 b

(x) PRemberg's points are at 570 MeV. But the energy variation of the total
reaction cross section between 570 MeV and the GeV range is very small.

(x%) The ratio of the O to the C cross section is observed to be 1.24 by
"emberg, and 1.3% bv Heckman. Barshav et al (1975) calculate 1.27.
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for an incident nucleus 1 fragmenting on a target t.

Until very recently the coefficients K and 8§ were determined only from
emulsion work, in which reactions of neutron loss only (in both i and t nuclei)
could not be chbserved. Most observations were made before 1959. They are summa-
rized by Powell et al. (1959) p.605, and suggest K = 66 mb, 8§=1.17.

The new observations by Heckmann {1973} in the GeV/n range, complemented by
those of Lindstrom et al. (1975) for the loss of neutrons only by the incoming
nucleus, vield genuine total reaction cross sectioms.

We are interested in fitting the data only up to Z 30. In this range,
Heckman's study gives us four points : C and O beams on Carbon and Copper Targets.
ihen trying to fit these data with a Bradt and Peters type formula, it is again
found that the C and O points on the Carbon Target camnot be simultaneously
fitted together with the Copper points. In view of the doubt on the cross sec—
tion obtained with the Oxvgen beam on Hydrogen we choose to fit the C point,
and get : "

—60.5¢alP e aP o003y 2w B

react . t
We shall adopt this form, which is actually fairly close to that resulting
from the emulsion work. :

3. Nucleus-nucleus individual reaction cross sections in the GeV/n range.
The available observations. There are only three groups of observations
of nucleus—nucleus reactions between nuclei both heavier than He™.
3.1. The Bevatron data (Heckmann et al. 1972, Lindstrom et al. 1975)
They tefer to the spallation of 1.05 and 2.10 GeV/n C12,N 14 and 0l®
nuclei on various targets ranging from H to Pb. They show that the relative
vields of the varicus fragments (at least above 1i®) are about equal for all
targets between Be and Pb, i.e. fgr targets whose size is at least comparable
to that of the incident C!2 or 01° nuclei.
Te relate the cross sections on heavy targets to those on hydrogen, we
define -as 'enhancement factor”
r () =CFT (£)
T T~ .
1 (£

the ratio of the cross section for producti?n of a particular fragment f om

a target T to that on an Hydrogen target(fx.qu has been plotted as a function

of the fragment mass Af in fig. 1, for a few couples of incident and Target

nuclei. The corresponding ratio for the total reaction cross sectioﬁlﬁT(react)
have alsc been indicated. Fig. 1 calls for the following remarks :

(i) Compared to the Hydrogen cross sections, the emission of lighter fragments,
i.e. the deeper destruction of the incident c12 and 016 nuclei, is sligh-
tly favcured cn heavy targets. Note thatl“T varies slowly and quite smoothly
with Ay {at least for Ag) 6 and for reactions with Q™ > 2 mb). Hence
Rudstam's formalism should be applicable to spallation on heavy targets.
This variation has been fitted by Lindstrom et al. as

M (a,) oc (0.66 + 555 7 (1

valid for a
i

11 targets between Be and Pb, and for both C and O incident nuclei
(but only for these nuclei !). To permit a later generalization, we prefer
to rewrite this fit as a functiom of the mass difference AA = Aj—Af between
the incident nucleus and the frapgment. With A; =14 in Lindstrom's experiments,

-y
v
e
"
N
St

to the C and O points on Larbon would lead to

" §7 insofar as Lindstrom et al.
tions to the Hydrogen cross sections.
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Fig. 1 : Enhancement factorsIﬁT(f) =04 () /T, (D) deduced from some of

the observations of Lindstrom et al. (1975), as a function of the
fragment mass Agf, and for the total reaction cross section and its
square root. Full points : Q> 2 mb ; open points O < 2 mb.

Since for C'2 and 0]6_incident nuclei AA« 36, the above linear fit cannot
be distinguished from the exponential fit )

+ 24
F‘T(AA) < e 38 . ' (3

We choose the latter form in view of its similarity with Rudstam's formalism.

(ii)

(iii)

(iv)

The observed [ ..'s for the production of H and He isotopes appear unreason—
nably low. In particular the production of He% would not be more enhanced
in heavy targets than that of Li, which is puzzeling. In the case of o!
on C and Cu targets f.i., the observed ['7 is even significantly lower for
He” than for Li formation. Further Lindstrom et al observe only <70 7

of the outcoming fragments with Af< 4 in their 12.5 mrad angle of obser-

vation. For all these isotopes but protons, they restitue the emission vield

by -extrapolation to larger angles.

Almost all the 'y (f)'s for the individual reactions yielding the varicus

fragments are smaller than the corresponding V'p (react), for the total
reaction cross sections‘*). Henee there exists a "missing cross section",
to be found somewhere. Lindstrom et al (1975) note that they miss many
ejected protons . However it is difficult to believe that a significant
part of the "missing cross section" can be due to complete destruction
into nuclecns only.

For peripheral reactions fig. 1 is consistent with

FT (periph. £) 25 VTﬂT (react)

which can easily be understood in terms of simple geometry if the cross

sections for the loss of few nucleonsindeed correspondsto grazing collisions.

But ‘Tecall that -the observations are limited to C, N, O incident nuclei.

Hence, in view of the "missing" cross section, of the low enhancement factors

o

observed for A € 4, and of the reduced efficiency in detecting fragments

for Af< 4, we shall hot use Lindstrom's data for Af< 4.

(%) In contradiction with the statement made in Heckmann et al. (1972)

© MPE ¢ Provided by the NASA Astrophysics Data System



.12, 4144M

19751 CRC.

S
A
2

TABLE 1
s :(Lindstrom et al. 1975)

Bevatron resultis
2.1 GeV/n

Incident carbon

> b \(zfl
Target iréé “react Creact Greact
B 123 236 .52 . 48
Be 232 663 .35 . 65
C 232 754 .31 . 69
Cu 361 1709 .21 . 79
Incident Oxygen

- Gye CSes

larget CE 6 Jreact ~react Creact
H 233 291 .80 . 20
Be 425 763 .56 . 44
C 420 860 .49 . 51
Cu 660 1868 .35 . 65

Table 1 shows the cross sections0O, for production of fragments with Af>» 6
andtrxa for produLtlon of only fragment= with Af <4, compared to the total
reaction cross sections.

3.2. The Princeton data (Cumming_et_al. 1974)

They refer to the bombardment of Cu by 3. 9 GeV protons and 3.9 GeV =
280 MeV/n WN!%4 puclei. The Copper Target is radlochemlcally analyzea for
many radioactive isotopes. Absolute cross sections are obtained with protons
but only relative yields with Nl4,

These data show beautifully that the charge yleld for isobars is very
independant of the circumstances of the primary interaction. It depends essen—
tially on the stability of the various isobars (their fig. 7), in very good
agreement with Rudstam's formalism for the charge dispersion curves.i

The mass vields for the loss of up to 27 nucleons upon interaction
with H and N!'# nuclei are shown in their fig. 6. It shows that protons tend
ro produce a more through destruction of Cu than wl4. Such a behaviour would
be extremely difficult to believe for Cu bombardment by p and N4 beams of the
same energy/nuclecn {or for Cu incident with the same energy on H and XN 4 tavoetq)
e conclude that the mass yields observed by Cumming et al. for 280 MeV/n N‘*

nuclei is widely different from that which would have:been obtained with 3.9
"eV/ﬂ n!'4 nuclei. Since we are interested im comparlng the break up of Cu nuclei
in he GeV/n range on H apd §34 nuclei, we cannct make use of the mass yields

beserved by Cumming et ail®
. 3 shows the observe§<r 's to within an unknown constant, since
1ds are obtained for N'4. The decrease ofT*T between mass 64
for n—poor isctopes) corresponds to the difference of slope of

both mass yields, which we have just discussed.
This figure also shows t‘atfﬁT increases strongly below Af,,15 This
increase corresponds probably mainly to fragments accompanying a "principal”

n of neutron-deficient fragments in the
muclei than by 3.9 GeV protons could well
ortant cascade and more important evapora-
14 puclei.
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heavier fragment (fission-like processes ; evaporation of comparatively heavy
ffzgments). This feature should be qualitatively conserved for higher energy
N S.
3.3. Older emulsion data (Waddington 1960 a,b ; Friedlander et al. 1963)
They usually give the fragmentation parameters for nuclear interactions
of GeV/n cosmic ray nuclei, occuring, either mainly on the CNO nuclei of the
emulsion itself, or in Teflom (CF,) or graphite targets. These fragmentation
parameters were obtained with low statistics and poor charge resolution. How-
ever they give a good idea of the probability of complete destruction into
Af< 4 fragments only (T (4). A detailed inspection of the data yields the
following probabilities for the formation of fragments with Af » 6:

PR Q-
A gﬁcizgldent { AL 26 The check with 0y 6/(T; act .31 and .49 for
react | 12 and 016 on a Cafbon %arget obtained in

40-58 - 54 .90 | Table 1 from the data of Lindstrom et al (1975)
19-40 26 .75 | support the validity of these older emulsion
12-16 14 .36 | data.
6-11 9 .13

4, Procedure for the estimate of the nucleus-nucleus, individual reaction

cross sections up to Nickel. Our purpose 1s to extrapolate the Bevatron observa-
Tions for C1Z and OT® nuclei up to Nickel. We wish to get a rough approximation,
good at least for the cross sections most important to us, i.e. those for produc-
tion of fragments comparatively close to the incident nucleus. In this context,
we shall not try to reproduce the characteristics raise of 't for very large
AA's observed by Cumming et al.

We first extimate (Té 6 the total cross section for production of frag-
ments with Ag» 6 on air . In fig. 2 we combine the values deduced from the
Revatron data (Table 1) with the emulsion data om the ratio o, /C]"ea , and
fit them by a smooth curve as a function of Aj. We then multiply by T react> and
get Uy¢.

=6
Oreoct

‘We are conscious that most observations have

been made with o — structure nuclei (c!2, 016

of Lindstrom et al, most abundant nuclei in

cosmic rays used in emulsion work), which may
break up into o 's more easily than other nuclei.

. L M OQur estimate may therefore be biased towards

0 2 0 «© 9 s¢ 1ower'0~)6. However the very abundance of

Fig. 2. Ratio of the cross section for produc— these X - structure nuclei in cosmic rays

FloToi ragments vith 4 3 6 to B o8l makes them the principal progenitors of secon-

as a. function of the incident nucleus mass Aj. dary nuclei in the atmosphere. Hence our bias

may be considered acceptable x).

We then treat the relative yields of the various products in air. We
start with the best abailable proton data, and modify them by smooth enhancement
factors I 7. The observations of Lindstrom et al. and of Cumming et al.convince
us that the formalism of Rudstam remains roughly valid for heavy targets. This

"« Bevatron
o Emulsions

(x) We considered treating C!2 as a special case, not to be fitted by the gene-
ral smooth law, in view of the channel cl2(X,Xx) Be® — 20, However Lindstrom's
¢12 fits smoothly onto neighbouring measurements in fig. 2.
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formalism describes the mass vield (except for perlpheral and very thorough
interactions) on Hydrogen target nuclei by : T (4 A) oC - 4A /q

where q= 6.6 around 2 GeV/n, independant of the incident nucleus ( 4 levels
off at a few GeV/n) (Reeves 1970).
We have fitted Lindstrom's enhancement factor qu for C and O incident
nuclei bYTI™ e + A/36 valid for any target with a size at least comparable
' T

with the size of the incident nucleus, and for peripheral as well as non peri-
pheral interactions. It is therefore tempting to extend Rudstam's formula for
C and O on heavy targets :

) -44

- AA (— -~ g1

1
T (AA) o e R
In analogy with the independance of q on the size of the incident nucleus for
the break up on Hydrogen, we now assume that the q for break up on heavy targets
obtained for C and O is valid for all incident nuclei, as long as the size of
the target is at least comparable with that of the incident nucleus (which is
the case of air target muclei for cosmic ray nuclei up to nickel). In other
words, we extrapolate to all nuclei up to nlckel 1nc1?gnt on air the enhancement
factors | T observed by Lkndstrom et al for C!2 and 0'° in the form :

T oce’36 .
This enhancement factor will be used for both peripheral and non peripheral
interactions.
We calculate the yields for a&l individual reactions, on an arbitrary

scale
alr(f)OC¢(f)- * 36
and normalize to(7;6 to get the ffgg&ute cross sections :
g, () e
cu'L g} - AH-H—( B + 4R /3¢ ' qe
ot i Oy i) e
5. Resulting atmospheric corrections. Based on proton nucleus cross sections

at 2.5 GeV/n kindly provided by M. Meneguzzi (based on the latest experimental

data and on Silberberg and Tsao's procedure) we have constructed a table of
atmospheric cross sectﬁ% , which is available from the authors.

Of course for !2C and '°0 incident nuclei we have directly interpolated Lindstrom's
data for an "air" target with mass 14.4. Similar tables can be obtained for iso-
tope tc isotope c¢ross sections, and for other emergies .

It is of interest to note that the cross sections obtained for peripheral
interactions do mot deviate from ayOJyegetr 13w suggested by simple geometrical
argument by more than a factor 1.2. This gives us some confidence in the cross
sections yielded by our procedure (normalization to(T—6 after weighting the
oroton cross sections by[} (4 A)).

Acknowledgments.¥e wish to thank H. Reeves, G. Raisbeck and E. Juliusson for fructuous
discussions and M. Meocguzzi for providing us a sct of proton-nucleus cross-secticms.
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/ ERRATUM /

Fig.1 : 16O on C target : the points for A;< 4 have been erroneously
quoted from Lindstrom et al. (1975).

. 16
Remove from text the sentence 'in the case of = O on C and Cu tfargets,
f.i., the observed I'r is even significantly lower for He than for Li

- 18]
formation.
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