PHYSICAL REVIEW C

VOLUME 41, NUMBER 2

Individual charge changing fragmentation cross sections of relativistic nuclei
in hydrogen, helium, and carbon targets

W. R. Webber, J. C. Kish, and D. A. Schrier
Space Science Center, University of New Hampshire, Durham, New Hampshire 03824
(Received 19 December 1988)

In this paper we describe individual elemental cross sections. Over 100 of these cross sections
have been measured by studying the fragmentation of beams of 12 charges ranging from '*C to **Ni
in hydrogen, helium, and carbon targets. The energies of the beams ranged from ~300 to 1700
MeV/nucleon. The relative cross sections in hydrogen, helium, and carbon targets are examined as
a function of both beam charge and energy. Limits are placed on the energy region in which the
concept of factorization or scaling of cross sections for different beam charges and targets applies.
The approach of these elemental cross sections to the asymptotic high-energy values is examined as
a function of the beam charge and the charge change. The systematics of the energy dependence of
these cross sections is also described in terms of the beam charge and the charge change. Another
important systematic in our data is a regular decrease in the elemental cross sections into a particu-
lar charge, Z,, with increasing charge change at a constant energy. It is found that this regular be-
havior of the cross sections follows a simple exponential law in the charge change, Zz —Z,. This
has important implications for constructing an empirical formula to describe these cross sections, as
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well as having theoretical implications.

I. INTRODUCTION

This is the second in a series of papers dealing with the
cross sections measured using 2C, 1*N, 10, °Ne, 2*Mg,
27Al, 288i, 328, “°Ar, 40Ca, 3°Fe, and *®Ni beams with ener-
gies between 300 and 1700 MeV/nucleon incident on hy-
drogen (CH,), helium, and carbon targets at the
Lawrence Berkeley Laboratory Bevalac. In this paper we
will discuss the individual elemental charge changing
cross sections. This work is part of a systematic study of
the individual elemental and isotopic cross sections for
hydrogen and helium targets appropriate to the interpre-
tation of the interstellar production of secondary frag-
ments during cosmic-ray propagation in the galaxy, and
so to determine the source elemental and isotopic com-
ponents of cosmic rays. At the same time it should be
noted that the basic systematics of these individual ele-
mental cross sections as a function of the incident charge,
energy, and target are an important input for understand-
ing the nuclear physics involved in these peripheral col-
lisions.

The basic details of these runs at the Bevalac with a to-
tal of 42 separate beams of the 12 charges listed earlier,
are described in paper I.! In this paper we will discuss
the individual elemental cross sections obtained. These
will be compared with other measurements of individual
elemental cross sections that have recently been mea-
sured, mainly at the Bevalac, which for many years was
the only source of energetic heavy ions available in the
world. The large volume of data from these new studies
allows us to study the systematics of the cross sections as
a function of charge, energy, and target in unprecedented
detail, and this new data will be compared with previous
semiempirical models used to describe this fragmenta-
tion.

II. THE EXPERIMENT
AND THE MEASUREMENT TECHNIQUES

The general properties of the experimental set up have
been described in paper I.! An outline drawing of the
telescope is shown in Fig. 1 of paper I. The telescope ba-
sically consists of three separate modules; a charge
identification module, an isotope identification module,
and a fragment module. For the study here, only the
charge identification module was used. Individual secon-
dary fragment charges were identified from cross plots of
the various scintillators and the Cerenkov counter. The
targets used and the procedures for alternating the tar-
gets with the no target run are described in paper I.!

III. DATA ANALYSIS
AND THE DETERMINATION OF THE PARTIAL
CHARGE CHANGING CROSS SECTIONS

The individual charge fragments are identified from
cross plots of the S1-S2 and S2-S3 scintillators, an ex-
ample of which is shown in Fig. 1 for a CH, target using
an *’Al beam at 550 MeV/nucleon. The individual frag-
ments produced in the target can be clearly identified ly-
ing along the diagonal in these plots. Also seen in this
figure are the interactions occurring in the S1 scintillator,
lying along vertical bands, together with fragments from
secondary interactions in the scintillators and in the
beam. For fragment charges Z, the effective charge reso-
lution deteriorates because of the fact that there are a
larger number of fragmentation modes possible as the
charge difference, Z,—-Z, increases. In general we cannot
obtain useful individual elemental fragmentation cross
sections when Z,<0.5Z; because of this problem. A
close examination of the charge peaks also shows that
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they are not exactly Z/2 dependent as expected for indivi-
dual fragments, but instead follow more closely a Z24
dependence, where Z2; is given by the sum of the squares
of the charge of the principal fragment plus all of the
remaining fragment charges [see also Figs. 2(a)-(c)],
which are mainly identified as Z=1 or 2 (see Webber and
Brautigam?). Note also that there is a broad peak corre-
sponding to a low value of Z.;. This peak is present in
all runs, but is strongly energy dependent and is due to
the almost complete fragmentation of the beam nuclei.
The value of Z2; corresponds to almost all of these frag-
ments being protons.

It is important to note that, to determine the total in-
teraction cross sections in this analysis for comparison
with the results on the total cross sections reported in pa-
per 1, all of the secondary fragments, both at high and
low Z, must be taken into account. Cross plots similar to
those in Fig. 2 are constructed for all of the separate tar-
get runs for a given beam, including the no target run. In
the no-target runs the number of events in the diagonal
band corresponding to the principal fragments is general-
ly =5% of the number in the target runs. The individual
elemental cross sections are determined from the number
of fragment nuclei produced in the target that survive
through the charge measuring part of the telescope
(§1-S3 coincidence). To take into account interactions
occurring in the telescope and to obtain better defined
charge distributions we place consistency criteria on the
outputs of the S1-S3 scintillators. This consistency was
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FIG. 1. Cross plot of events in S1 vs S2 counters for a 550
MeV/nucleon 2’Al beam incident on a CH, target.

chosen to be =30 for each charge in each scintillator for
Z;>0.5Z;, becoming broader for the lower Z, fragments
that cannot be as easily identified. It was verified that the
section criteria that were used removed a negligible frac-
tion of the noninteracting fragments, but detected and re-
moved =95% of all of the beam nuclei or principal
secondary fragments that interacted in the charge module
after the S1 counter. For events satisfying this selection
criteria, charge histograms for each target were con-
structed including the no-target runs, which were subject-
ed to the same criteria. In Figs. 2(a)-(c) we show exam-
ples of these charge histograms for carbon targets for in-
cident beams of %0, 32S, and °Fe nuclei. These histo-
grams may be directly compared with those shown in
Fig. 2 of paper I, which were made without the selection
criteria. The raw number of events for each fragment
charge for the various beams, energies, and targets are
obtained from histograms such as those in Fig. 2. For
this determination the number of events assigned to each
charge, Z £ is taken to be the number of events lying be-
tween Z,+0.5 on the histogram.

These numbers have to be corrected for various effects
in order to arrive at a set of numbers that can be used to
derive the cross sections. For each of the targets, CH,,
C, and He, the events are first corrected for the target
out, corresponding to interactions in the beam line and in
S1. In this correction the total number of events in the
no-target runs satisfying the selection criteria are normal-
ized to the total number in the corresponding target runs,
and the number of events for each fragment element in
the no-target runs are then subtracted from the target
runs. The second correction is for the interactions of the
beam and fragment nuclei that occur in the charge
module part of the telescope. This correction assumes
that essentially all of the charge changing interactions
occurring in the telescope are identified and removed by
the S'1-S3, criteria, therefore the correction to the top of
the telescope is given by

N (Z)=Np(Z)exp™"(2) ,

where N is the observed number of events of fragment
charge Z, after the selection criteria, N7 is the number
emerging from the target, x is the total thickness of the
various materials in the telescope, and A, (Z) are the in-
teraction mean free paths of each fragment in each of the
telescope materials. The mean free paths used in this cal-
culation are obtained from
ma

MZ)= )

Oz
where
o =mrj( A} + 4, —b)?,

where 7,=1.35X 10713 cm and, the overlap parameter b
is adapted from our own total interaction cross section
measurements reported in paper I.

The material in the charge defining part of the tele-
scope ranges from ~0.3 of an interaction length for a 12C
beam to ~0.6 of an interaction length for a *Fe beam.
When the interaction correction is made it is found that
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the total number of beam charge counts, Ny, obtained
from the data with selection criteria equals the total num-
ber observed directly in S1 from the no criteria data (as
discussed in paper I) to within +1%.

The final correction is based on the fact that the sum of
all of the fragment fractions 3 z, NAZ)/Ny, must be

equal for the data with selection criteria and the data
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without selection criteria, as is determined directly from
the S1 distribution. This assures that the total charge
changing cross sections derived from the data employing
selection criteria are identical to those obtained directly
from the data without selection criteria, as described in
paper 1. Because of multiple fragments and the difficulty
of employing consistent selection criteria for Z; <0.5Z;,

100000, . . —
E 3 100000 —————
: : : S <
i '*0 ] [ 720 Mev/nuc 32s g enz ]
6 T =01364Z CARBON TARGET ]
1600 MeV/nuc "°0 (a) L s1,52,53 Criteria 1
- CARBON TARGET aj A
- SI,S2, S3 Criteria I (b) 1
Y joooof . o
= - 4 = C ]
I o 4 L= 4 - p
(&) L 4 T L 4
~ © r 1
o r h ~ | J
[70]
; - h = L 1
) =4
S} 3
© l000f E O 1000k 7
r b, [ ]
- - )_ -
‘00 1 1 1 " " |oo n I i — . i e
O 300 600 900 1200 1500 1800 0 400 800 1200 1600
SI+S2 Si+S2
2 2
100000 T T v - +
F 800 MeV /nuc S6Fe 56F¢
[ CARBON TARGET 00126 A7 ]
L SI,52,S3 Criteria 1
3 r (C)
z
= IOOOO:— -
(-
Z
N [
'_({_) +
P4
oo ]
o
(8]
1000 4
100 e .
100 400 700 1000 1300 1600 1900 2200 2500 2800
SI+S2
2

FIG. 2. (a) Distribution of events in the S1 and S2 counters subject to S1-S3 criteria for 600 MeV/nucleon '%0 incident on a car-
bon target. (b) As in (a) but for 720 MeV/nucleon *2S nuclei incident on a carbon target. (c) As in (a) but for 810 MeV/nucleon *Fe
nuclei incident on a carbon target.
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TABLE 1. (Continued).

%Na %Mg LN

ZON e

160

Beam
Energy

(MeV/nucleon)

468 599 608 1057 461 309 481 739 1455 582

1563

903.0
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it is necessary to renormalize the sum N AZ) for the
Zf i

data with selection criteria by a small factor that depends
on the beam, energy, and target but is generally in the
range 1.05-1.15. To the extent that the charge selection
criteria remove all the interacting events as verified by
the fact that the value of N is essentially the same as
determined from S1 alone, as is determined after selec-
tion criteria are applied along with the interaction correc-
tion, we have no evidence of any charge dependent effects
in the selection procedure.

The fully corrected numbers of events for each frag-
ment charge are then expressed as a fraction of the num-
ber of beam charge events exiting the target. These frac-
tions form the basic data for determining the individual
elemental cross sections. If the targets had been very thin
then the cross sections for the production of a fragment
of charge Z, from the beam charge, Zg, 0 ((Z), could be
found from

of(Z)/amt=NfT(Z)/ENfT(Z) .
Z
f

However, the targets used were all between 0.4 and 0.6 of
the beam charge mean free path, hence some of the frag-
ments produced will have secondary interactions before
they leave the target (in effect, a thick target). In order to
correct for these secondary interactions a one-
dimensional diffusion equation of the form

dN,.(x) o,N,(x) Ozz
zf _ 9z Nz +3s 5

z>7, gee

Nz(x)

dx m .

was used, where Nz (x) is the abundance of fragment
with charge Z, at depth x in the target, 0, is the total
charge changing cross section for this charge, Ozz, is the

partial charge changing cross section from charge Z to
charge Z;, and N (x) is the abundance of the charge
Z >Z;. In this equation it is assumed that energy loss in
the target is not important and the derived cross sections
are appropriate to the average interaction energy in the
target.

In this calculation the measured charge fraction of
each fragment charge relative to the beam charge is the
input and the program calculates the cross section of the
beam charge into that fragment charge. This program
requires estimates of all of the relevant secondary cross
sections as well. The initial estimates of these secondary
cross sections were based on the Tsao and Silberberg®
semiempirical formulation. Later we developed a
semiempirical formulation based on our data (Webber*)
and this was used to estimate the secondary cross sections
in a self-consistent manner. The importance of the pro-
duction of a given Z, from secondary interactions in the
target increases as Zyz —Z, increases. For Z,=0.5Zp,
typically ~30% of this fragment is produced by secon-
dary interactions so that assuming, for example, a +10%
error in the secondary cross sections* leads to an error
~+3% in the derived cross sections of the beam charge
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TABLE I11. (Continued).

56FC

Beam

Energy
(MeV/nucleon)

1615

1512

1409

1086

944

724

662

520

434

330
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28.9 (D)
12.2 (E)

14.2 (E)
32.1 (D)

28.4 (D)
342 (D)

33.6 (D)
10.9 (E)

359 (D)
6.8 (E)

on — N ™

14

into that principal fragment charge.

The derived charge changing cross sections in mb for
C, He, and H targets for the various beams and mean tar-
get energies are shown in Tables I-III. In these tables we
have emphasized the derived H cross sections, since they
are of principal interest for the astrophysical problems.
The measured CH, cross sections are simply the carbon
cross sections times twice the hydrogen cross sections. A
few remarks about the uncertainties in the cross sections
are in order. These uncertainties may be either charge
dependent or systematic affecting all charges approxi-
mately equally. Charge dependent uncertainties include:

(1) Statistical. The raw number of secondary fragments
of a given charge is generally in the range 2 000-20 000,
leading to statistical errors between 0.7-2.2 %. For hy-
drogen, the statistical errors are on the differences in the
numbers of events between CH, and C targets. This
leads to errors ~1.5 times those for the individual tar-
gets.

(2) No target correction. This correction ranges from a
high ~12% for fragments with AZ=1 in carbon targets
to a low ~5%. This correction is straightforward and
can be made to an accuracy = 10% leading to an overall
uncertainty =<1.2%.

(3) Correction to the top of the telescope. This correc-
tion due to interactions in the telescope is in the range
30-50 % and requires an understanding of the total in-
teraction cross sections in the various telescope materials.
This correction can be made to an estimated accuracy
<+3%, leading to an overall uncertainty of
50% X3% = <1.5%.

(4) Secondary fragmentation in the target. As noted
before, this correction ranges from a few percent for frag-
ments with AZ=1 to a maximum ~30% for fragments
where Z,~0.5Z5. Assuming the secondary cross sec-
tions are known to an accuracy of =10% this correction
can be made to a maximum uncertainty of 3% for
charges with Z;~0.5Z5 and is <1% for small AZ.

(5) There is also a ‘“background” correction only for
fragments with 0.5Z; =Z, <0.6Zp, because of the fact
that combinations of lower Z ‘fragments may directly
simulate a fragment with this Z,. This effect may be seen
in Figs. 2(b) and (c). This correction may be estimated
from the uniform falloff of the background distribution of
lower Z pulse heights and can amount to a correction for
20% for the lowest Z fragments analyzed. The uncer-
tainty in this correction is estimated to be ~+25%, giv-
ing an overall uncertainty <5%.

The largest systematic uncertainty is the correction for
selection criteria effects and the renormalization effect.
As described earlier, this can range from ~5to ~15%
for different beams, targets, and energies. It is difficult to
evaluate the uncertainty in this correction but various
simple tests on the data suggest that overall this should
introduce an uncertainty no larger than +3%.

Overall then, the absolute accuracy on the derived
cross sections, assuming the charge dependent uncertain-
ties add in quadrature, is <3.6% for fragment charges
where Z,>0.75Z, increasing to ~8-10 % for fragment
charges where Z,~0.5Z5. The uncertainties for hydro-
gen targets are about 1.5x the above.



IV. SYSTEMATICS OF THE CROSS SECTIONS
AND A COMPARISON WITH OTHER MEASUREMENTS

The cross section data set we have obtained is perhaps
the most comprehensive available for nuclei with Z <28
incident on H, He, and C targets in terms of the number
of incident nuclei and the different energies involved.
Most of the earlier measurements, involving proton
beams incident on heavier targets, for example, measured
the cross sections for the production of individual ra-
dioactive isotope fragments. In a few cases this work was
complete enough to obtain the individual charge chang-
ing cross sections by summing these isotopic cross sec-
tions. We mention here the work of Perron® using proton
beams incident on Fe targets. The summed isotopic cross
sections from this experiment are in good agreement with
our elemental cross sections obtained from Fe beams (see
data points plotted in Figs. 13 and 14).

With the advent of the Bevalac, the capacility to mea-
sure both elemental and isotopic cross sections increased
dramatically. The work of Lindstrom et al.® and West-
fall et al.” obtained elemental cross sections for ~2
GeV/nucleon C, O, and Fe nuclei that are in good agree-
ment with our results (see data points plotted in Figs. 9,
10, and 13). More recently, Brechtmann and Heinrich®
have studied the fragmentation of 720 MeV /nucleon *2S
in carbon and hydrogen targets and derived a set of ele-
mental fragmentation cross sections directly comparable
with ours measured at almost the same energy. For frag-
ments with AZ=1-10 in carbon targets their cross sec-
tions differ from ours by an average ~7% with a max-
imum difference ~ 15%:; for hydrogen targets the average
elemental cross section difference is ~8% with a max-
imum difference ~25% (for carbon fragments). These
differences are generally within the experimental errors of
the two measurements. We should also mention here the
extensive measurements of the elemental fragmentation
of higher Z beam nuclei at the Bevalac by the high-
energy astronomy observatory (HEAO) group (e.g., Binns
et al.’) which, although they are in a different charge
range, are comparable to ours in terms of technique and
accuracy.

A. Relative cross sections in hydrogen
and carbon targets

In this section we will compare the elemental cross sec-
tions obtained in carbon and hydrogen targets and exam-
ine the question of factorization. (A comparison of the
elemental cross sections obtained by us in helium and hy-
drogen targets has been described separately, Ferrando
et al.'°.) In this study we will examine the ratio, o /oy,
both as a function of energy for a given charge and at a
constant energy as a function of Zz. In Fig. 3 we show
the ratio of the individual elemental cross sections ob-
tained in carbon targets to those obtained in hydrogen
targets, as a function of the charge change AZ for in-
cident *°Fe nuclei at ten different energies, from 330 to
1615 MeV/nucleon. Recall that Westfall et al.,” from a
study of *°Fe fragmentation at 1.88 GeV/nucleon in
several targets, suggested that the individual elemental
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FIG. 3. Ratio of elemental cross sections in carbon and hy-
drogen targets for **Fe beams of various energies.

cross sections could be factored into a target factor y r,
depending upon the target only, and a factor o'; that de-
pends on the beam and fragment—e.g.,
OBr=Y7108 »

where o' is the cross section of the ith fragment. They
found that for fragments with Z=18-24 the relative tar-
get factor between C and H targets was 1.36+0.14. This
factor is indicated by the dashed line in Fig. 3. Factoriza-
tion of this type implies that the ratio of o /o should
be constant as a function of AZ/Zy for all energies
where it holds. This is obviously not the case with the
data shown in Fig. 3 which, however, shows several in-
teresting trends. For the highest-energy points factoriza-
tion is indeed approximately true, however, for
AZ /Zg =0.5 instead of being strictly constant, the ratio
ot/oy actually goes through a minimum for
AZ /Zp~0.25 and then begins to increase rapidly for
values of AZ/Zz 20.5. At lower energies the rapid in-
crease in the of/o}; ratio moves to smaller and smaller
values of AZ/Zy. In effect, the region where a simple
factorization is approximately true covers a smaller and
smaller range of AZ /Zy. This behavior of the individual
elemental cross sections is consistent with the behavior of
the total charge changing cross sections as well. The
solid lines in Fig. 3 show the ratios of the total charge
changing cross sections for carbon and hydrogen targets
at two energies, as presented in paper I. This ratio in-
creases as one goes to lower energies. This is consistent
with the fact that the increase in the individual elemental
oc/0} ratio moves to smaller values of AZ /Zj as the
energy decreases and the fact that the integrated effect of
all of the elemental o-/0}; ratios over all AZ, including
those we do not measure, must produce the observed ra-
tio of total cross sections for carbon and hydrogen tar-
gets.

This behavior may be examined in another way as il-
lustrated by Fig. 4, which is a plot of the integrated frac-
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FIG. 4. The incremental sums of the elemental cross sections
as a function of the charge charge for °Fe beams of 434 and
1512 MeV/nucleon incident on carbon and hydrogen targets.

tion of the total charge changing cross section given by
the elemental cross sections, plotted as a function of the
cumulative charge change.

This behavior may also be examined as a function of
incident beam charge at a constant energy. In Fig. 5 we
show the ratio, oL/0l;, as a function of AZ /Z, for an
energy ~600 MeV/nucleon for several beam nuclei. At
this energy, for incident *Fe nuclei, the ratio is roughly
constant for small values of AZ /Zg, rapidly increasing
when AZ/Z;>0.3. For lower Z beam nuclei at the

—T ™ T - a—

~600 MeV/nuc

H 0 0N
L

o IGO o 27A| + 404,
It o'2c  ©20Ne o 285 e 40cq A
o l4N x 29Mg ®w 325 e S56fe
o] 0.1 02 0.3 0.4 0.5 0.6

AZ/Zg

FIG. 5. Ratio of elemental cross sections in carbon and hy-
drogen targets at ~600 MeV/nucleon for various beam charges.

same energy we observe that this ratio is roughly con-
stant up to values of AZ/Zy as large as 0.5. Also for
different beam charges the ratio o-/o%; for small AZ
slowly increases with decreasing beam charge. This again
is consistent with the behavior observed for the ratio of
the total cross sections in carbon and hydrogen targets
presented in paper I. This illustrates that for large
AZ /Zyg, even for low Z beams, the ratio o-/ok; must in-
crease rapidly as AZ /Zy increases, in order that the in-
tegrated effect of these elemental ratios over all AZ must
produce the observed ratio of the total charge changing
cross sections in carbon and hydrogen targets, presented
in paper I (shown in Fig. 5 as solid lines). This shows
that the concept of factorization is a better approxima-
tion and extends to larger values of AZ /Z, for lower Z
beams.

Basically, this whole argument is closely related to the
manner in which the individual elemental cross sections
approach their high-energy asymptotic limit where the
concept of factorization more closely applies. As we
shall discuss later, the elemental cross sections for small
charge change from low Z beams show very little energy
dependence and have probably reached their asymptotic
limit at ~1500 MeV/nucleon. As the Z of the beam is
increased, this energy dependence becomes more pro-
nounced. For *Fe beams there is a very strong energy
dependence of the elemental cross sections for small
charge change and it is clear that they have not reached
their asymptotic limit at ~ 1500 MeV/nucleon.

B. Dependence of elemental cross sections
onZ,and Zz—Z,

Another very important systematic in our data has to
do with a regular decrease at a constant energy in the ele-
mental cross sections with increasing charge change,
Zy—Z,. We find that this regular behavior can be
parametrized very simply in terms of the fragment charge
Z, and the quantity Z; —Z,. This has extremely impor-
tant implications for constructing an empirical formula
to describe the cross sections, as well as having theoreti-
cal implications. Here we consider this behavior for hy-
drogen targets. We note that a similar behavior is ob-
served by us for carbon targets, and also for higher Z
beams, but in terms of Zp rather than Z;, by Binns
et al.’ Our data for each Z; from 4 to 25 is shown in
Figs. 6-8. For most Z, the production from higher Z
beams follows a simple exponential law in Zy —Z:

mb .
AZf

0(=0 zs€Xp
There are some exceptions to this behavior for neutron
rich beam nuclei into adjacent elements, e.g., !'B—Be
and **Ar—Cl. Also for large values of Zz-Z, some of
the cross sections tend to be larger than predicted by a
simple exponential behavior.

If we plot our data in the same manner as Binns
et al.,’ e.g., the cross section versus charge change for a
given beam nucleus Zg, we find large fluctuations from a
regular decrease. The cross sections for the odd Z, nu-
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FIG. 6. Individual elemental cross sections as a function of
AZ, the difference between the beam charge and the fragment
charge, for Z, = 11.

clei are generally much less than those for adjacent even
Z; nuclei. This strong odd-even effect of nuclear struc-
ture appears to be less important for the higher Z frag-
ments from higher Z beams studied by Binns et al.’
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FIG. 7. Same as Fig. 6 except for even Z, > 12.
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FIG. 8. Same as Fig. 6 except for odd Z, > 13.

In Table IV we summarize the values of oz, and Az,
determined over the range 1 <(Zp—Z,) <12 along with
the reduced x? for each Z - It is seen that this simple
formula is a remarkably good fit to the data over a wide

TABLE IV. Fitting parameters for production of 4 <Z, <25
nuclei at 600 MeV/nucleon in hydrogen targets.

Zf Ozf (in mb) Azf X 2
25 161.4 5.7 0.21(2)
24 154.6 8.2 0.36(2)
23 135.7 6.2 0.25(2)
22 158.0 6.2 0.20(2)
21 126.6 5.9 0.93(2)
20 160.2 5.9 0.62(2)
19 74.8 6.9 0.38(3)
18 144.5 4.9 2.3203)
17 140.1 4.5 1.97(3)
16 142.5 5.6 2.56(3)
15 112.5 4.9 2.87(4)
14 145.0 6.2 4.22(4)
13 112.0 43 1.84(5)
12 134.5 6.2 2.21(5)
11 102.5 4.1 4.55(5)
10 99.2 5.4 1.02(6)
9 59.2 3.1 2.72(7)
8 99.2 6.3 1.39(7)
7 86.6 4.8 2.24(6)
6 94.0 6.2 2.21(8)
5 61.2 3.9 3.75(5)
4 19.6 6.1 2.40(4)
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range of Zy —Z, subject to the exceptions noted earlier.
A similar kind of exponential behavior was the basis for
some of the initial semiempirical fits to the measurements
of cross sections of individual isotopes produced by the
spallation of heavy nuclei by protons, e.g., Rudstam.!!
Note that there are some strong odd-even effects in the
parameter Az, for the lower Z fragment production.
This trend also exists, although less strongly, in the
values of the parameter oz, for the lower Z fragments.

C. Energy dependence of cross sections

Finally we turn to the energy dependence of the ele-
mental cross sections. Here again we concentrate on the
cross sections for hydrogen targets since they are of most
interest for cosmic-ray studies. The energy dependence
of the cross sections is known to have a characteristic
shape that can be related to the reaction mechanism.
Such features as the reaction threshold at low energies,
the slope of the excitation function as it rises, the energy
at which it peaks (if there is a maximum), and the behav-
ior as it approaches its high-energy asymptotic limit are
all significant features. As the mass difference between
the beam and product nuclide increases, it is known that
the threshold energy increases and the peak energy also
increases indicating the competition of various intranu-
clear reactions. The systematics of these energy depen-
dences have never been studied in such great detail over
this intermediate energy range, however,

We begin by examining the cross sections for lower Z
beams, extending these studies to higher and higher Z
beams up to *’Fe. In Fig. 9 we show the measured cross
sections as a function of energy for the B and Be frag-
ments from '2C nuclei incident on hydrogen targets.
These cross sections are nearly independent of energy,
but show a slight decrease below ~1 GeV/nucleon. The
agreement of our data with the data of Lindstrom et al.,®
at 1.05 and 2.1 GeV/nucleon is excellent. The cross sec-
tions obtained by Fontes, > at 600 MeV/nucleon using a
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o (mb)(''C decay)
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20r .

ENERGY (GeV/nuc)

FIG. 9. Measured cross sections for B and Be fragments for
12C beams incident on hydrogen targets. Solid lines are from
the empirical cross section formula derived from this study—
paper IV (Ref. 14). Dashed line is earlier semiempirical predic-
tion of Tsao and Silberberg (Ref. 3). The symbol L refers to the
data from Lindstrom et al. (Ref. 6); F refers to Fontes et al.
(Ref. 12).

proton beam incident on a carbon target appear to be
~30% higher than those we measure. These cross sec-
tions were based on ratios to the monitor reaction,
12C—"Be. Our isotopic data, to be discussed in paper 111
(Ref. 13), as well as that of Lindstrom et al.,® leads to a
lower production of ’Be in the energy range 0.4-2
GeV/nucleon for this reaction than the monitor reaction
cross sections used by Fontes.'? If his cross sections are
corrected using this most recent data for the '2C—"Be
reaction, then his 600 MeV/nucleon points must be re-
duced by ~30% as indicated in Fig. 9, and are now in
good agreement with our cross section data.

The solid curves in Fig. 9 are the cross sections deter-
mined from the new empirical cross section formula we
present in paper IV (Ref. 14). The dashed curves are
from an earlier semiempirical formula developed by Tsao
and Silberberg® that has been widely used in previous
cosmic-ray propagation calculations. This earlier formu-
la predicts cross sections up to 30% larger than we mea-
sure below ~1 GeV/nucleon and appears to be strongly
influenced by the earlier Fontes'?> measurements. This is
a very important difference since the B/C ratio is general-
ly used as a reference to determine the path length
traversed by cosmic rays in the galaxy as a function of en-
ergy and since ~70% of all the cosmic-ray B is produced
by !2C, this reaction is of considerable importance.

In Fig. 10 we show the measured cross sections for the
fragments from '%0 nuclei of various energies incident on
hydrogen targets. Here again there are only small
changes in the cross sections as a function of energy, but
a pattern that becomes more pronounced as one goes to
higher Z beam nuclei is becoming apparent. For frag-
ments with a small charge change AZ, e.g., N, a distinct
energy dependence is observed with the cross section
becoming slightly larger below ~1 GeV/nucleon. For
fragments with a larger charge change, e.g., Be, the cross
section is significantly less below ~1 GeV/nucleon, and
for fragments with intermediate charge change the cross
sections are almost energy independent. Presumably all

140 —— —
IGO
120} 1
§ 100+ =TT L_"_N 1
% B&H{
o sof o
2 3RS E ¢ B&H
= 0| t R -
£ At ep==t—— B (x2)
5 4ot 1
Be (x2)
20}
o} N ) e
ol | 10

ENERGY (GeV/nuc)

FIG. 10. Measured cross sections for fragments from '°O
beams of various energies incident on hydrogen targets. Lines
and symbols same as Fig. 9. The symbol B and H refers to
Brechtman and Heinrich (Ref. 15).
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FIG. 11. Energy dependence of fragment cross section ob-
served for 2*Mg and 28Si beams incident on hydrogen targets.
Solid lines are the predictions for **Mg fragments from the
empirical cross section formula derived from this study—paper
IV.

of the fragment cross sections of these lower Z beams
have also reached their asymptotic high-energy values at
2 GeV/nucleon, however, we note that the rather unex-
pected cross sections measured by Brechtmann and Hein-
rich,® at ~200 GeV/nucleon, shown in Fig. 10, indicate
that the cross sections for this reaction for C and N frag-
ments may continue to decrease slowly even up to ~ 100
Gev/nucleon.

For intermediate Z beams we do not have as extensive
a coverage in energy. In order to illustrate the energy
dependence of secondary fragment production we have
combined the data from **Mg beams measured at four en-
ergies and 8Si beams measured at three energies. These
data are shown in Fig. 11, for several values of the charge
change. In the case of 2%Si, the data for the correspond-
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FIG. 13. Same as Fig. 12, except for Cr, Ti, and Ca frag-
ments.

ing charge change is arbitrarily normalized to provide a
fit to the 2*Mg data for the same charge change, since the
secondary fragments in each case are different. The same
pattern of the energy dependence of the hydrogen target
cross sections for small charge change and for large
charge change as observed for the '®0 beams is also ob-
served for these intermediate Z beams. In this figure the
solid lines refer to the predicted cross sections as a func-
tion of energy for fragments for a 2Mg beam as obtained
from our new cross section formula presented in paper IV
(Ref. 14).

The most extensive information on the energy depen-
dence of the fragment cross sections is available for *6Fe
beams, where data are available at nine energies between
330 and 1610 MeV/nucleon. Here also the largest and
most complex energy dependence is observed. This data
is shown in Figs. 12-14 for ten fragment charges between
Cl and Mn, along with other experimental data. As be-
fore the solid lines are the predictions from our new
cross-section formula. It should first be noted that many
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FIG. 12. Cross sections measured for Mn, V, and Sc frag-
ments from *Fe interactions in hydrogen targets. Solid lines
are from the empirical cross section formula derived from this
study—paper IV. The symbols P and O, refer to the work of
Perrion (Ref. 5) and Orth et al. (Ref. 16).
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FIG. 14. Same as Fig. 12 except for K, Ar, Cl, and S frag-
ments. The symbol R refers to the data from Regnier (Ref. 17).
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FIG. 15. Differences in fragment cross sections for
*Fe—>Mn and *°Fe—Ar from this work (solid symbols and
lines) and earlier predictions. Dashed lines are semiempirical
cross sections from Tsao and Silberberg (Ref. 3).

of these new measurements and predictions differ greatly
from earlier predictions using the semiempirical formula
of Tsao and Silberberg.’ In Fig. 15 we illustrate these
differences for two fragment charges of particular in-
terest, Mn and Ar.

The energy dependence of these cross sections from
6Fe shows a pattern with charge change that is similar
to, but much enhanced, from that of the lower Z beam
nuclei. For fragments with small charge change, the
cross sections are much larger below ~1 GeV/nucleon,
reaching a peak at a few hundred MeV/nucleon. For in-
termediate charge change ~5-6, the cross sections are
more nearly independent of energy, but appear to de-
crease below a few hundred MeV/nucleon and to have a
broad peak at ~1 GeV/nucleon. For larger charge
change ~7-10, the decrease at lower energies is more
pronounced and moves to higher energies as AZ in-
creases. A maximum still appears in the cross sections at
~1 GeV/nucleon. For still larger charge change (not
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FIG. 16. Relative cross sections for production of secondary
fragments from *°Fe beams incident on hydrogen targets. All
cross sections normalized at 2 GeV/nucleon beam, where the
extrapolated cross section in mb is shown.

shown here) the elemental cross sections are still increas-
ing toward their high-energy asymptotic values at the
highest energies we measure.

In an attempt to display these energy dependent sys-
tematics more clearly we show Fig. 16, in which the ele-
mental cross sections are all normalized to 1 at 2
GeV/nucleon. Except for the AZ=1 fragment Mn, and
small even-odd effects for large AZ, the energy depen-
dences scale systematically with increasing charge
change. Note that the use of 2 GeV/nucleon as a refer-
ence does not imply that all of the cross sections have
reached their high-energy asymptotic values at this ener-
gy. This is clearly not true for both small and large
charge changes.

The parametrization of these energy dependent ele-
mental cross sections as a function of Zz and AZ will be
addressed in the final paper of this series. 4
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