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We present measurements of the spallation cross sections of carbon, oxygen, and iron in helium
and hydrogen, at beam energies from 540 to 1600 MeV/nucleon, performed by exposing liquid
helium, CH,, and C targets. Charge changing cross sections are reported for fragments down to
Ne for Fe+a and Fe+p reactions, and down to B for O+a, O+p, C+a, and C+ p reactions. a-
to p-induced cross section ratios (o,/0,) are determined at the same energy per nucleon. From
these measurements an empirical formula for the o,/0, ratios is derived, and is found in good
agreement with available isotopic cross sections data from radioactivity and radiochemical tech-
niques. These results are applied to the propagation of heavy charged cosmic rays in an interstel-
lar medium with an helium to hydrogen abundance ratio of 0.10. It is shown that the Sc—Mn/Fe
ratio prediction is decreased relative to the B/C ratio when compared to propagation calculations

in a pure hydrogen interstellar medium.

I. INTRODUCTION

In recent years considerable progress has been
achieved in the measurement of cosmic-ray elemental ra-
tios (e.g., Ref. 1) and in the determination of the cross
sections for p-induced reactions, especially by the New
Hamsphire group (e.g., Ref. 2). This progress paved the
way to an accurate investigation of the cosmic-ray prop-
agation through the galaxy. In particular, using cross
sections that were available in 1985, it was found that
the most simple model of propagation (the leaky-box
model®), with a constant probability per unit time for
cosmic rays to escape the galaxy, encounters some
difficulty in reconciling the observed B/C and Sc-Mn
(Sc+Ti + V + Cr + Mn)/Fe ratios, Sc—~Mn/Fe being
underpredicted when compared to B/C.4~® However, it
is a feature common of all propagation calculations ei-
ther to neglect the spallation of cosmic rays with inter-
stellar helium, or to assume a simple scaling of a-
induced to p-induced reactions cross sections, an as-
sumption that leads to no differential effect between the
B/C and Sc-Mn/Fe ratios. Since interstellar helium is
actually responsible for ~20% of the spallations of
cosmic rays, one may wonder if the difficulty mentioned
above is not due to the neglect of interstellar helium. In
a preliminary analysis, Ferrando et al.” have suggested
that a careful introduction of the a-induced cross sec-
tions in propagation calculations should, in fact, increase
the underprediction of Sc—Mn/Fe when B/C is account-
ed for in the leaky-box model. This conclusion relied on
a few spallation data only, and called for a more detailed
study. Unfortunately, available measurements of a-
induced cross sections, reviewed by Read and Viola® for
spallation of light nuclei, are quite scarce and restricted
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to very low energy, except for the production of a hand-
ful of radioactive isotopes from C, O, Fe, and Ni nu-
clei.® 10

We have therefore initiated a series of measurements
of a-particle reactions cross sections; the first results
concerning C, O, and Fe spallation are presented in this
paper. The measurements were performed with high en-
ergy beams, provided by the Lawrence Berkeley Labora-
tory BEVALAC, impinging on a specially designed
liquid helium target placed in front of the New
Hampshire group telescope. Under the same conditions
the cross sections in hydrogen were also measured, al-
lowing for meaningful comparisons between cross sec-
tions for a- and p-induced reactions. Results concerning
isotopic cross sections in helium, not yet fully analyzed,
will be reported later.

The experimental details and the data analysis pro-
cedure are given in Secs. II and III, respectively. Sec-
tion IV first presents the systematics of the cross sections
for a-induced reactions compared to p-induced reac-
tions, and then discusses the factorization hypothesis of
Fe fragmentation cross sections. A simple empirical for-
mula for the ratio of a-induced to p-induced cross sec-
tions at the same energy per nucleon is proposed in Sec.
V. Finally, Sec. VI investigates the influence of interstel-
lar helium on the propagation of cosmic rays, focusing
on the B/C vs Sc—-Mn/Fe problem.

II. EXPERIMENTAL DETAILS

The telescope, shown in Fig. 1, is very similar to that
already used on numerous occasions to measure spalla-
tion cross sections in CH, and C by the New Hampshire
group.!'=13 The results reported in this paper are from
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FIG. 1. Sketch of the telescope.

the charge identification modulg only, which consists of
two CaF, scintillators, a glass Cerenkov detector, and a
third CaF, scintillator. In front of this telescope were
placed the different targets. The final element in the
charge module defines the acceptance cone with half-
angle 6 about the beam axis. For the “He target 6 in-
creases from 3.6° to 5.8° from one end of the target to
the other; for CH, and C targets 6 is ~7.7°. These large
acceptance angles ensure that almost all fragments con-
sidered in this work (Z >4) are detected in the tele-
scope. To be more specific, let us consider the worst
case, i.e.,, 6=3.6° and B nuclei at 600 MeV/nucleon.
The maximum transverse momentum p, for B nuclei to
be detected is 470 MeV/c, i.e., 2.7 times the standard de-
viation of the p, Gaussian distribution, 14-16 indicating
that less than 0.7% of the B fragments are out of the
detector geometry.

The helium target is shown in Fig. 2. It was designed
in order to present a reasonable interaction length to C
and O beams, and to ensure a constant thickness during
the runs. This last point requires the helium bath to be
subcooled in order to avoid the presence of bubbles in
the liquid. This is achieved through the thermocontrol
of the target bath (400 mm long cylinder, diameter 70
mm) by a second liquid helium bath (the thermostat) sur-
rounding the target, except on its titanium windows.
The large surface of thermal contact between the target
and the thermostat ensures that both are always at the
same temperature (AT <1072 K). The four titanium
windows’ total thickness is 400 um (0.18 g/cm?). The
thermal radiation shields, of which there are only six
facing the windows, are pure aluminum, with a total
thickness of 54 um (0.015 g/cm?). From a run with an
empty target it was checked that beam interactions in
the windows and in the radiation shields are at a level of
less than ~1% of the interactions in the liquid helium
itself. The thermostat was maintained at ~3 K through
the monitoring of its pressure during the runs, except for
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FIG. 2. Sketch of the liquid helium target.

the oxygen runs, for which the manometer was not set-
tled.

For each beam energy, CH,, C, and *He targets were
alternated with no target. No target data typically show
< 5% interactions along the beam line and the ~2.5 m
of air in front of the targets. In Table I are given the
pertinent parameters for the different runs, including the
interaction lengths obtained for the beam nuclei (A;,)
and the energy in the middle of the targets (E,). Note
that the “He target thickness for the oxygen run, not
measured, has been estimated to lie between a low and a
high value bracketing the measured thicknesses for the
other runs, since the operating of the target was similar
for all the runs.

III. DATA ANALYSIS

The analysis procedures to obtain the relative abun-
dance of the various charged fragments are similar to
that described previously by Webber and Brautigam.'!
Consistency criteria are placed on the outputs of the
three CaF, counters, and charge histograms of the frag-
ments penetrating the charge module of the telescope are
constructed (Fig. 3). The relative abundances obtained
from these histograms are first corrected for the no-
target background, which is directly subtracted, and
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TABLE 1. Data for BEVALAC runs. The “He thickness for the oxygen run was not measured, but is estimated to lie within the

quoted interval.

Target Number of Total cross
Beam thickness E, E, events Ain section
nuclei Target (g/cm?) (MeV/nucleon) (MeV/nucleon) (X 1000) (g/cm?) (mb)
C He 5.66 610 588 307.2 17.0 391+6
5.60 950 928 682.3 15.7 42315
5.64 1600 1580 460.5 15.3 433+t5
CH, 10.3 610 561 455.5 20.7 1121+9
8.10 950 915 337.7 19.9 117012
8.31 1600 1572 450.6 19.2 121010
C 12.7 610 561 480.2 28.6 69616
10.0 950 915 386.0 274 72718
10.0 1600 1572 475.3 27.3 730+7
O He 5.5-5.8 640 612 298.4 13.0 510+20
5.5-5.8 1600 1573 374.4 13.0 511£20
CH, 8.75 640 591 2243 16.3 1426114
8.75 1600 1563 460.3 16.1 1444110
C 10.0 640 591 217.6 23.1 861x11
10.0 1600 1563 443.0 23.1 863+7
Fe He 5.58 540 434 425.3 6.04 1100t7
5.64 810 726 523.7 5.90 112610
5.76 1600 1513 628.0 5.54 11997
CH, 4.84 540 439 330.0 7.95 2924+23
6.02 810 724 486.2 7.85 2968+16
6.02 1600 1511 556.1 7.60 3059+t16
C 5.70 540 439 337.5 12.1 1641£15
7.03 810 724 486.0 12.2 162611
7.03 1600 1511 522.8 11.9 1648+10
then extrapolated to the top of telescope ing counter only, which also provides the relative number of

semiempirical total cross sections to deterr the
amount of interactions suffered by the fragmen.. in th
telescope. The number of noninteracting primary nv .e1
is obtained from the charge distribution in the first
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FIG. 3. Charge distribution for *Fe + a reactions at 726
MeV/nucleon, obtained from the average pulse heights of S1A
and S1B counters, after data selection.

secondaries, N, /N,,. The sum of the corrected indivi-
dual secondary charge fractions is finally adjusted to
equal N,/N,,, in order to account for the rejection of
valid events by the consistency criteria. Corrected rela-
tive numbers of events coming out of the helium target
are given in Table II.

The total charge changing cross section o, of beam
nucleus (or primary nucleus) is readily obtained from the
primary fraction fp out of the target, with
op=—(m/X)In(fp), m being the mass of the target nu-
cleus and X the target thickness. The partial charge
changing cross sections o(P,i), for the primary P to
fragment into element i, are obtained by solving the set
of one-dimensional equations describing the propagation
of beam and fragment nuclei through the target:

dN;(x)/dx = —o;N;(x)/m + 3 o(j,i)N;(x)/m , (1)

J

N;(x) being the abundance of the ith element at target
depth x, o; the total charge changing cross section of
element i, and o(j,i) the partial cross section for element
Jj to fragment into element i. For the set of equations (1)
to have a unique solution for the o(P,i) we are looking
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TABLE II. Elemental abundances out of the helium target
for iron, oxygen, and carbon beams. “tot” stands for total
number of events.

1513 726 434
Ratio (MeV/nucleon) (MeV/nucleon) (MeV/nucleon)
Fe/tot 0.3538 0.3845 0.3970
Mn/Fe 0.1133 0.1164 0.1274
Cr/Fe 0.0903 0.1012 0.1115
V/Fe 0.0682 0.0774 0.0919
Ti/Fe 0.0706 0.0799 0.0964
Sc/Fe 0.0595 0.0645 0.0789
Ca/Fe 0.0629 0.0724 0.0866
K/Fe 0.0522 0.0565 0.0614
Ar/Fe 0.0560 0.0611 0.0650
Cl/Fe 0.0495 0.0506 0.0527
S/Fe 0.0559 0.0631 0.0628
P/Fe 0.0463 0.0436 0.0476
Si/Fe 0.0724 0.0681 0.0697
Al/Fe 0.0537 0.0498
Mg/Fe 0.0623 0.0650
Na/Fe 0.0498
Ne/Fe 0.0525
1573 612
Ratio (MeV/nucleon) (MeV/nucleon)
O/tot 0.6480 0.6484
N/O 0.0687 0.0770
C/0 0.0812 0.0896
B/O 0.0387 0.0441
1580 928 588
Ratio (MeV/nucleon) (MeV/nucleon) (MeV/nucleon)
C/tot 0.6925 0.7002 0.7168
B/C 0.0563 0.0607 0.0645

for, both total and partial cross sections describing
nonprimary fragmentation are specified using assump-
tions described below.

Total cross sections are computed using a Bradt-
Peters—type!” law

U,-=7rr(2,(A,1/3+ Ail/3_b)2 , (2)

A, and A, being the masses of the target and element i
nucleus, respectively. For each element, an average
mass A; is chosen according to its various isotopes. b is
taken equal to 0.83 as derived for heavy targets, '® and r,
is determined from the measured total cross sections.

The choice of partial cross sections for secondaries
fragmentation [o(i,j), with i5£P] is less straightforward,
and several approaches have been used in the past.'!!8
Here it is assumed that partial cross sections follow the
exponlegntial dependence found for p-induced cross sec-
tions:

oli,j)=ao(jlexpl —(Z;,—Z;)/A,], (3)

Z;,Z; being the charge of elements / and j, respectively,
and A; and o(j) being functions of the fragment j only.
Then, setting the values of o(i,j) for AZ =Z,-—Zj=1

reduces the number of unknown cross sections in (1) to
the number of o(P,i) to be determined. The o(i,j) for
AZ =1 are set in order to be enhanced by the same fac-
tor I'yz_, for all nuclei i when referred to p-induced
cross sections. I',,_, is obtained from the cross section
for the primary nucleus to fragment in the first secon-
dary charge, derived from the data without any assump-
tion. The reference AZ =1 p-induced cross sections are
taken from the semiempirical formula recently proposed
by Webber.'°

Finally, we stress that the impact upon partial cross
sections of the above assumptions increases with the
considered charge change AZ, being zero for AZ =1.
This is illustrated by the fraction f of detected nuclei of
a given charge produced by multiple interactions
through the target. For Fe + «a reactions at high energy,
given the target thickness and the derived cross sections,
we find that f is 23% for Sc, while it is 45% for Ne. In
the case of O+a reactions, multiple interactions
through the target are almost negligible, because of the
low AZ considered and the longer interaction length
(f =8% for B).

IV. RESULTS AND SYSTEMATICS

Hereafter, charge changing cross sections in H, He, C,
and CH, are referred as o, 0,, 0, and Och, Trespec-

tively. The results concerning the derived o, and o, are
given in Tables III-V. p-induced cross sections were
obtained from those in CH, and C with
0p=(0'CH2—0'C)/2, and uncertainties upon o, from the

quadratic sum of uncertainties upon OcH, and oc.

Quoted uncertainties are computed as the quadratic sum
of (i) 2 times the statistical uncertainty, and (ii) the un-
certainty upon multiple interactions in the target, es-
timated assuming 20% uncorrelated errors upon the par-
tial cross sections for secondary interactions in the case
of the C and CH, targets, and 50% in the case of the
“He target. For O+a runs, the systematic uncertainty
due to the target thickness uncertainty was also added.

Considering the o, measured in this experiment, only
the '2C total cross section can be compared to a previous
determination, namely 527426 mb for the '>C mass
changing total o, at 0.87 GeV/nucleon by Jaros et al.?°
From the '2C charge changing total o, of 423+5 mb
measured at 0.93 GeV/nucleon, and correcting for !''C
production (o[> C(a,x)''C]=42+2 mb at 700 MeV/
nucleon (Ref. 21)), we derive a '?C mass changing total
o, of 46516 mb, lower by 1215 % than the value re-
ported by Jaros et al.?® The neglect of '°C production
we have made certainly cannot account for this slight
discrepancy, since o['2C(a,x)'°C] is expected to be less
than ~5% of o['2C(a,x)!'C] if these two cross sections
scale from cross sections in hydrogen by about the same
factor.

A. Comparison of a and p reactions

The ratios of a-induced to p-induced cross sections at
the same energy per nucleon (i.e., v,=v,) are given in
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TABLE III. Charge changing cross sections for *Fe+a and **Fe + p reactions, and derived ratios.

o, (mb) o, (mb) 0,/0,

1513 MeV/nucleon 1511 MeV/nucleon
Fe—>Mn 129.41+2.4 109.8£2.8 1.18+£0.04
Fe—Cr 94.5+4.4 84.4+3.1 1.12+0.07
Fe—V 66.0+4.0 63.7+2.9 1.04+0.08
Fe—Ti 63.4+4.3 62.0+2.8 1.02+0.08
Fe—Sc 49.6+3.9 46.1£2.6 1.08+0.10
Fe—Ca 48.0+4.3 459+2.4 1.05+0.11
Fe—K 39.8+3.2 33.21+2.2 1.20%0.12
Fe— Ar 38.8+3.7 33.0+2.1 1.18+0.13
Fe—Cl 31.6+3.4 23.5+1.9 1.34+0.18
Fe—S 35.0+3.4 28.9+1.8 1.21£0.14
Fe—P 25.7+3.1 17.6+1.7 1.46+0.23
Fe—Si 44.7+3.7 25.9+1.7 1.73+£0.18
Fe— Al 30.0+3.0 15.0+1.6 2.00+0.29
Fe—Mg 32.1£3.5 14.2+1.5 2.26+0.34
Fe--Na 25.3+2.7 9.5t1.4 2.66+0.48
Fe—Ne 26.8+2.6 9.3t1.4 2.88+0.52
Total o 1199 +7 705 £10 1.70+0.03

726 MeV/nucleon 724 MeV/nucleon
Fe—Mn 1359+2.7 123.243.1 1.10+0.04
Fe—Cr 109.11+4.8 98.0+3.6 1.11+0.06
Fe—V 77.1£4.5 73.8+3.5 1.05+£0.08
Fe—Ti 73.9+£5.0 73.8+3.4 1.00+0.08
Fe—Sc 55.3+4.4 55.9+3.2 0.99+0.10
Fe—Ca 57.5£5.0 52.5+3.0 1.10+0.11
Fe—»K 444+3.6 30.2+2.6 1.47+0.17
Fe— Ar 42.1+4.4 27.2%+2.4 1.55+0.21
Fe—Cl 33.1£3.5 17.6t2.1 1.88+0.30
Fe—S 399+4.1 20.5+2.0 1.95+0.28
Fe—P 24.4+3.0 10.8+1.7 2.26+0.45
Fe—Si 40.6+4.0 149+1.7 2.7210.41
Fe— Al 28.9+2.9
Fe—Mg 36.8+3.7
Total o 112610 67110 1.68+0.03

434 MeV/nucleon 439 MeV/nucleon
Fe—Mn 150.3£2.8 130.2+4.0 1.15+£0.04
Fe—Cr 120.9+5.3 120.3+4.4 1.00+0.06
Fe—»V 92.5+5.2 89.9+4.5 1.03+0.08
Fe—Ti 89.7+6.0 84.9+4.2 1.06+0.09
Fe—Sc 67.815.4 53.243.7 1.2710.13
Fe—Ca 68.3+6.1 43.8+3.4 1.56+0.18
Fe—K 47.0+4.0 21.3%£2.9 2.21+0.35
Fe— Ar 42.9+4.9 19.61+2.6 2.19+0.38
Fe—Cl 33.2+3.8 6.8+2.1 4.88+1.61
Fe—S 37.6+4.3 8.0+2.1 4.70£1.35
Fe—>P 26.7+3.3 40x1.7 6.681+2.95
Fe—Si 40.1+4.2 6.9t1.8 5.81+1.63
Total o 11007 641t14 1.72+0.04

Tables III-V. Focusing first on total cross sections, the
o,/0, ratios for C, O, and Fe show no important energy
dependence within uncertainties, being, on the average,
1.85+0.03 for C, 1.78+0.06 for O, and 1.70+0.02 for
Fe. The observed small mass dependence of the o,/0,
ratio looks reasonable on the base of geometric con-

siderations, since, due to their smaller radii, C and O nu-
clei are more sensitive to the target nucleus radius than
the Fe nuclei.

The 0,/0, ratios for partial cross sections do not ex-
hibit such simple features as total cross sections do.
They are seen to vary with the energy, the primary nu-
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TABLE IV. Same as Table III, for '°0 + a and '°0 + p reactions.

g, (mb) o, (mb) 0,/0,
1573 MeV/nucleon 1563 MeV/nucleon
O—N 80.31+3.7 67.8+1.9 1.18+0.06
0—C 89.5+4.7 69.5 +2.2 1.29+0.08
O—B 40.1+2.8 27.2+£2.2 1.47+0.16
Total o 511+£20 290+6 1.76+0.08
612 MeV/nucleon 591 MeV/nucleon
O—N 90.0+4.4 74.5+£2.9 1.21+0.07
0—-C 98.3+5.6 70.0 £3.3 1.40+0.10
O—B 454+3.4 28.3 +£3.0 1.60+0.21
Total o 510+20 282 +9 1.81+0.09

cleus, and the fragment considered. However, the first
important trend shown by these data is that the o,/0,
ratio of partial cross sections for a given fragment is gen-
erally smaller than the o,/0, ratio of total cross sec-
tions of the beam nucleus producing that fragment. This
is always the case for fragments with astrophysical in-
terest, i.e., B from C and O fragmentation, and Sc to Mn
from Fe fragmentation. The implication of this regard-
ing cosmic-rays propagation will be discussed in Sec. VI.
In the following, we examine in more detail the sys-
tematics of the o,/0, ratios, beginning with Fe frag-
mentation.

The charge change dependence of the measured
0,/0, ratios for Fe are displayed on the left-hand side
of Fig. 4 for three energies. For fragments in the
~Sc-Mn group corresponding to peripheral reactions,
the ratios o,/c, are almost independent of the energy,
being always in the ~1.0-1.2 range. On the contrary,
for fragments with lower charge the ratio o,/0, strong-
ly increases as the energy decreases, and may be
significantly larger than the ratio for the total cross sec-
tions. As seen from the tables, this increase of o,/0,
with energy is, in fact, mainly due to a strong reduction
of the p-induced cross sections, the a-induced cross sec-
tions showing comparatively negligible variations with
energy. As an extreme example, the Fe(p,x)Si cross sec-

tion decreases by a factor of ~4 from 1511 to 439
MeV /nucleon, while the Fe(a,x)Si cross section only de-
creases by 10% for the same energy variation. These re-
sults are qualitatively similar to those obtained by Rais-
beck and Yiou'® concerning the production of radioac-
tive isotopes from 'Be to >*Mn in Fe + a and Fe + p re-
actions at 700 and 1150 MeV/nucleon. These authors
have reported isotopic cross sections ratios o,/c, of
1.0-1.2 for secondaries with AZ <6, and ~4 at 1150
MeV/nucleon for ?*Na production, values quite compa-
rable to ratios of charge changing cross sections mea-
sured in this work.

Turning now to O and C fragmentation (Tables IV
and V, Fig. 5), the aa/ap ratios for partial cross sections
show a systematic similar to that present in Fe reactions
involving intermediate charge changes. However, the
0,/0, ratios measured for C and O reactions (particu-
larly into B) is larger than 1, in contrast to that for Fe
fragmentation into ~Sc—Mn, where the ratio is ~1 at
all energies. Finally, although isotopic cross sections ra-
tios may not be directly comparable to charge changing
cross section ratios, we note that the om/op ratios for O
spallation determined here are in qualitative agreement
with  0,/0,=1.3520.4 for O—"N, and for
0,/0,=1.85£0.4 for O—''C measured at a much
lower energy?? (230 MeV/nucleon).

TABLE V. Same as Table III, for ')C+a and '*C + p reactions.

o, (mb) o, (mb) o,/0,
1580 MeV/nucleon 1572 MeV/nucleon
C—B 65.6 £1.2 53.0t1.6 1.24+0.04
Total o 433+£5 240+6 1.80+0.05
928 MeV/nucleon 915 MeV/nucleon
C—B 71.2+1.1 53.1+1.9 1.34+0.05
Total o 423+5 221+7 1.91+0.07
588 MeV/nucleon 561 MeV/nucleon
C—B 749 £1.6 53.3£1.6 1.41+0.05
Total o 391 +5 2135 1.84+0.05
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B. Implications for factorization
of Fe fragmentation cross sections

From the study of Fe fragmentation at 1.9
GeV/nucleon in targets with various masses (from H to
U), Westfall et al.'® have suggested that charge chang-
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dotted lines at 928 MeV/nucleon ('2C) and 612 MeV/nucleon
(%0), and a dotted line at 588 MeV /nucleon ('C).
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ing cross sections could be factored into a target factor,
Y., depending on the target only, and a fragment factor
depending on the considered fragment only. From the
results for a- and p-induced reactions reported here, it is
clear that such a simple factorization hypothesis does
not hold when charge changing cross sections for a- and
p-induced reactions are compared. This is especially
true at low energy where o,/0, ratios show a strong
dependence with the considered fragment, but also at
high energy where this dependence is still present, albeit
less.

It has already been pointed out that factorization does
not apply when cross sections for p-induced and C-
induced reactions are compared;!' however, it appears
interesting to look for factorization in the ratios of cross
sections for Fe + a and Fe + C reactions, where protons
are not involved. These data for Fe are displayed on the
right-hand side of Fig. 4. It is seen that the o/0, ra-
tios are now rather independent of both the energy and
the fragment considered, having average values of 1.12,
1.13, and 1.11 (£0.03) at 430, 720, and 1510
MeV/nucleon, and showing variations by no more than
~10% from the average over the whole charge range.
This supports the hypothesis of factorization of Fe cross
sections in heavy targets extending down to helium, at
least down to fragment charges of ~10. To compare
with the target factors y, quoted by Westfall et al.,'® we
have derived y, for the helium target, y,=vc0,/0,
under the same conditions used by these authors, i.e., as-
suming ¥y -=1.92, considering only the Z =18-24 frag-
ments and the highest energy data. A value of
1.70+0.06 is obtained for y,, which compares well with
both analytical target factor dependencies proposed by
Westfall et al. that result in y,=1.64%£0.15 and
1.631+0.09. However, the o/0, ratio of Fe total cross
sections is 1.49, 1.44, and 1.37 (+0.02) at 430, 720, and
1510 MeV/nucleon, respectively, values significantly
larger than o,/0,~1.12 derived above for spallation
cross sections into fragments with charge higher than
~10. This indicates that, even for these reactions, fac-
torization certainly breaks down for reactions involving
fragment charges lower than ~10. We therefore con-
clude that Fe fragmentation cross sections can be fac-
tored into a target and a fragment factor, but only
within a limited fragment charge range, and for targets
heavier than helium. Although this work tends to show
that this limited fragmentation may apply down to 430
MeV/nucleon, it should be kept in mind that the results
of Westfall et al.'® were derived at 1.9 GeV/nucleon,
and that factorization may not apply at lower energies
for targets heavier than C.

V. AN EMPIRICAL FORMULA
FOR THE o0,/0, RATIOS

The measurements presented above already constitute
an important step for the incorporation of interstellar
“He in cosmic-ray propagation models, since the cross
sections for fragmentation of C, O, and Fe are the most
important parameters in determining the amount of
matter encountered by cosmic rays. However, with the
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aim of including a set of cross sections for a-particle re-
actions as complete as possible in propagation calcula-
tions, it appears useful to provide an analytical fit to the
measured o,/0, ratios that allows a simple extrapola-
tion of these measurements to nuclei intermediate be-
tween C, O, and Fe, and to all energies greater than
~200 MeV/nucleon, the natural lower energy limit con-
sidered in cosmic-ray propagation because of the solar
modulation (except if cosmic rays are reaccelerated dur-
ing propagation, a problem still in debate). We stress
that the empirical formulas for o,/0, proposed below
are certainly not unique, but they were chosen because
of their simplicity and their ability to reproduce not only
our data, on which they are based, but also the few other
available o,/0, isotopic cross section ratios, especially
that involving intermediate nuclei between O and Fe,
namely Mg, Al, and Si.

First, for ratios of total cross sections, the following
formulation was found suitable:

o /o (A)=ad®, 4)

with @ =2.10%£0.10 and 8=0.055+0.013 as derived
from our measurements.

Considering now partial cross sections, the o,/0, ra-
tios for Fe fragmentation runs provide the most com-
plete data set since they clearly show the dependence
with energy and with charge change. We first focus on
them. Figure 4 suggest a functional form involving AZ,
the charge difference between beam and fragment
charge:

0,/0,(Z;,ZsE)=exp(u|AZ -8 "), (5)

Z; and Z, being the charge of the beam and fragment
nuclei, respectively. The quantity & represents an offset
and accounts for the location of the minimum of the
0,/0, ratio (energy dependent, see Fig. 4). From mul-
tiparameter fits of u, v, and 8 over the whole fragment
charge range, it was found that v can be taken constant
as a function of energy, with v=1.43. Best fit values of
u and 6 are, then, for iron fragmentation,

pu=0.031, 5=4.40 at 1.51 GeV /nucleon ,
1=0.047, 8=3.45 at 0.73 GeV /nucleon , (6)
©n=0.082, 8=2.45 at 0.43 GeV /nucleon .

From X? tests, u determination is found to be accurate
within ~30%, 8 determination within ~7%. The fits to
the Fe data with expression (5) are shown as solid lines
on the left-hand side of Fig. 4.

Turning now to the fit of 0,/0, for O and C beam
particles, using the same functional form as in (5), the
observation that the o,/0, are always > 1 suggests that
the & parameter should be a negative value when C and
O are considered. So, & is parametrized as a function of
the beam charge Z;:

8(Z;,E)=£(Z,)8pE) . ¥

Reasonable fits to o,/0, for C and O cross sections are
obtained, as shown in Fig. 5, if v is kept equal to 1.43,

and pu and 8g(E) are linearly interpolated as a function
of energy from those used for Fe as given in (6). The
following f (Z;) values are then derived from the data:

f(Z;=6)=-0.76, f(Z,=8)=-0.41,
f(Z;=26)=+1.00 by definition .

(8)

The complete expression (5) can then be written in the
form showing the dependencies on the primary nuclei
charge Z; and the energy E:

0,/0,2;,Z;,E)=exp[ u(E) | (Z; —Zy)
—f(Z)8g(E) | *], )

with u(E) and 8g.(E) linearly interpolated as a function
of E from the values given in (6), and f(Z;) linearly in-
terpolated as a function of Z; from the values given in
(8). Two precautions must be taken for application of
this empirical fit. They are discussed below.

First, since cross sections reach asymptotic values at
high energy, p(E) and 8g.(E) must also reach asymptot-
ic values. For propagation purposes, and in the absence
of any other data, we will consider in the next section
that these asymptotic values are reached at 1.5
GeV/nucleon, the highest energy in our data.

Second, it must be kept in mind that the exponential
dependence in (9) is established on the base of fragmen-
tation cross sections down to ~Ne fragments only. At
the present time, it is not possible to correctly assess the
fragment charge dependence for very large AZ, 0,/0,
possibly reaching some asymptotic value or continuing
to increase with AZ. Actually, if it is assumed that
o,/0, ratios are equal for charge changing cross sec-
tions and isotopic cross sections, an exponential increase
of 0,/0, over the whole AZ range is found to be exces-
sive by a factor of ~2 in view of the radioactive data for
Fe—'Be at 1.15 GeV/nucleon.!® A better agreement
with the radioactive data is, in fact, obtained if the ex-
ponential dependence is replaced for large AZ by a sim-
ple power law dependence, 0,/0,=alAZ b, In the fol-
lowing, such a dependence is assumed for AZ larger
than Z; /2, which is the limit of our measurements. Pa-
rameters @ and b are determined to assure continuity of
both 0,/0, values and derivatives with that computed
from formula (9).

Comparisons of the Fe, O, and C fragmentation data
from this work to the empirical formula are shown in
Figs. 4 (left-hand side) and 5. The empirical predictions
are also compared in Figs. 6 and 7 to existing isotopic
cross section 0,/0, ratios for Ni, Fe, Si, and Mg frag-
mentation at 1.15 and 0.70 GeV/nucleon, for Al frag-
mentation at 0.23 GeV/nucleon, and for O and C frag-
mentation at 1.15, 0.70, and 0.23 GeV/nucleon. Very
good agreement is found in all cases, except for the
0,/0,(Fe—?’Na) at 700 MeV/nucleon measured by
Raisbeck and Yiou.!° However, we note that in this last
case 0,/0,(Fe—?’Na) is unexpectedly greater than
o,,/ap(Fe—>7Be), perhaps indicating larger errors than
are assumed. Although this empirical fit was derived
from the charge changing cross section systematics, the
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good agreement with the isotopic cross section data sug-
gests that isotopic effects should not be too important as
far as the 0,/0, ratios are concerned, and in the limit of
the still large uncertainties of available isotopic measure-
ments.

VI. APPLICATION TO COSMIC-RAY TRANSPORT

The most widely used model of propagation of cosmic
rays is the leaky-box model.® In this steady state and
homogeneous model, the primary cosmic rays emitted by
cosmic-ray sources suffer inelastic collisions during their
propagation in the interstellar medium (ISM), giving rise
to secondary cosmic rays. Moreover, primary and
secondary nuclei escape the galaxy, and are decelerated
via ionization energy losses. The escape from the galaxy
is characterized by the path length distribution of cosm-
ic rays, which in the leaky-box model is an exponential
of average A, A is usually expressed in g/cm? of in-
terstellar material. The steady state equation for the in-
terstellar flux J; of a given cosmic-ray isotope i is

Ji(1/A;+1/A.)+3/0E [(dE /dx),J;]
=Qi+ 3Ji /Ay, (10)
k

where A, is the destruction length of the isotope i in the
ISM, Q; is the source strength for isotope i, J; is the in-
terstellar cosmic-ray flux of isotope k, A;; is the charac-
teristic length for isotope k to fragment into isotope i,
and (dE /dx); is the energy loss per g/cm? suffered by
the isotope i. When compared to accurate cosmic-ray
data, and using cross sections that were available in
1985, this simple model encounters some difficulties in
simultaneously accounting for the B/C and Sc-Mn/Fe
secondary/primary ratios, the Sc—-Mn/Fe ratio being
underestimated by about 10% when A, is derived from
the B/C ratio.”> The underprediction of Sc—Mn/Fe rela-
tive to B/C is very dependent on the whole set of o, in-
cluding those for B production. Actually, an important
decrease in the Sc—Mn/Fe underprediction is expected
when the recent semiempirical formulae of Webber!® are
used. The discussion of this point is, however, far
beyond the scope of this work, and is relegated to a later
paper. Here, we specifically focus on the differential
effect between the predictions of the B/C and
Sc-Mn/Fe ratios due to the presence of helium in the
ISM, when compared to propagation calculations in
pure hydrogen ISM. The magnitude of this effect is, in
fact, independent of the o, used, and we have adopted
the same set of hydrogen cross sections as used by the
Saclay group.’

There exists numerous determinations of the galactic
He/H ratio that are somewhat larger than the value
6.8% (by number) quoted by Cameron.? In main se-
quence B stars He/H is ~0.11,2* in solar quiescent
prominences He/H is 0.100%0.025,%° and in galactic
ionization state HII regions He/H is ~0.11 according
to Shaver.?® In the following we assume an ISM helium
fraction He/H of 0.10 for propagation calculations, in
agreement with all these measurements.

The propagation code has been previously described



by Ferrando and Soutoul.?” It is based on matrix formu-
lation,?® improved in order to take energy losses accu-
rately into account. It was checked against a more stan-
dard propagation code (weighted-slab technique), and
both codes were found to give similar results within
better than 1% down to interstellar energies of ~ 300
MeV/nucleon. It treats all long-lived isotopes from °Li
to *®Ni. Total and partial cross sections in helium are
introduced according to the empirical formulation de-
scribed in the preceding section. The ionization energy
losses in the ISM are computed as the weighted average
of the energy losses in hydrogen and helium. Decay of
10ge 2641, 39Cl, and 3*Mn is also taken into account, and
the solar modulation is computed using the “force field
solution”?’ parametrized by the deceleration potential .
Computed B/C and Sc—Mn/Fe ratios are shown in Fig.
8 in both cases of pure hydrogen ISM and an ISM heli-
um fraction He/H of 0.10, together with the satellite
data of the IMP-8 and HEA03-C2 experiments,®' and
the latest balloon data of Webber et al.’® In both cases,
A Was adjusted in order that propagation results fit the
B/C ratios measured in the HEA03-C2 experiment. The
A, dependencies that were found to fit the data are (i)
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FIG. 8. Comparison of the measured B/C and Sc-Mn/Fe
ratios with calculations in the leaky-box model, in the three
cases of (i) pure hydrogen ISM (dashed line), (ii) He/H=0.10
in the ISM (solid line), and (iii) He/H=0.10 and assuming
same energy losses in helium and hydrogen (dashed-dotted line,
indistinguishable from the dashed line for the B/C ratio). So-
lar modulation is included, with ¢=600 MV for energies
greater than 0.80 GeV/nucleon, and ¢ =490 MV for lower en-
ergies. The A, dependence is given in the text. It was adjust-
ed to fit the B/C ratio measured in HEAO03-C2.
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in pure hydrogen,
Aeee=24XBXR %% for R >5.5GV,
Ape=24XBX(5.5)7%% for R <5.5 GV,
and (ii) with He/H =0.10,
Aee=30.6XBXR %% for R >5.5GV,
A =30.6XBX(5.5)7%% for R <5.5 GV,

B being the velocity of cosmic rays relative to the speed
of light and R the rigidity. Propagation in an ISM in-
cluding helium is seen to differ from propagation
without helium in two points: First, the A, value
necessary to fit the B/C ratio is increased and, second,
the Sc—-Mn/Fe ratio is lower with helium when B/C is
accounted for. These two points are discussed in detail
below.

The A, values at 1 GeV/nucleon corresponding to
the propagated curves of Fig. 8 are 7.2 g/cm? in the case
of no helium and 9.2 g/cm? in the case of He/H=0.10.
This A, increase is due to the longer “creation length”
for B production, and to the larger (creation
length)/(destruction length) ratio for B nuclei in helium,
when referred to hydrogen. This can be clearly
identified by considering the propagation of a unique pri-
mary P and a unique secondary S, and neglecting energy
losses. With A, the destruction length of the secondary,
and Apg the characteristic length for the primary to
fragment into the secondary, the secondary/primary ra-
tio S /P is given by

S/P=1/(Aps/Auc+Aps/Ay) . (11)

When referred to their values in a pure hydrogen medi-
um, Apg and Apg/A; are multiplied by factors
(144y)/(14yT,,,) and (1+4+yT )/ (1+yT ), respec-
tively, I',, and I, being the o0,/0, ratio of partial and
total cross sections, respectively, and with y =He/H.
Since both multiplying factors are greater than 1, it fol-
lows from (11) that A, must increase to fit a constant
S /P ratio. In the case of the B/C ratio, A, is roughly
equal to A, and both right-hand terms in (11) have the
same order of magnitude. The increase of escape length
(by a factor 1.28) is therefore mainly due to the increase
of Aps by the factor (1+4y)/(14yT,,)=1.23 for
[ o= 1.4, the increase of Apg/A, by a factor 1.04 play-
ing a negligible role.

Turning now to the Sc—Mn/Fe ratio, it is seen in Fig.
8 that taking into account interstellar helium leads to an
underprediction of Sc—Mn/Fe relative to pure hydrogen
ISM, when B/C is equally accounted for. The
Sc-Mn/Fe ratio is lowered by 5% up to ~1
GeV/nucleon, and by a smaller factor at higher energies
(3% at 5 GeV/nucleon, less than 2% above 10
GeV/nucleon). The reason of this differential effect be-
tween B/C and Sc—-Mn/Fe may be understood from the
simplified expression (11). Contrary to the B/C ratio,
the Sc—-Mn/Fe ratio is dominated by the Apg /A, term,
because A, is about 3 times smaller than A, There-
fore, even when A, is increased to fit B/C (cancelling
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almost all the effect of the increase of Apg for Sc—Mn),
the large difference in the o,/0, ratios for total and par-
tial cross sections leads to an underprediction of
Sc—Mn/Fe.

It is also worth noting that this differential effect due
to cross sections is balanced at low energy for about
one-half by the smaller energy losses per g/cm? in heli-
um. This is illustrated in Fig. 8, which shows propaga-
tion results performed by considering equal energy losses
in helium and hydrogen (dashed-dotted line).

Finally, interstellar helium is not expected to play a
significant role regarding cosmic-ray isotopic anomalies
and the B/C vs N/O discrepancy.3"* Using our
empirical formulation, no important differences were
found with and without interstellar helium in the isoto-
pic composition of Ne, Mg, and Si, and in the °’N/O ra-
tio. Although there may be departures of the systemat-
ics of 0,/0, ratios for isotopic cross sections from that
for charge changing cross sections, it seems unlikely that
they can reach the high levels necessary to yield
significant effects. For example, an increase of the pro-
pagated '*’N/O ratio by 10% would roughly require the
5N production from oxygen in helium to be 2.5 times
that in hydrogen, because of the low He/H interstellar
ratio.

VII. CONCLUSIONS

The measurements presented here provide the first al-
most complete set of cross sections for C + a, O+a, and
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Fe+a reactions at high energy. When compared to p-
induced reaction cross sections, two main features have
appeared: (i) the independence from energy of the
o,/ o, ratio for total cross sections, and (ii) the increase
of the o,/0, ratio of partial cross sections with the
charge change, this increase being strongly dependent on
the energy. From these measurements, we have derived
an empirical formula for the o,/0, ratios that was
found to generally agree with available isotopic cross
sections ratios as well. Taking into account spallation of
cosmic rays against interstellar helium, it was shown
that the prediction of the Sc—Mn/Fe ratio in the stan-
dard leaky-box model is decreased by about 5% relative
to the B/C ratio. This systematic effect is larger than
the accuracy achieved now in the measurements of cross
sections and cosmic-ray ratios. It must therefore be tak-
en into account when addressing specific propagation
questions such that of a possible truncation of path
lengths.
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