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The L-element (Li, Be, B) contamination rate of the interstellar gas by nuclear reactions induced by the
Galactic Cosmic Rays (G.C.R.) is calculated using a diffusion model of fast moving particles in the Galaxy. The
presence of helium in the G.C.R. flux and in the interstellar gas is taken into account.

It is found that most of the stellar and meteoritic data is in agreement with a model which otherwise gives
a reasonable account of the G.C.R. observations. This model assumes an injection spectrum in total energy
power (W~—2¢) diffusing in a leaking galaxy with an escape range of 6.3 g cm—2. The intensity, the composition
at the source and the spectral shape have remained the same for the last 102 years.

However a large part of the 7Li must come from another source. Two possibilities are discussed: a) thermo-
nuclear “Li ejected from Giant Stars in “‘dirty” regions of our Galaxy, b) spallative “Li generated from an intense

low energy component of the G.C.R.

The relative merits of both hypotheses are discussed.
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I. Introduction

The presence of the L elements (lithium, beryl-
lium, boron) in our Galaxy (observed in stars and
in the solar system) is best explained in terms of the
continuous bombardment of interstellar atoms by
Galactic Cosmic Rays (G.C.R.). Through spallation
reactions, the L-atoms are generated and later
decelerated to the thermal energies of the interstellar
gas. The process is one of the slowest in nature: one
gram of beryllium is the crop of more than 10° years
in a volume of one cubic astronomical unit (=3
x 10% cm?): New stars are eventually formed out
of this gas, which reveal by their absorption features
the presence of these atoms in their surface layers.

This so-called ‘“‘galactogenetic”” hypothesis has
been presented by Reeves et al. (1970) (hereafter
called RFH) after it was realized by Ryter et al.
(1970) that the “autogenetic’”” hypothesis (L ele-
ments formed by stellar flares at the surface of
young stars) meets with many difficulties. Some
implications of the galactogenetic hypothesis were
also studied by Fowler et al. (1970) (called FRS) and
by Mitler (1970).

" * Contribution du groupe «Astrophysique 3 Haute
Energie et Milieu Interstellaire».
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One interesting feature of this hypothesis is that
it brings together a lot of data which previously
appeared unrelated: a consistent model of the origin
and propagation of the G.C.R. must not only explain
the observed flux of all nuclear species at all energies;
it must also account for the abundances of the L-
elements in stellar surfaces and in the meteorites
(taking, of course, into consideration the possibility
of ulterior alterations by realistic physical processes).

Indeed, while the observed flux of the G.C.R.
gives information on the present high energy portion
of the interstellar spectrum (below several hundred
of MeV, our information is blurred by solar modula-
tion effects), the stellar abundances give an inte-
grated rate over all energies and over periods which
are comparable to the age of the Galaxy. For in-
stance, to anticipate over the following sections, let
us consider the element Be. In stars its abundance is
usually found to be in the range 5 x 10712 < Be/H
< 5 x 1072 (Table 3) with 2 x 10 as a mean value.
Its present rate of formation by G.C.R. in space
(using a reasonable demodulation factor) is =17
x 102 H-1s-1. The ratio of these two quantities
gives the duration of the process: ie. 2 x 10° to
2 x 100 years (10 years for the mean value).
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This order-of-magnitude analysis confirms the
view that

A) The L elements are made mostly by the
action of the G.C.R. in space.

B) The mean flux over the life of the Galaxy
is comparable to the present flux in the vicinity of
the sun [radioactive isotopes in meteorites confirm
the constancy of the flux over the last 10° years
(Lal and Peters, 1967 ; Lal, 1969)].

In this paper we plan to consider the problem of
the L-elements in the G.C.R. anew and discuss it
with respect to all these observable parameters
(G.C.R. and stellar data).

The diffusion problem is treated according to the
formalism described by Gloeckler and Jokipii (1969)
(Section 1V) while the solar modulation effects are
estimated according to Goldstein et al. (1970) (here-
after GFR) which imply in particular that the very
low energy interstellar particles (Z < 100 MeV N-1)
are decelerated by the expansion of the solar wind
and never reach the vicinity of the earth.

A source composition (or more exactly an injec-
tion composition at the sources) is calculated and an
energy spectral shape (applicable to all the con-
stituents at the injection) is searched for which
would at the same time reproduce:

a) the interstellar flux intensity (and flux ratios)
of the various components of the G.C.R. as a function
of energy (after appropriate demodulation from solar
effects);

b) the abundance of the five L isotopes (°Li, "Li,
9Be, 19B, 1B) wherever they have been observed
(assuming that the G.C.R. has remained constant
over the last 10 years);

c) and (if possible) the ionization and the heating
of the H 1 regions in the interstellar gas.

The general plan of this paper is as follows:
in section IT and III all the relevant data is discussed ;
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in section IV the diffusion model is briefly described;
in sections V and VI the high energy component
(£ > 2 GeV N) of the observed flux is used to fix
the injection composition and leakage range (both
assumed to be energy independent); the effect of a
G.C.R. flux with an injection spectrum in power
law of total energy is computed: the interstellar
fluxes give reasonable account of the observations
and the total amount of L-elements generated after
10%° years is consistent with stellar and solar data on
SLi, ?Be, 1°B and 1B.

The data on lithium appears to require another
source of Li. This may be due to high fluxes at low
energy (‘“‘carrots”) (Section VII) or to a stellar
source of thermonuclear 7Li.

Problems related to the interstellar He ratio,
to the G.C.R. Be ratios and to the CNO fluxes are
discussed in the Appendices.

II. Nuclear Parameters

The measurements of the spallation cross-
sections of astrophysical interest are steadily im-
proving in number and in accuracy (Gradsztajn,
1965; Davids et al., 1969; Yiou et al., 1969 ; Regnier,
1971 and other references to follow). A general
compilation is in preparation in our laboratory at
Saclay (Tobailem et al., 1971) which has been of
great use to us.

One major improvement of the last few years
has been the measurement of alpha-induced spalla-
tion cross-sections (Crandall, 1956; Pape 1966;
Fontes, 1970; Radin, 1970 ; Mullié and Gauvin, 1971).
The high energy cross-sections are usually two or
three times larger than for the equivalent proton-
induced reaction (from the same target to the same
final product). Since the helium to hydrogen ratio
is ~20.1 the alpha induced contribution to spallation

Table 1. Proton induced reaction cross-seciions (in mb) for the production of L elements at high energy (E >2 GeV)
(italicised numbers are experimenial)

Target
50Fe usi MMg SONe 100 ISN IGN 130 lﬁc llB 103 DBe 7Li 7Be

Product
Mass 11 7 12 12 18 25 25 45 20 50
Mass 10 5 5 153 14 15 15 12 16 15 20
10Be 4 2 2 2 1 1 2 3.5 35 34
Mass 9 6 4 4 4 3.5 4 (] 10 6 65 25
"Be 10 4 12 10 10 10 12 10 9 55 6 7
7Li 8 6 12 10 14 14 10 6 6 . 18 6 6.5
Mass 6 10 6 12 10 14 14 7 7.5 76 12 20 10 40
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Fig. 1. Excitation curve of ‘He («, p) “Li. The dots are ex-

perimental points. The dashed line is our estimate for the high

energy values (see text). The same numerical values were
used for the ‘He («, n) "Be

at high energy is generally 209 of the proton
induced contribution. For product nuclei which
have a very small proton induced cross-section
(such as 19Be) the ratio is appreciably larger.

In the low energy range the situation is quite
different. As seen in Fig. 4 the G.C.R. fluxes have
about the same energy spectral shape in a scale
of energy per nucleon (MeV N-). In this scale the
threshold energies for given alpha-induced reactions
are some three to four times lower than for the
proton-induced equivalent reactions. Furthermore
a fair number of alpha-induced reactions exhibit an
important “compound nucleus”’ peak a few MeV
above the threshold. Thus alpha-induced reactions
become the dominant processes in the range
E < 20 MeV N-! range of the G.C.R.

Actual experimental measurements of spallation
cross-sections are also useful as basic elements for
studies of the spallation systematic behaviour, and
for the derivation of empirical relationships. Such
studies have been made by Rudstam (1966) (for
A > 40), Audouze et al. (1967) by Lavrukhina et al.
(1969), and by Silberberg and Tsao (1971).

We have drawn full excitation functions (from
measured and estimated points) which have been
used in this work. In Table 1 the high energy values
of the cross-sections which were used in our com-
putation net-work are given for proton-induced
reactions. Some of these values differ slightly, but

23*
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Fig. 2. Excitation curve of ‘He («, )¢Li. The dots are ex-
perimental points. The dashed line is our estimate for the
high energy values

never very significantly, from the numbers estimated
independently by Shapiro and Silberberg (1970).
This coherence shows that the nuclear physics aspect
of the G.C.R. problem is no more a cause of major
uncertainties (at least in the low mass range) except
perhaps for the « 4 « reaction to be discussed next.

The o + o —> Li, Be Reactions

Experimental data is available only in the very
low energy range (E < 30 MeV/nucleon). Following
Hayakawa (1968) and Fowler, Caughlan and Zimmer-
man (1967) we have used the theory of the detailed
balance to calculate the low energy part of the
excitation function. Our estimate of the higher
energy part of the excitation is based on the fact
that similar reactions (at least for larger mass target)
are expected to proceed via compound-nucleus forma-
tion, and to present a highly peaked cross-section in
the corresponding energy range (few tens of MeV).
At higher energies they would decrease rapidly
(steeper than E-1) and probably level off to a rather
low value above 100 MeV?).

1) Experimental results on 10 and Si show that the

" (a, pn) reaction cross-section falls as £—2 from the peak till

at least 150 MeV in total energy (Mullié, thesis, 1971).
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Discussions with nuclear physicists (in particular
with Turkevitch) has led us to estimate that no one
of the three processes *He + ‘He —"Li, "Be, ®Li
should have a cross-section of more than a few mb
above a few hundred MeV N-1.

In Figures 1 and 2 the excitation function for
o + o — 7Li and °Li used in this work are displayed.
We have taken the same values for o« + o> "Be
than for « + o — "Li.

III. Astrophysical Parameters
a) Observed G.C.R. Fluxes

The results from many groups were used in this
work: Webber et al., 1971 ; Fan et al., 1968; Garcia-
Munoz et al., 1969; Lezniak et al., 1969; 1970;
O’Dell et al., 1969; Von Rovenvinge et al., 1969;
Comstock et al., 1969 ; Cassé et al., 1970. Our selection
has been heavily influenced by the recent review
article of Shapiro and Silberberg (1970).

In Table 2, the high energy fluxes composition
for those species which are relevant to our calculation
are tabulated (normalized to 100 for carbon). Other
observational results will appear in Figs. 3—8, 14, 19.

b) Interstellar Abundances

For the interstellar abundances we have used the
‘“universal”’ abundances (Cameron, 1968). For the

Table 2
Z G.C.R. Interstellar Source Source
observed G.C.R. flux G.C.R.flux G.C.R.flux
composition calculated calculated used ’
(this work) (this work)
1 5.8 x 10 58 x 104 4.2 x 10* 4.2 x 10*
2 3.4 x 108 34 x 10 3.0 x 102 3.0 x 10%
3 16 4 2 (a) 16 0 0
4 11 4 3 (a) 12 0 0
5 27 4 8 (a) 25 0 0
6 100 100 100 100
7 214+ 2(a) 26 (see text) 11 (seetext)
8 86 + 4 (a) 88 105 (a) 110
10 20 4+ 2 (a) 19 20 (a) 25
12 21 + 2 (a) 20 23 (a) 29
14 15 4 2 (a) 17 20 (a) 26
26 11.3 4+ 14 (a) 12 23 (a) 25

High energy (E > 2 GeV) G.C.R. fluxes. The values
denoted by (a) are from Shapiro and Silberberg (1970). The
slightly larger values used here (fifth column) are ex-
pected to compensate our neglecting the production of
secondary 4 > 15.
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still unsettled case of the helium abundance (Dan-
ziger, 1970) (Burbidge, 1969) we have taken ng,/ng
= 0.1. In the appendix A we have let nge/ng vary
from 0.05 to 0.15 to study the importance of this
parameter (after a suggestion by Jones).

¢) Observations of Li, Be, B in Stars

The relevant observations have been summarized
and discussed by Wallerstein and Conti (1969). We
shall only give a review of the pertinent data.

The T Tauri stars (young stars, T = 107 years)
in gravitational contraction show large abundances
of lithium, with Li/H ranging from 8 x 10-1° to
4 x 10-°. No data is available on 7Li/’Li or on Be.

Early type stars (with very shallow surface
convective zone) of young clusters (Pleiades
= 5 X 107 years; Hyades 5 x 108 years) have lithium
abundances in the range 3 x 100 to 2 x 10-?. Since
very little destruction is expected to have taken
place by thermonuclear reactions in the surface of
these stars, the abundances reported are most likely
those of the interstellar gas from which they were
formed (spallation in the stellar atmosphere is
assumed here to be negligible).

Later type stars of the same clusters show
smaller Li abundance, decreasing with spectral class
for a given cluster and with age when stars of the
same spectral class are considered. This effect can
reasonably be assigned to nuclear reactions at the
bottom of the convective zone (the mean temperature
of this zone increases with spectral type in the sense
F— G — K). This effect has been discussed by
Greenstein and Richardson (1951) and also by Herbig
and his collaborators (see for instance Herbig, 1965).

The combined abundances of 7Li, ¢Li and °Be can
only be measured for slowly rotating bright ¥ and G
stars. In Table 3 we present a stellar ‘‘pedigree”
of those stars for which Li and Be values (or upper
limits) are reported in the literature. Together with
the name and the spectral classes, the visual magni-
tude, the B — V index, the luminosity in solar units,
the surface effective temperature are estimated from
the correspondence between the spectral type
(Morton and Anders, 1968) the luminosity and the
evolutionary tracks of Iben, 1967. (For this task we
have been greatly helped by Mrs. Claude Chevalier.)

The rotation velocities (or their limits) were
obtained from Herbig and Spalding (1955) and from
Sletteback (1955).

In the last four columns the Li, Be and the
Li/Be and "Li/SLi values are listed. The Be/H ratios
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range from § x 1022 to 5 x 10~ in stars, which
show no sign of peculiar effects. There seems to be
an increase of Be with spectral class (from F to G)
or with stellar age. In the present work we do not
attempt to explain this correlation; we estimate a
mean value

Be/H = 2 x 1071, mean stellar value

which we shall use in the future discussion.

The Li/Be ratio ranges from more than one
hundred (mostly FO to F5 stars) to a few units
(in late F and early G stars). As discussed before, this
correlation can qualitatively be related to the
increasing depth of the surface convective zone.
However some difficulties will appear shortly.

About fifteen stars have been searched for all
three isotopes ®Li, “Li, *Be. The "Li[®Li ratio range
from 2 to more than 10 (°Li unobservable). Six
stars do show ®Li("Li/°Li < 4). Five of them (vAnd,
10Tau, BCom, ¢Per, §UmaA) have rather similar
values of Li and Be (see table). We shall name them
the “G.C.R.” stars for reasons which will soon become
apparent.

The average ratios of L elements in these stars is

LifH =2x10-%

Be/H =3 x 101
G.C.R. Stars
Li/Be =17

7Li/Li = 2.5

We recall that the lifetimes 7 against thermo-
nuclear destruction are in the following order:

7(8Li) <€ 7("Li) <7 ("Be).

Hence (unless more complicated effects have
taken place) we expect that the stars with the lowest
7Li/SLi should have suffered the least thermonuclear
destruction. Conversely, quoting Wallerstein and
Conti: “It will be noticed that the earliest F stars,
those containing the most Li, and which should not
have had their initial light element content modified
by mixing, contain no evidence for 6Li”.

d) The Solar System

During the last I.AU. meeting in Brighton
(Aug. 1970) a panel of experts on the spectroscopic
determination of Li and Be gathered to discuss the
solar observations.

Production of Li, Be, B by Galactic Cosmic Rays 341

The values given below were generally accepted.
For boron one has only an upper limit (Engvold,
1970)

LiH =10-1
Be/H = 10-1
BH < 3x10

Solar values

In the planetary system more accurate data is
available but chemical fractionation may have
blurred the initial picture. We shall, at any rate, put
greater weight on the interpretation of isotopic ratios
(Li and B) than on element ratios. The remarkable
constancy of isotopic ratios in the various spots in
which they have been measured (for lithium the
constancy is better than 39 for lunar, terrestrial
and meteoritic samples) certainly excludes important
chemical isotopic separation. The values are (Kran-
kovsky and Muller, 1967 ; Bernas et al., 1969 ; Shima,
1962)

LiffLli =125 + 0.3
Planets
UB/WB = 4 404

For comparison with stellar data the planetary
element abundances are normalized by taking their
abundances with respect to silicon abundances and
then the solar ratio of H/Si (Sill and Willis, 1962;
Grevesse, 1968, 1969; Quijano-Rico and Winke,
1969).

Li/H = 1.2 x 10-°(°Li=10-1,7Li = 1.1 x 10-%)
Be/H = 2x101
B/H from 2 x 10-10 to 8 x 10~

Planets

The range of B/H is correlated with petro-
graphical properties, hence implies important chemi-
cal fractionation.

We note that the planetary lithium is quite
comparable to the T Tauri or young clusters value
(=10-?). In the same manner the planetary beryllium
value agrees with our “mean stellar value” (=2
x 1071),

The solar value of Li and the upper limit on
7Li/6Li shows that heavy destruction of solar lithium
must have taken place (most likely by thermo-
nuclear destruction in the surface convective zone).
The agreement between solar and planetary beryllium
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Table 3. In this table are listed the stars for which Li andfor Be have been measured. For each object we give the spectral type Sp, the
visual magnitude M, the spectral index B—V, the luminosity compared to the solar luminosity (log L L), the effective temperature
log T',; the mass and the age oblained from Iben’s tracks the rotational velocity or its upper limit, the observed abundance of Li and
Be and the ratios LifBe and "Li[°Li, Finally in a column labelled ““remarks’ the specific features of the object are given (V.B. = visual

binary — 8.B = speciroscopical binary).

Star Sp. Mo B-V log L/L, log T, MM, Years
& Serp FoI1v 1.9 0.27 1.16 3.89 1.7 4.0 x 108
n Lep Fov 2.4 0.32 0.96 3.872 1.8 1.0 x 10°
% Leo F2IIIIV 1.5 0.33 1.32 3.87 2.0 1 x10°
y Vir N Fov 3.3 0.35 0.60 3.864 1.35 1 x 108
y Vir 8 Fov 3.3 0.35 0.60 3.864 1.35 1 x 108
45 Tau F2vV 2.7 0.36 0.84 3.86 1.5 1 x10°
o Boo F2V 3.5 0.38 0.52 3.85 1.35 5 x10°
o Cmi F5IVV 2.6 0.40 0.88 3.845 1.75 1 x10°
HR 5110 F2IV 14 0.40 1.36 3.845 2.0 1 x10°
6 Cyg F4V 3.6 0.40 0.48 3.845 1.50 5 x 107
t Leo F21Vv 2.3 0.41 1.0 3.84 1.60 1 x10°
n Ari F5V 3.2 0.44 0.64 3.83 1.20 2 x10
t Peg F5V 3.1 0.44 0.68 3.83 1.25 2.5 x 10°
78 Ori F6V 3.7 0.45 0.44 3.825 1.25 1.5 x 10?
40 Leo F61v 3.2 0.45 0.64 3.826 1.25 2.5 x 10°
6 Uma F6 IV 1.8 0.46 1.20 3.82 1.8 1.3 x 10°
110 Her FéVv 2.6 0.46 0.88 3.82 14 2 x10°
yLep A F6V 4.0 0.47 0.32 3.818 1.2 5 x107
% Cne F6V 4.1 0.47 0.28 3.818 1.2 5 x 107
» Serp FéVv 3.0 0.47 0.72 3.818 1.25 3 x10°
6 Per F1Vv 3.5 0.48 0.52 3.815 1.25 2 x10°
7 Boo 1V 3.3 0.48 0.60 3.815 1.3 2 x 10°
& Peg F7V 3.1 0.50 0.68 3.810 1.3 2.5 x 10°
¢ Pse F1vV 3.1 0.51 0.68 3.804 1.15 2.5 x 10°
v And F8V 3.1 0.54 0.68 3.793 1.20 2.5 x 10°
B Vir F8V 3.6 0.55 0.48 3.79 115 3 x10°
10 Tau F8V 3.0 0.57 0.72 3.79 1.20 4 x10°
B Com GOV 4.7 0.58 0.04 3.78 1.0 1 x 108
7 Boo GOIV 2.7 0.58 0.84 3.78 1.3 3 x10°
x Her FoV 3.3 0.58 0.60 3.78 1.1 4 x10°
¢ Per GOV 3.2 0.59 0.64 3.7171 1.15 4.5 x 10°
£Uma A GOV 4.3 0.59 0.20 3.777 1.0 5 x10°
x’ Ori GOV 44 0.60 0.16 3.773 1.0 4 x 100
B Cvn Gov 41 0.61 0.28 3.77 1.0 6 x 100
A Ser GOV 4.2 0.61 0.24 3.77 1.0 4.5 x 109
¢ Her GOIV 2.6 0.66 0.88 3.75 1.3 3 x 100
Sun G2 4.8 0.62 0.0 3.762 1.0 4.5 x 100
6 Eri KOoIV 3.7 0.93 0.44 3.70 1.0 7 % 109

shows that the mean temperature at the bottom of
the convective zone has not been hot enough to
destroy the Be nuclei.

It is tempting to assume that the partial destruc-
tion of ¢Li in the planetary material is also due to
nuclear effects before the formation of the planets.
For a number of reasons to be developed in Reeves
(1971) (amongst others the presence of the much
more fragile deuterium atoms in the planetary
material), this assumption appears untenable.

e) The Properties of the Interstellar Medium

The mechanism responsible for the heating and
ionization of H 1 regions in the interstellar medium
is not yet identified (Bergeron and Souffrin, 1971).
Several workers have considered the low energy
component of the G.C.R. as a possible candidate
(Hayakawa, 1961; Spitzer and Tomasko, 1968;
Pikelner, 1968; Balasubrahmanian ef al., 1968;
Goldsmith et al., 1969; Hjellming, 1969; Hjellming
et al., 1969 ; Pacheco, 1969).
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Table 3 (continued)

Star vsin ¢ Li/H Be/H Li/Be 7Li/*Li Remarks
(km/g)
£ Serp — 5 x 10 2  x 102 2.5 x 102 -
7 Lep <25 4 x 101 5 x 101 8 x 10t >10
x Leo <25 <4 x 10 <2 x1lo™ — —
y Vir N 25 2 x10-° 4 x 10 5 x 102 >10 }VB
» Vir S 40 8 x 10~ 33 x 102 2.5 x 102 — o
45 Tau - 6.4 x 10~ 4 x 10 1.6 x 102 >10 belongs to Hyades
¢ Boo <15 <6 x 10w <13 x 102 — —
o Cmi <15 <64 x 10 < 0.25 x 10— — — V.B.
HR 5110 <25 < 2.8 x 1070 <25 x 10— — — SB
0 Cyg — <2 x 10w <0.6 x 10— - —
t Leo <25 8 x 10— 8 x 10 1.0 x 102 >10 double
n Ari <20 5.2 x 10— 8 x 102 6.5 x 10t —
¢ Peg <25 8 x 10 1 x10™ 8 x 10t 2 S B period 10.2 d
72® Ori 20 1.3 x 101 3.2 x 102 4 x 10t —
40 Leo 20 < L7 x 10710 <13 x 102 — -
0 Uma <15 6.2 x 10-1° 8 x 10 8 x 10t -
110 Her <25 <5 x10™ 3.2 x 102 < 1.6 x 10t —
yLep A - 4 x 10 1.0 x 10™ 4 x 10t >10 double (?)
% Cne <20 8 x 10— 8 x 1012 1 x 102 —
v Serp <25 1.7 x 10— 13 x 10> 1.3 x 10t —
0 Per <25 4 x 10~ 3.2 x 10-1 1.3 x 10t 10 double
7 Boo <15 < 13 x 107 3.2 x 102 <4 x10t — companion M2
& Peg <25 1.3 x 10~ 1.0 x 1o 1.3 x 10t >10
¢ Pso <25 <33 x 10-1 8 x 102 <4 —
» And <15 8 x10™ 1.3 x 10— 6 2
B Vir <25 <5 x10™= 1.3 x 10 <4 —
10 Tau — 2 x 10 5 x101 4 2
$ Com <20 2.5 x 10-1° 3.2 x 101 8 2.5
7 Boo 20 <33 x 101 <33 x 10— — - S.B. subgiant
« Her <15 5.2 x 10— 1.2 x 10 4 x 100 > 10
¢ Per <15 1.6 x 10— 50 x 101 3 3
£Uma A <25 2.5 x 10~ 4.0 x 1o 6 4 close V.B.
%’ Ori <20 3.2 x 10— 1.6 x 10 2 x 10t >10
B Cvn <15 <5 x10™ 25 x 10-1 <2 —
A Ser <20 < 6.6 x 10 2 x 10 <33 - V.V. (?) variabl>
¢ Her <15 <33 x 10 <21 x 10 - — close V.B. subgiant
Sun <15 o~ 10-1 1.2 x 10 =~ 1.2 >10
6 Eri <15 3 x 10 2 x1o= 1.5 > 10

The main parameter is (g, the probability of
ionization of one interstellar hydrogen atom per
second. The total ionization rate per sec per nucleon

Also Field, Goldsmith and Habing (1969) and
Pacheco (1970) have estimated :

is then (Eq. (10)) Cp<10-15g71,
E= 7 §a + Mo lae
” g + 40y,
— L 1‘:_(71::/:771580 =~ 0.79 CH . IV. The Diffusion Model

The general problem of the diffusion of fast
particles in the Galaxy has been treated by many
authors, in particular by Ginzburg and Syrovatsky
(1964). In its most realistic form, one should consider
the following physical conditions: a number of point-
source objects distributed throughout a large but

According to various authors (Spitzer and Scott,
1969) the present state of the theory of interstellar
matter requires

fm=5x10-1851,
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finite volume (the Galaxy) emit, in a time varying
fashion, a flux of fast particles with a broad energy
spectrum. The particles propagate in a diffusion-like
motion within the Galaxy and have a certain prob-
ability of escaping the Galaxy when they reach
the outer surface. The model considered here simpli-
fies the calculation by the following assumptions.

The sources are distributed homogeneously
throughout the Galaxy (the particles are emitted
from everywhere) and emit continuously a time
independent spectrum of high energy particles.
Since we are mainly interested in the production
of L-atoms and since these atoms, absent from the
sources, are created in fact during the space journey
of the parent nuclei, this approximation appears to be
justified. However, at very low energy, the situation
may be different since the particles do not reach very
far from the sources. This problem is under study
(Pacheco, 1971 ; Cesarsky to be published).

Instead of treating a diffusion process in a finite
volume with a partially leaking surface we consider
an infinite volume but add in the diffusion equation
an extra term which represents the escape by a
““castastrophic” loss. In other words a geometrical
property becomes an intrinsic property of each
particle. Jones (1970) has discussed the value of the
approximation. The mean free path against escape
A,=pv7, is assumed to be independent of energy,
which implies that z,, the lifetime against escape,
increases with decreasing energy, quite a reasonable
assumption. We assume also that 4, is the same for
all nuclear species at all energies.

Local fluxes are assumed to have reached equi-
librium between injection, deceleration and catastro-
phic loss terms (steady-state). The transport equa-
tion, which gives the steady-state density for nuclei
¢ in the G.C.R. is

IN.(B) N(E)
at T,

N(E)

YT
+ oo (5:(E) N(B)
— [004(B) migy + 04 (B) meg] 0, I (B)

+ Q;(E)

+1‘Z'6[ NJ(EI) [nge 0usi(E, E')
+ngoyi(E, E')]v;dE’ 1)

where N,;(E) is the cosmic ray number density of
species ¢ at energy per nucleon E, ; is the decay
lifetime for unstable nuclei (such as °Be) and y the
Lorentz factor for time dilation; @;(E) is the source

Astron, & Astrophys.

term of primary particles (assumed to be constant

in time and space); b;(F)=— (—%)‘ the energy

loss per nucleon per sec by ionization, ¢,; and o,; are
total destruction cross-sections of the nuclei by
alphas and protons respectively; ng, and ng are the
(mean) number densities of helium and hydrogen
in the interstellar gas; o,;; and o,;; are the spallation
cross-sections for the production of the nucleus s by
bombardement of the target j by alpha or protons;
E and E’' are the kinetic energy per nucleon of the
product (¢) and the parent (j) and v; is the velocity
of the particle 4.

Unless otherwise noted, energies are always in
energy per nucleon. From (1) the following equation
is derived for the omnidirectional flux ¢;= N,v;:

0 0
o=t gt a

> [O'm(E, B) + 22 0 (B, )
+6[j£ $i(E) My + (ngefrm) M,

where X is the amount of the matter traversed (path
length) in g em—2, A, is the loss range of energetic
particles against the combined effect of decay,
nuclear destruction by interstellar particle or leakage
from the Galaxy:

] dE (2

n
Oy + f%c 1

1 1
+ ®

A_c= VT Yy

n,
Myt 0y

where ¢ = ng My + ng, Mg, is the density of the
interstellar gas (the contribution of heavier elements
is negligible); w; is the rate of energy loss per g cm=2
(w; = b;/e v;) (both interstellar hydrogen and helium
are considered) and ¢;= Q;/(ng Mg+ nge Mg,). The
solution of (2) is then:

;

1,
¢¢(E)=’m‘de
E

® %a—aa!i""“p!t
. %(E')*l-jZde" b5 (E")—’———,?
0

M9+M¢n_‘
]

X 6Xp (._ ﬁ%—.‘w)] @)

B
where R;(E) = [ dE'|w;(E’) is the ionization range
0

of the particle ¢ at energy E per nucleon (in g cm—2).
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The exponential function in the integral?) re-
presents, in effect, the probability that a particle
injected or nuclearly produced at energy B’ will
survive and be counted in the flux at energy E.
Throughout this calculation we have set

o(E, B')=o(E') 6(E — E) ®)

for proton and alpha induced cross-sections except
for the [oc + or— ®Li, 7Li, Be’], for which we use:
(the final nuclei move at about one half of the velocity
of the incident «)

o(B, B') = o(E') (E — E'/4) (6)

the Eq. (4) gives the interstellar flux ¢;(#) for each
nuclear species 4. It is worth recalling that the steady
state hypothesis considered here is equivalent to the
assumption of an exponential path length distribu-
tion p(X):

p(X) ~ exp[—X/4]. O]

Such a distribution was used with much success by
Shapiro and Silberberg (1970) to fit the observed
fluxes.

In a recent work (hereafter LRF) Lingenfelter
et al. (1971) give reasons to believe that the path
length distributions may be flatter than the exponen-
tial distribution. The effect of this distribution (LRF')
will be discussed later on.

Each of the fast nuclei of the G.C.R. flux is faced
with three possible fates: a) nuclear destruction (or
decay); b) escape from the Galaxy (for our purpose
they are lost) and c) deceleration to thermal inter-
stellar energies and incorporation into the gas.

The number of thermalized nuclei added to the
interstellar medium o (in cm-?s-Y) is, in fact,
the sum of two contributions:

a) spallation of interstellar heavy nuclei by fast
protons and alphas. In this case, the recoil energy
of the L elements is low (a few MeV N-1) and the rate
of thermalisation is equal to the rate of production.

b) spallation of fast heavy nuclei by interstellar
hydrogen and helium. In this case we must calculate
the “current” of particlesin energy space [N;(E)b;(E)]
and compute its value at an appropriately low
energy. Below one MeV N-! all nuclear processes are
inoperant and the ionization range R;(E) (Eq. (4))

2) For radioactive isotopes, A, is energy dependent, and
one must replace the exponential in Eq. (4) by:

exp [ f w;(Efﬂ(E")]
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becomes much smaller than the loss range 4, (Eq. (3)).
Hence, for secondary particles (for which ¢; = 0),
Eq. (1) reduces to

D) =0, E< 1 MeV. 8)

In other words, the current in energy space remains
constant all the way down to the thermalization
energies. As the function b,(#) is rather poorly
known below a few hundred of keV, it will be con-
venient to compute this current at one MeV.
Summing the two contributions (a) and (b) we get:

aaytb‘ =Ni(E)bi(E)+iZ'0f [0p5:(E') ¢ (E')

+ Ouss(B') $u(B)] m; B . 9)

The mean ionization rate {, per nucleon in the gas3)
can be written as

4, f N(E)Z - aE

c”= anAk

SBH (1’7 )

Innz2a [ 6@
= 2 1y Ay,

My

17 [ 6,0 ZD My dB 0190y (10)

where A;(E) is the energy loss per ionization and 4 E

its mean value (2236 eV); egy is the standard energy
loss (g~ cm?) of protons in hydrogen (s]m = %}
Ojon I8 the ionization cross-section.

For neutral hydrogen the expression (the Bethe’s

formula)
_ ,3]

GeV gt cm? (12)

fits the best calculated curve from 0.5 MeV to several
GeV (§ = vfc).

3) The quantity J used in Salpeter and Wickramasinghe
(1969) and in F.R.S. (J = 1.3 x 10 £g) takes for a non-
relativistic energy spectrum the approximate but very useful
form

e 3.05 x 10-4 -2 [11 06+ In L

1 MeV

T=gmaza [+

~25 f & (”;ev) iE (13)

In these units the observations mentioned in section ITT d
require J = 6 but J < 10.

)as
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Fig. 3. Interstellar H energy spectra from an injection spec-
trum proportional to (E, + E)-2¢ where E is the kinetic
energy (GeV N-?) and E, a parameter varying from 0 to
0.931 GeV N1, The curves are labelled by the corresponding
E,. Also shown is the observed H energy spectrum at solar
minimum and the demodulated H spectrum as calculated by
G.F.R.. The injection flux in total energy power (£, = 0.931
GeV) appears to fit very well the spectrum demodulated
from solar effect

The Calculation

The computation is made in the following way:

a) The sources are assumed to emit fluxes with
given injection chemical composition and given
injection energy spectrum. These are represented by
the term g;(#’) in Eq. (4).

b) Starting from iron one computes Eq. (4) for
each stable isotope (and Bel®) and includes in the
calculation the spallation reactions leading to each
stable isotopes (and 1°Be). However in the present
calculations we have neglected the spallative for-
mation of nuclei with 4 > 15 in space. The small
error which results from this simplification has been

Astron. & Astrophys.
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Fig. 4. Interstellar fluxes of Li, Be, B, C, N, O, from an in-

jection spectrum in the total energy power. (£, = 0.931 GeV

in Eq. (15) compared with undemodulated observations

(Von Rosenvinge, 1969)). The flattening of the Li and Be

curves at low energy is due to the effect of the (« + «) reac-

tion. The beta decay of "Be in 7Li at low energy (£ << 20 MeV
N-1) has not been incorporated in this figure

estimated and compensated by increasing slightly
the assumed abundances of these nuclei at the
sources (Table 2).

c) the escape range A, is left as a free parameter
to be discussed in the next section.

V. The Escape Range

Since the L elements in the G.C.R. are most
certainly of secondary origin (absent from the source),
it has been customary to determine the leakage range
A, from the ratio of the L to M (CNO) nuclei at high
energy in space.

This procedure neglects the possible contribution
of the (x + «) process to ®Li, "Li, "Be which at low
energies 10—20 MeV N at least, where nuclear
measurements exist, is dominant. It would be
preferable then to compute A, from the B/M ratio
(since « -+ « does not contribute to B). But the
experimental value of this ratio is still controversial

(see Fig. 8).
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As we have assumed 4, to be energy independent
we shall compute its value at high energies
(B >2GeV) where (i) the ionization losses are
unimportant (consequently the problem can be
treated analytically) and where (ii) the contribution
of the (x + «) reaction to the Li Be flux certainly
becomes negligible since L nuclei of energy E are
generated by o of energy (4E), and since the flux
intensity decreases very rapidly above two GeV N1

From Eq. (4) we have simply

1 7 % (G’"'L-l_ a"“%) - (UpL + Go1, '",%)

Production of Li, Be, B by Galactic Cosmic Rays 347

when L is one product nucleus (absent from the
source) and the )__,' ¢; represent all possible parents.

7
This formula can be adapted to the sum of all L
isotopes (Li, Be, B). The observed value of L/M at
high energy outside of the magnetosphere is
0.23 + 0.02 (Webber, private communication 1971;
Von Rosenvinge et al., 1969 ; Shapiro and Silberberg,
1970). We obtain:

A,=6.3g cm—2— including effects of He

VI. Chemical Composition at Injection

Aa M + Mo M . .
P Ty TG The observed flux intensity (above 2 GeV N—1) of
(14)  the most abundant particles together with the value
Table 4
<ZMeV N
1 3 10 30 100 300 1000 3000 10000
Element

Fe 36 x10% 87x10° 23x10* 53x10* 10x10* 11x10® 4.6 x10* 85 x10® 6.0 x 10-¢
160 37%x10¢ 89x%x10* 23x10% b52x10* 94x102 92x10% 35x102% 6.0x 10 42 x 10-®
N 77 x 10 19 x10¢ 50x10* 12x102* 23x10* 23x10® 93 x10* 17x10+¢ 1.2 x 10-5
15N 26 x10* 6.5x 105 1.8 x 10* 45 x10* 83 x 10+ 87x10* 36x10* 66x10° 4.6 x 10-°
uN 50 x 10 12x104% 32x10% 74x10* 14x10®* 15x10® 57 x10* 10x 10 7.1 x 10-®
BN/N 0.34 0.35 0.36 0.38 0.37 0.37 0.38 0.39 0.39
C 42 x10¢ 10x10-* 27x10* 59 x10® 11x10* 10x10-2 39x 102 6.7 x 10¢ 4.7 x 108
130 98 x 10¢ 24 x 10°* 6.6 x 10 1.6 x 10¢ 3.8 x 10¢ 50 x 10* 24 x 10* 4.6 x 105 3.2 x 10-®
120 41 x10¢ 10x10®* 26x102* 58x10* 1.0x 102 99 x 10-® 3.7x 10 6.2 x 10* 44 x 10~
C1/C 0.023 0.024 0.025 0.027 0.0356 0.048 0.062 0.069 0.069
CNO/Fe 24 24 24 23 23 20 18 16 16
B 57 x10°% 14x10¢ 38x10* 97x10¢ 20x10% 22x10% 87x10* 16x10* 1.1 x 10-°
up 42 %x10°% 10x10¢ 28x10* 72x10¢ 14x10* 1.6 x102* 61 x10* 1.1 x 10~* 7.7x 10-®
1B 15 x 105 3.7x10% 1.0x10* 26 x10# 55x10* 6.2x10% 27x10¢t 49 x10-° 34 x 10
upp 2.8 2.8 2.8 2.8 2.6 2.5 2.3 23 23
Be 25x10° 59%x10° 14x10* 34x10¢ 67x10¢ 78x10* 37x10* 69 x 105 49 x 10
10Be 12 x10¢ 30x10°® 87x10¢ 23x10% 53x10°% 98x10° 6.0x10° 13 x 105 9.5 x 10~
9Be 42 x 10 1.0x10° 29 x10° 72x10° 16x10* 22x10* 11x10* 21 x10* 1.5 x 10-®
Be 19 x 105 43 x10-° 11 x10* 25x 10~¢ 46 x 10* 47 x10* 20x10* 3.6 x 105 25 x 10-®
"Be/Be 0.78 0.77 0.74 0.73 0.69 0.60 0.54 0.52 0.51
Li 7.0 x 10-® 1.7x 10 3.8x10%* 7.6 x10¢ 12x10% 12x10-* 51x10%¢ 9.1 x 105 6.4 x 10-®
"Li 26 x10°% 6.1 x 105 14x10* 32x10* 57 x10%* 55x10* 23x10* 40x 105 28 x 10-°
SLi 44 %10 11x10¢ 24x10¢ 43 x10*t 68x10* 69x10* 29x10* 51 x10° 3.6 x 10
LM 0.18 0.18 0.17 0.17 0.18 0.20 0.22 0.23 0.23
Het 24 x 102 58 %102 15x 10t 31 x10* 48x10' 40x10* 14x10* 22x10?* 1.5 x 108
He/Fe 670 670 650 590 480 360 300 260 250
He/CNO 28 28 27 25 22 18 17 15 15
H 3.7 x 10t 87 x10* 22 4.7 7.6 6.4 2.2 3.6 x 10 25 x 102

Calculated interstellar G.C.R. fluxes in cm~2s-! (GeV N-2) from a power law in total energy (W—2¢) spectrum and source composition given
in Table 2 with an escape length of 6.3 g cm~2. The value of 1 particle cm~2 is chosen for the hydrogen number density and n,,/n,= 0.1. The Be’
is considered as a stable isotope, but the partial decay of Be'? at this density is computed. At much lower densities all the Be? atoms would decay
to B (see appendix B).
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Fig. 5. Computed L/M ratio for various values of the escape
range A, in g cm~2 and corresponding observations. A choice
of A, = 6.3 g cm~2 appears reasonable

of A, obtained before are used to calculate the (high
energy) chemical composition at injection. The
results are given in Table 2 normalized to C = 100.
The agreement with Shapiro and Silberberg is
good.

The problem of the abundance of N at the source
will be discussed in the Appendix C.

VIIA. The Energy Spectrum at the Sources

We have tested a wide variety of source energy
spectra (g;(E) in Eq. (4)). We have first considered
a total energy power law spectrum: as discussed by
Gloeckler and Jokipii (1969) the spectral shape

9, (B) = K(By+ E)2%cm—251GeV-1 (15)

with E, = M, C? = 0.931 GeV, E the kinetic energy
in GeV and K= 12.5 for protons, is a very good
choice in many respects.

The interstellar fluxes of primary and secondary
particles, computed with 4, = 6.3 g cm~2 are in fair
agreement with the demodulated fluxes of G.F.R.
(1970) (Fig. 3 with E, = 0.931 and Fig. 4). Table 4.

The flatter slope of the Li and Be curve at low
energy in Fig. 4 is due to the contribution of the
(e + o) reaction (Figs. 1 and 2). It should be reminded
that the cross-section for this reaction is most
uncertain above a few tens of MeV for « particles,
hence above ten MeV for LiBe. In particular the

1 1 1
107 100 107 E (GeV/N)

Fig. 6. Computed Li/M ratio for various values of the escape
range A, in g cm~2 and corresponding observations. Again
the data fits 4, =~ 6.3 g cm—2

crossover of Li and B in Fig. 4, may take place
anywhere between 10 and 100 MeV N-.

In Figs. 5—8 are shown the various ratios of
L/M Li/M, Be/M, B/M as a function of energy.

However the choice 4, = 6.3 g cm~2 determined
at high energy appears to underestimate slightly the
low energy ratios.

In Fig. 8 (B/M) we find a rather confusing situa-
tion. The (B/M) ratio should (as discussed before) be
the best test of the value of A, since it is free of any
assumption on the (x + «) reaction. Nevertheless it
does seem to require a higher A, around a few hundred
of MeV than the Li/M or Be/M ratio (any contribution
from the (x + «) reaction would have lead to the
inverse situation . . .).

Should the present experimental result (and, in
particular, the apparent increase of the B/M ratio
as the energy decreases) be confirmed, we may find
it necessary to alter the present diffusion model of
G.CR.

The ratio of He/CNO in our calculations vary
from 16 at 3 GeV N1 to 19 at 300 MeV N2, and to
22 at 100 MeV N-1; such a slow rise is compatible
with the observations (Garcia Munoz et al., 1968).

In Figs. 9 and 10 we have tried to obtain an
upper limit to the (« -+ «) cross-section at high
energy from the observed Li/B and Be/B ratio in the
G.C.R. (this ratio is practically independent of 4,
and of the spectral shape assumed). The solid curves
are labelled with the value of the ¢ (x + o) cross-
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Fig. 7. Computed Be/M ratio for various values of the escape

range /A, in g cm-2 and corresponding observations. Again
A,~6.3gcm2

section (in mb) chosen for each of the three reactions
leading to ®Li, 7Li, "Be, at all energies above
400 MeV N-L. (E (Li or Be) > 100 MeV/N-1) Clearly
the cross-section cannot be as large as 10 mb and
probably not even as large as 3 mb as, otherwise, a
turnover of the ratio would already have been
observed around 100 MeV N-1. This result is con-
sistent with our choice of one mb from purely nuclear
physics arguments but again we plea for actual
measurements.
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Fig. 8. Computed B/M ratio for various values of the escape

range /4, in g cm—2 and corresponding observations. There is

apparently a discrepancy between the 6.3 g cm~2 curve and
the data at low energy

The rate of thermalization of the G.C.R. particles
(and consequent enrichment of the interstellar gas)
is obtained from Eq. (9). We find

@A) _ gy 10w, (16)
To estimate the stellar abundances of the L isotopes
we have multiplied the formation rates computed
here by an age of 10° years, to account for the mean
stellar Be/H. According the model of Schmidt (1963)

Table 5. Calculated abundances after 10*° years. The injection spectrum Eq. (15) with various values of E, and a spectrum in power
law of rigidity are considered separately in the various columns. The observed fluzx at 10 GeV is used for the normalization of the
different spectral shapes. The last column shows the effect of adding an intense low energy flux (described in the text) to a power

law spectrum in total energy
E, 0.931 0.8 0.6 0.4 0.2 0.0 R-38 Model C
(GeV)
SLi/H 82 x 10 1.0 x 10~ 1.6 x 10~ 3.1 x 10 85 x 107 23 x 10-®¢ 7.1 x 10~ 1.5 x 10-°
"Li/H 12 x 107 15X 10~ 23 x 1071 42 x 107 11 x 10® 42 x 10® 1.0x 10® 2.6 x 10-°
BeH 20x10* 24x101 35x101 58x 101 13x 10 14x10°® 7.8 x102 6.6x 101
1WB/H 86 x 10 1.1 x 10 1.6 x 10-® 28 x 107 6.7 x 10 6.7 x 10-® 3.8 x 10-1* 2.0 x 10~
uB/H 2.1 x 107 26 x 10~ 3.9 x 10 7.0 x 10 18 x 10® 24 x10® 11 x 10°°® 9.1 x 10
Li/H 2.0 x 107 25 x 10~ 39 x 10 73 x 10 19 x 10° 6.5 x 10®% 1.7 x 10-° 4.1 x 10-°
B/H 3.0 x 107 3.7 x 10 5.5 x 107 9.8 x 107 25x 10 3.1 x 10 1.5 x 10~ 1.1 x 10—®
upuB 24 2.4 2.4 2.5 2.7 3.6 2.9 4.5
LiffLi 1.5 1.5 1.4 1.4 1.3 1.8 14 1.7
B/Be 15 15 16 17 19 22 19 17
Li/B 0.66 0.68 0.71 0.71 1.1 2.1 1.1 3.7
Li/Be 10 10 11 13 15 46 22 62
Ll 6.8 x 10-2 8.2 x 10-* 1.3 x 10~ 24 x 1077 6.8 x 1077 2.0 x 10-%¢ 1.0 x 10¢ 2.0 x 10-1¢
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Fig. 9. Predicted Li/B flux ratio for various choices of the

(x + ) — Li?, Be?, Li® cross-sections at E, > 400 MeV N-1

(Fig. 2). Thenumber 3 onone of the curve, for instance, means

that a value of three mb has been assigned to each of these

three processes. The experimental data is consistent with
c< 1lmb

the age of the galactic gas against stellar formation
(z) (and consequent Be destruction) is ~ 101 years,
suggesting that G.C.R. flux has not changed very
much over this period. However ty is in fact very
poorly known and may well turn out to be appreciably
shorter than 10 years.

For our purpose it is better to pretend that the Be
abundance is used to fix one free parameter: the
average exposure time of the gas.

In Table 5 the abundance ratios of the L isotopes
are tabulated (present rate of G.C.R. and 10 years).
Within the framework of the model, the uncertainties
(mostly due to nuclear parameters) should not be
larger than a factor of two for the element ratios and
probably even smaller for the isotopic ratios.

A comparison with section ITTc and ITId shows
that the predictions from the spectral shape of
Eq. (15) (B, = 0.931 GeV N-1) are in fair agreement
(i) with the mean stellar, or solar-planetary Be/H
abundance; (ii) with the lowest observed 7Li/¢Li ratio
in stars when further thermonuclear depletion is
taken into account (iii) with the UB/1°B ratio in the
solar system (however slightly underestimated), and
(iv) with the upper limit of the B/H in the sun. Also
well reproduced are the °Be/7Li/°Li data in the five
“G.C.R.” stars described in section IITe. However
this spectral shape will not explain the large Li/Be

Fig. 10. Predicted Be/B flux ratio for various choice of the

(¢ + ) Li? Be?, Li® cross-sections at E, < 400 MeV N-?

(Fig. 2); the number 3 on one of the curves for instance,

means that a value of three mb has been assigned to each of

these three processes. The experimental data is consistent
with 0 < 3 mb

ratios observed in many F stars (Table 4) (since
thermonuclear reaction will only decrease the ratio
from its initial value), nor the large lithium abundance
observed in T Tauri or early Pleiades or Hyades stars.
The rate of ionization of interstellar medium by such
a flux is of course far too small to account for the
observations (see section IIlc).

VIIB. A Family of Spectra in (E, + E)—28

Next we have varied the parameter E, in Eq. (15)
from 0.931 GeV (power law in total energy) to
E,=0 (power law in kinetic energy). We have
also considered the spectrum in power law of rigidity
(R =pc/Z): the results resemble in many respects
those of Eq. (15) with F,= 0.2—0.3 GeV.

The calculated values appear in Figs. 3, 11, 12 and
in Table 5 and 6. The interstellar flux of H (Fig. 3),
within the frame work of the demodulation theory
of GFR limits us to rather large values of E,
(Ey > 0.5). The flatness of the L/M curves (Figs. 5 to
7) suggests the same conclusion (lowering the value
of E, leads to a decrease of the L/M ratio at low
energy).

‘Within the present model (constant flux for 1010 y)
the stellar values of Be/H and the solar upper limit
of boron (Fig.1l) are again consistent with E,
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T T T T
Li Be B ABUNDANCES IN INTERSTELLAR
108 -
Nk S ls LW V9B
102 HYADES AND PLEIADES Li/H
B/H
UPPER LIMIT TO SOLAR B/H L ———
10" 4
10.11
Eo (GeV)
1 1 1 1
0 0.2 0.4 0.6 08 0931

Fig. 11. Abundance of Li, Be, B in the interstellar gas after

an irradiation of 10 years with an injection flux in

(B, + E)-2¢ (Eq. 15) as a function of E,. Also shown are the

range of Be/H in normal stars, the upper limit to the solar

boron, the Li/H in F stars of the Hyades and Pleiades and
the largest Li/H reported in T Tauri stars

> 0.5 GeV. The ratio of "Li/6Li and 1B/YB are very
insensitive to the value of E,. On the other hand the
Li/H in the Pleiades would require E, < 0.4 GeV N-!
while the largest T Tauri lithium value (if real) would
require B, < 0.2 GeV N-L. In Fig. 12 the parameter
(g is shown as a function of E, The properties of
interstellar matter would require Ey=~ 0.15. In
summary: a spectrum with Ey > 0.5 GeV is consistent
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Ty J
16" 102
1" UPPER LIMIT . 10!

VLI T
REQUIRED FROM OBSERVATIONS

10‘#_
w0
10‘140 0!2 0.4 OFBEO ad )OIB 0.931

Fig. 12. Tonization rate {,; per unit nucleon per s of the

interstellar gas (assumed neutral) (Eq. 10). The scale on the

right refers to the parameter J defined in Eq. 13. The

horizontal line shows the value required from observations

while the upper part of the dashed region shows the upper
limit discussed in the Section ITTe

with most of the data but will not explain the largest Li
abundance nor the ionization rate of interstellar gas.

A spectrum with E, < 0.5 GeV is hard to recon-
cile with the modulation capabilities of the solar
wind or with the low energy L/M ratios which are
practically independent of modulation effects.

In particular the spectrum in kinetic energy
power would be excluded not only because of the

Table 6
T (GoV)

B 0.931 0.8 0.6 0.4 0.2 0.0 R-2s Obsarved
(Ge VN1)

0.03 0.17 0.17 0.16 0.14 0.11 0.03 0.08

0.1 0.18 0.17 0.17 0.15 0.13 0.08 0.11

0.3 0.20 0.19 0.19 0.18 0.17 0.15 0.17 0.23

1 0.22 0.22 0.21 0.21 0.21 0.21 0.21 + 0.02

3 0.23 0.23 0.23 0.23 0.23 0.23 0.23
10 0.23 0.23 0.23 0.23 0.23 0.23 0.23

Calculated L/M ratios in the G.C.R. with injection spectra as in Eq. (15) and in rigidity. The escape range is 6.3 g/cm?2.
The observed flux ratio outside magnetosphere (see text) is given in the last column.
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nﬂ
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L ond M interstellar flux
(Model C)
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Fig. 13. Interstellar fluxes of Li, Be, B, C, N, O from an in-

jection spectrum in which a very intense low energy carrot

(below 40 MeV) (Section VIII) has been added to spectrum

in total energy power (as in Fig. 4). The lowest energy bumps

in the Li and Be curves are due to the effect of the (x + «)
reaction
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excessive Li/H, Be/H and B/H' generated but also
because it would create far too much ionization;
Meyer (1970) has already shown that the predicted
D/*He ratio in low energy G.C.R. would be in
conflict with the observations (Hsieh and Simpson,
1969).

Contrary to the conclusion of RFH the B/B
ratio cannot be used to infer the properties of the
low energy spectrum shape, mostly because of the
dominant effect of the alpha-induced reactions in
this energy range (see Section II for more details).

VIII. The Effects of an Intense Low Energy Flux

Our previous discussion has shown that the
G.C.R. flux cannot rise very steeply from the GeV
range all the way until the MeV range. Below a few
tens of MeV, however, quite a different situation
may arise; the L element formation cross-sections
decrease and according to G.F.R. no particle from
this range will reach close to the earth against the
solar wind.

Our aim in this section is to investigate how many
particles of such energies may pervade space with
none of us being the wiser. For this purpose we added
to an injection spectrum in total energy power
(W)~28 with W = [E 4+ 0.931 GeV], an injection
spectrum which rises very high in the low energy

Table 7. L-elements and isotopic ratios: comparison between calculations and observations. The second column s the effect of a total
energy spectrum (W-28) after 10" years with constant intensity (same as the first column of Table 5). The third column is the
additional amount of "Li and B required to fit the planetary observation in the sizth column. The fourth column applies to the model T,
in which some "Li and B from thermonuclear origin (third column) is added to the general background of G.C.R. produced elements
(second column). The fifth column (Model C) describes the resulis obtained when a very intense low energy ‘‘carrot” of specified
dimensions is added to the column 1. The parameters of the carrot used here were chosen to maximize the hydrogen ionization rate
while keeping L-elements abundances within reasonable bounds. The last column refers to the solar observations. Clearly lithium
has been strongly depleted by thermonuclear reactions

G.C.R Thermo Model Model Planets Solar
w-2e nuclear T C observed observed
SLi/H 8 x 101 0 8 x 101 14 x 10— 9 x 10 < 1012
"Li/H 1.2 x 101 10—° 1.1 x 10—® 2.4 x 10—° 1.1 x 10—* 101
7LifLi 1.5 oo 12.5 1.7 12.5 > 10
Li/H 2 x 100 10-° 1.2 x 10— 3.8 x 10— 1.2 x 10-® 101
‘Be/H 2 x 1™ 0 2 x10™ 6 x 1o 2 x 10 101
Li/Be 10 [o9) 60 65 60 1.0
1B/H 8.7 x 101 0 8.6 x 101 2 x 1010
uB/H 2 X 10-» 1.4 x 1010 34 x 1010 7.5 x 10-1°
uBB 2.4 oo 4 3.8 4
B/H 3.0 x 10~ 1.4 x 101 4.3 x 10— 10-? 3 x 10w <3 x 10—
to 10-8
B/Be 15 oo 21 16 <30
B/Li 14 0.15 0.36 0.26 0.2t0 10 <30
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region (hereafter referred to as a ““carrot’’). The width
and the height of the carrot have been selected in
order to maximize the hydrogen ionization rate while
keeping the L element abundances within reasonable
bounds. For instance, in Fig. 13 the effect of a carrot
extending from 5 MeV to 40 MeV and rising a factor
of one thousand in intensity GeV-! over the corres-
ponding flat part of the total energy injection
spectrum is considered. This carrot contains at the
source sixty times more particles than the total
energy spectrum but its energy content is merely
twice as large.

We note that the carrot has been extensively
‘“grated” by the interstellar medium especially for
the lowest energies. It is useless to inject even lower
energy particles.

In the Table 7 the L element production by the
combined effect of the two injection spectra is given
in the last column. The largest observed Li/H and
Li/Be are now accounted for while the "Li/*Li agree-
ment is preserved and the 'B/B is even improved
(meaningfully or not). The Be/H and B/H are some-
what (but not unduly) high and this time the rate of
ionization is quite large enough. However it is not
evident that these low energy particles will propagate
far enough to account for the ionization of large
regions of the galaxy. The short range against
ionization is likely to confine them around the sources.

IX. Astrophysical Discussions: two Models

From the preceding sections it appears that the
hypothesis of G.C.R. flux in (E,+ E)~28 with
0.5 < B, < 1 GeV constant in intensity for the last
10 years will account not only for the G.C.R. ob-
servations but also for a large part of the stellar
observations. However this hypothesis will not, by
itself, explain the large Li/Be value found in F stars;
the largest T Tauri lithium value or the meteoritic
isotopic lithium ratio. We must at this point introduce
some new element in the game. This can be done in
two different ways. Therefore the following two
models.

Model T

This model is essentially based on the fact that,
out of the five L isotopes, one at least, "Li (and may
be also B) can also originate from thermonuclear
reactions. Since many stars (in particular the G.C.R.
stars) do not show any “Li enhancement this contribu-
tion must be inhomogeneously distributed in space
and cannot be assigned to the Big Bang or to any
homogeneously distributed contribution.

24 Astron. & Astrophys., Vol. 15
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Some 7Li appears in the H burning cycle, through
the 3He 4 4He — "Be — "Li, reaction. Cameron and
Fowler (1971) have suggested that helium burning
shell flashes in advanced stages of stellar evolution
may be responsible for the large overabundance of
Li (Li/H 2~ 10-7) observed in some Red Giants. Since
giant stars exhibit large rate of mass loss the 7Li
thereby produced may be mixed with the interstellar
gas and alter the Li/H, the Li/Be and the 7Li/SLi
(thermonuclear lithium is devoid of €Li) (this pos-
sibility has been suggested by A.G.W. Cameron in
conversation). These alterations would be more
important in regions of heavy star formations. Our
five G.C.R. stars (section IIIc) were clearly born in
regions of pure G.C.R. contribution. In the same
fashion the F stars with large Li/Be and no Li and
also the T Tauri stars would come from “dirty”
regions (regions of extensive stellar formation and
matter injection).

This model gives an appropriate description of the
various L isotopes in the young sun and in the planets:
the planets were formed before any thermonuclear
depletion of lithium could take place in the sun.
The numbers given in Table 7 illustrate the situation.
The thermonuclear contributions in column 3 are
purely “ad hoc”; they were arranged to fit the
observed data. We notice that a small addition of
thermonuclear B may eventually be needed. This
isotope can possibly be made as sequential to the
mechanism proposed by Cameron and Fowler (1971):

3He + “He - "Be — 7Li
‘He 4+ "Li — 1B
4He + "Be - 1C -~ 1B

This model gives no account for the ionization
of interstellar matter.

Model C

Here the missing lithium is assigned to a large
flux intensity, in the tens of MeV range, of G.C.R.
(“carrots”) such as described in Table 6 and repeated
in the fifth column of Table 7. The existence of such
“carrots” is not totally unphysical; strong fluxes of
low energy particles do probably exist, confined to
the proximity of the sources; the L-nuclei generated
by this part of the G.C.R. spectrum eventually
diffuse throughout the galaxy. Conversely, these low
energy particles may not pervade the H 1 regions.
The question is under study (Pacheco, 1971 to be
published, Cesarsky, 1970).

The model C will explain neither the ®Be/7Li/°Li
ratio in G.C.R. stars (depletion of Li is always
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accompanied by stronger depletion of ®Li) nor the
planetary lithium isotopic ratio.

Both models have their advantages and their
drawbacks. We are led to prefer the Model T but we
do consider that the model C is an interesting
alternate solution.
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Note added in proof: A recent paper by R. R. ZaprPaLa
(Contributions from the Lick Observatory, n° 342) has given
much more accurate measurements on Li/H. Within a factor 2,
the “initial” stellar values are all = 10~ (including T Tauri
stars). This information speaks strongly against the
“autogenetic” view and makes it difficult to defend the idea
of lithium inhomogeneity discussed in section IX.

Appendix A
Interstellar Helium Abundances

The origin of the helium in our galaxy is still a
matter of controversy. It may or it may not be
primordial (Fowler, 1970), it may or it may not be
homogeneously distributed in the galaxy.

It appeared of some interest to us to vary the
helium to hydrogen ratio in our calculation. The
results are given in Table 8. Clearly the effect is small
(~109%) except on "Li, ®Li, "Be (~ 509%) because
of the (« + «) reaction.

Table 8
He/H interstellar 0.05 0.10 0.15
uBp/p 24 24 24
7Lif°Li 1.7 15 14
Li/Be 9 10 11
B/Li 1.6 1.5 1.3
Be/H 19 x 10 20 x 102 21 x 10212

Production of L elements from a power law spectrum in
total energy (with 4 = 6.3 g/em?) after 10 years, with
varying values of interstellar He/H.

Appendix B
The Isotopic Composition of Beryllium

There is much interest in obtaining the isotopic
ratio of beryllium in G.C.R. (Table 9).

Astron. & Astrophys.
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Fig. 14. Ratio of the (Be/Li + B) flux as a function of energy
and of hydrogen density in the interstellar medium. At
ng = 1.0 most of the 1Be survives and is counted as Be
while at n,; = 0.1 it decays and appears as B. The two
upper curves are from our calculations (MAR) while the two
lower are from Shapiro and Silberberg, 1970. The discrepancy
in the curves is within the estimated uncertainties. Also
shown are the observed points
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Fig. 15. Ratio of 19Be/*Be as a function of energy and density.
No data is yet available

The abundance of 2Be (half life 2.7 x 10 years)
will give information on the age of G.C.R. From the
escape range (A,) we also obtain the average value
of the density of matter traversed by the particles
a,= evT,)

The isotope “Be is expccted to be stable at high
velocity but beta unstable at low velocity, since it
can only decay by electron capture. It would be of
great interest to determine the switch-over energy
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Fig. 16. Cross-sections for the productions of various isotopes

by proton-induced reactions on **C and 1¢0. Note the simi-

larity between the excitation functions involving equivalent
mechanisms (eg (p, pn), (p, p« n) ete.

(Yiou and Raisbeck, 1970). (We recall that in Fig. 4
the beta decay of Be? has not been included.)

The experimental situation with respect to the
fractional amount of Be” is confused. The value
would be ~30% according to Kish and Webber
(1970), Garcia Munoz and Simpson (1969) but Webber
and Kish (1970) claim a value =509%. Webber
(private communication) quoted a ratio of 759 in
the 100—200 MeV range. In Fig. 14 the Be/(Li + B)
ratio is presented for several assumed interstellar
densities (leading to larger or smaller 1°Be fractional
decay). Also shown are the calculations of Shapiro.
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The difference gives probably a good illustration of
the effects of the various uncertainties.

The experimental points seem to favor °Be
decay and low interstellar mean densities (ng < 0.1),
but the scatter in the experimental points (and in
the calculations) show that no definite conclusion
can be drawn.

In Fig. 15 the 1°Be/?Be ratio is shown for ng = 1
and ng=0.1. This comparison may eventually
present the most sensitive test of mean hydrogen
density traversed by G.C.R.

Appendix C
The CNO Group in the Galactic Cosmic Rays

The relative abundances of the stable isotopes
in this group may be closely related to the mechanism
giving rise to G.C.R. (Waddington, 1970).

In Table 10 are shown typical results of certain
well known processes such as hydrogen burning
through CNO cycle; helium burning and simple
“ejection” from normal stars. These numbers should
serve mostly as qualitative indications since they
depend somewhat on the specific conditions in which
the process has taken place (for instance: attainment
or non-attainment of an equilibrium regime).

First the (C/CNO) at the sources (~ 0.45) is
significantly larger than the average stellar value
(~0.26) and certainly much larger than the CNO
cycle value. On the other hand the products from
helium burning (pure 12C and 1%0) appear to be in the
correct ratio (although some uncertainty remains with
the nuclear parameter (Barnes, 1970)).

According to Lezniak ef al. (1969) the flux of N
particles may be entirely of secondary origin. This

Table 9

WMeV N

30 100 300 1000 3000 3000 10000
Ratio
"Be/Be 0.73 0.69 0.60 0.54 0.52 0.51
g =1 9Be/Be 0.21 0.24 0.28 0.27 0.30 0.31
10Be/Be 0.07 0.08 0.13 0.16 0.19 0.19
0.32 0.33 0.45 0.55 0.62 0.63
"Be/Be 0.79 0.75 0.69 0.64 0.64 0.63
ng <l 9Be/Be 0.23 0.26 0.32 0.32 0.37 0.38

The beryllium isotopic ratios in G.C.R. The first four lines apply to ng = 1 (essentially no 1°Be decay) while the last three

line apply to ng < 1 (**Be decays entirely).
24»
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T T I |lTnI L l Table 10

0% p .15 Ratio Hydrogen Helium Ejection G.CR. G.CR.

burning by burning from inter-  at the
CNO cycle normal stellar  sources

stars space
3 C/CNO 0.01 to 0.05 0.5 0.26 0.47 0.45

] N/CNO 1 0 0.07 0.13 Fig. 19

13Cf12C  0.25 0 0.25t00.01 0.09 < 0.1

L e EXPERIMENTAL VALUES OF _
0 oo™ —=0')  (cARETTO 64)
— VALUE USED IN THIS WORK 3
—-— MAXIMUM ESTIMATED VALUE ;

E(GeV{N)l ’

et 0 ety
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Fig. 17.Spallation cross-sections for the 0 + p — 15 reaction
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Fig. 18. Spallation cross-sections for the 10 4 p—14 reaction

result would of course strongly support a relationship
between the G.C.R. sources and the helium burning
process. Shapiro and Silberberg (1970) however do
not agree with the suggestion of Lezniak et al. (1969).

In this work we have investigated whether the
present uncertainties on both the G.C.R. observa-
tions and the nuclear parameters would support a

meaningful answer.

Percentage of CNO nuclei expected from various
physical situations. The second column describes what we
should expect if the G.C.R. are a sample of the products
of CNO cycle hydrogen burning process, the third column a
sample of helium-burning process (the C/CNO value would
then be rather uncertain) and the fourth column a sample
of a ‘“normal” stellar atmosphere. The last two columns
refer to the G.C.R. flux ratios in space or at the sources.

The most important processes are the following:

P + 0 - mass 15
P + 180 - mass 14

Of these only the p + %0 —150 is well known
experimentally (Caretto, 1964). In the following
paragraph we shall describe some of the tricks and
technique that we have used quite generally to
obtain the nuclear parameters.

A survey on many reactions shows that the
following relations are most generally valid

o (p, 2p) < o (p, pn)
o (p, 2p) =2 o (p, pn) X 0.7

Hence we have chosen:

o (%0 + p - 15) = 1.7 ¢ (**0 + p - 150)
o (10 + p—15) = 2.0 ¢ (%0 + p — 150)

the second one being our upper limit (Fig. 16).

Another survey, summarized in Fig. 17 shows
that for the targets 2C and €0, proton-induced
reactions involving the same mechanisms (for
instance *2C (p, pn) *C and €0 (p, pn) 1°0) have very
similar cross-sections (Audouze ef al., 1967). In other
words the extra alpha particle of the 0 nucleus
is a mere spectator.

Consequently we choose:

(17a)
(17b)

o0 +p—>14)= ¢ (12C + p— 10) best estimate
(18a)

o (%0 + p - 14) < 2 ¢ (2C + p — 10) upper limit
(18b)

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1971A%26A....15..337M

FIO7IAGA - 20157 ~337

Vol. 15, No. 3, 1971

Production of Li, Be, B by Galactic Cosmic Rays 357

B. BALASUBRAMANYAN 70 ! ! '
L - LEZNIAK 69
S _ SHAPIRO 70 (AVERAGE OVER ]
040l  SEVERAL OBSERVATIONS) ]
C _ COMSTOCK 69 a7
F . FAN 68 b
G - GARCIA MUNOZ 170 -
CA_CASSE 70
0.30 | DU-DURGAPRASAD 69 )
cl1le
D- DAYTON 69
T —
0.20 | i
//
0.10 111-’ 1;" u')° 1cl:‘ E(GeV/N)

Fig. 19. Ratio of the N/O flux as a function of energy. In the
case (N) the source contains a normal stellar abundance of

nitrogen. The case (X) shows the upper limit of the N/O ratio
when the source is devoid of nitrogen (using the upper limit

cross-sections in Fig. 14 and 15)
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Fig. 20. Theratio of ®N/N in the two cases described in the
legend of Fig. 20

At high energy ¢ (12C + p — 10) is not measured.
We then took ¢ (10 + p — 14) = 25 mb in order to
have:

o (0 + p > 14 + 15) o~ ¢ 2C + p — 10 + 11)
= 60 mb at 660 MeV (Zhdanov, 1960).

Calculations were made with a) a source with
(N/CNO)gource = 0.05 with best estimates (17a) and
(18a) (curve N in Fig. 17 and Table 3) and b) a
nitrogen free source, in which case one must take
the upper limit (17b) and (18b) (curve N in Fig. 17
and Table 6). The experimental results shown in
Fig. 17 appear to favour the first hypothesis (normal
stellar nitrogen).

It is interesting to note that the N curve falls
faster with decreasing energy than the N curve
(since the ranges are shorter at low energy, fewer
secondaries are produced). Measurements below
100 MeV are thereby suggested.

In Fig. 18 the ratio of 15N/N for the set of condi-
tions described in the previous paragraphs are
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Table 11. Calculated interstellar fluxes with source spectrum ~ W28
(N**= 0 at the source, maximum cross-sections for N production, and an escape length of 7 g cm—2)

\EZ (MeV N1)
\ 1 3 10 30 100 300 1000 3000 10000
Element

180 33 x 10+ 80x10* 21x103% 47x102% 87 x10% 86 x 102 33 x 102 57 x 10* 4.0 x 10~
15N 29 x 105 7.0x10% 19 x 10* 49x10% 98 x10* 11x103 45x 10 82 x 105 5.7 x 10—
14N 16 x 10> 38 x10% 11x10¢ 27x10* 63 x10* 75x10* 34x10* 64 x 10° 45 x 10
N 45 x 105 11 x10* 30x10* 76x10* 16 x102% 18x 1032 79 x10* 15x10%¢ 1.0 x 10
13C 9.1 x 10-¢ 2.2 x 10-8 6.1 x 105 15 x 10* 36 x10* 49 x10* 24x10* 46 x 105 3.2 x 10
120 3.8 x 10 9.1 x 10 23 x 102 53 x 102 9.6 x 10* 93 x 102 3.5 x 103 6.0 x 10 42 x 10
C 39 x 10 93 x10* 24 x10* 54 x10% 99 x 102 98 x 102 3.7 x102% 64 x 10* 4.5 x 10

plotted as function of energy. A preliminary result
of isotopic analysis (however possibly subjected to a
systematical error) (Lund, 1970) indicates that,
contrary to what we have found previously, N would
be absent from the source?). In view of the various
uncertainties and in view of the conflicting results
presented here we do not find it possible to decide
at this time whether N ts absent or present (with
normal stellar value) at the G.C.R. sources.

Note added in proof. Miss J. Cohen (thesis Berkeley
1971) has recently reanalyzed a number of stars
(including our “G.C.R.” stars) for lithium. She finds
no evidence for 6Li (8Li/’Li < 0.1). The question of
inhomogeneity thus finds no more support. It is best
to think of the “G.C.R.” stars as typical cases of
partial Li depletion in the surface convective zone
(Li/H >~ 2 x 10719),
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