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Summary. — The (Cl-Mn)OFe flux ratio at the top of the atmosphere has been
estimated from source composition. We have adopted the SSLB model modified for
weak shocks to estimate the enhancement of (Cl-Mn)OFe flux ratio due to
reacceleration. The observed active detector results of Lezniak and Webber,
Caldwell, Orth et al., Engelmann et al., and our passive detector results are fairly
supported by the expected results from the SSLB model modified with
reacceleration after Ferrando for energies G100 GeVOn.

PACS 96.40 – Cosmic rays.
PACS 96.40.De – Composition, energy spectra, and interactions.

1. – Introduction

The steady-state leaky-box model (SSLB) by Cowsik et al. [1] for the propagation of
cosmic rays assumes that once the particle leaves the source, its energy is not subjected
to any energy gain during the propagation phase. However, the progress in the
understanding of high-energy phenomena occurring in ISM has indicated the
possibility of reacceleration of particles at the time of their propagation through ISM.
Reacceleration of cosmic rays in the interstellar space has been studied to examine its
effect on the secondary components of cosmic rays. It is expected that the shock waves
from supernovae remnants propagating in the hot tenuous ISM could accelerate cosmic
rays [2] during their passage in the ISM. The cosmic-ray power law spectrum in the
range 1–105 GeV may be produced as a consequence of acceleration by supernova
shocks [3]. The supernova remnants may occupy a substantial portion of the galactic
volume. During the cosmic-ray residence time ions in the Galaxy suffer an additional
acceleration by weaker shocks that are created by the supernova remnants (SNR). The
reacceleration can change the cosmic-ray spectrum appreciably which reflects the
energy dependence of the ratio of secondary to primary cosmic nuclei fluxes.
Eichler [4] has shown that the BOC flux ratio strongly constrains an acceptable amount
of reacceleration. Earlier Blanford and Ostriker [5] used a diffuse shock acceleration
mechanism to explore the origin and subsequent propagation of cosmic rays in the
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Galaxy. The blast waves from different supernovae start overlapping in such large ISM
volumes. As a matter of fact, cosmic rays produced in SNR are reaccelerated by shock
strengths from other remnants too. The supernova remnants fill a large fraction of the
hot tenuous phase of ISM which can reaccelerate ambient cosmic rays. The strong
shocks are not responsible for reacceleration which shows the steep nature of
secondary nuclei spectra. The frequent encounter of cosmic rays with the weaker
shocks causes a slow increase of the cosmic-ray energies. This may lead to acceleration
and one needs to examine its consequences on all cosmic-ray components. Since
higher-energy cosmic rays escape more freely from the Galaxy than the low-energy
ones, the modification introduced by reacceleration would also be energy dependent.
Such an effect would be noticeable for light elements. The concept of reacceleration can
be adopted in the steady-state leaky-box model [1] to investigate the shape of the
cosmic-ray spectra and to estimate the mass composition. Wandel et al. [6] have
developed a model where the reacceleration of the primary cosmic rays has been taken
into account due to its self-consistency. Recently, Wandel [7] has improved that model
by considering significant reacceleration by strong shocks available from young SNR
that lead to flattening on the secondary to primary ratio at high energies (D10 GeV).
The path length distribution is a crucial astrophysical parameter used in the
propagation calculation since it links to the condition and mechanism of cosmic-ray
confinement. Heinbach and Simon [8] have calculated sub FeOFe flux ratio that agrees
with the experimental results under 30% reacceleration and the energy enhancement
occured within 3.1 g cm22, along with the pathlength expression of the form
l esc (E) A 7 (RO2.2)20.4 for RD2.2 GV. The energy dependence of l esc above a few
GeVOn becomes weaker according to Simon et al. [9]. Letaw et al. [10] have studied the
behaviour of sub FeOFe ratios at high energies under distributed reacceleration in the
SSLB model. They used energy-indpendent cross-sections neglecting ionization losses
and solar modulation. These results differ from each other for EE5 GeVOn. Ferrando
et al. [11] pointed out that the amount of energy gain by reacceleration adEOdxbreac4
h Etot R 2a for escape length L e (R) AR 2a.

In the present work we have estimated (Cl-Mn)OFe flux ratio at ISM from the
assumed source spectrum by adopting the SSLB model developed by Garcia-Munoz et
al. [12]. Our calculated (Cl-Mn)OFe flux ratio from the SSLB model was duly corrected
by considering the amount of enhancement of the intensity due to reacceleration
following the term of Ferrando et al. [11]. The derived (Cl-Mn)OFe flux ratios expected
from SSLB and that modified for reacceleration at ISM have been compared with
active detector results of Lezniak and Webber [13], Caldwell [14], Orth et al. [15],
Engelmann et al. [16] along with our plastic emulsion passive detector result.

2. – Nuclear physics and formulations

The steady-state leaky-box model (SSLB) developed by Cowsik et al. [1] which was
later reproposed for general application on cosmic-ray propagation by Garcia-Munoz
et al. [12] relates the source spectrum Qi with the interstellar spectrum by the form

Qi4Ni1
Ni

l i

1!
jD i

N0

AT

s i j Nj ,(1)

where l i is the interacting length of i-species, s ij is the spallation cross-section for
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species j(D i) to fragment into species i taken from Tsao et al. [17] and AT is the target
mass.

The total charge-changing cross-section s i for the interaction of the projectile of
mass number AP with the target of mass number AT can be calculated from the
formulation of Nilsen et al. [18] and follows the relation

s i410Pr 2
0 [A 1O3

T 1A 1O3
P 2DR]2(2)

and the corresponding overlap parameter DR follows:

DR4 [d2eAT2b 8A 1O3
P A 1O3

T ] ,(3)

where d, e and b 8 are constants and can be obtained from the accelerator experiments.
We have considered the energy dependence confinement lifetime t esc (E) in a

similar manner as used earlier by Letaw et al. [10] which follows the power law

t esc (E)41.27189 Q107 E 20.437991 for ED2 GeVOn .(4)

The energy of Fe nuclei E(0) at the observed atmospheric depth and that at the top
of the atmosphere E(x) can be related by taking into account the energy loss due to
inelastic interactions considering the reaction Fe1AKFe1X, where A stands for
the mass number of air medium after Hayakawa [19], which follows the form

E(x)4E(0) exp [KxOl Fe ] ,(5)

where K is the inelasticity of Fe1A (air) interactions, l Fe is the interaction mean free
path of Fe in air, x is the distance traversed by cosmic-ray nuclei from the depth of the
observation to ISM.

The theoretical curve for secondary to primary flux ratio after Garcia-Munoz et
al. [12] can be estimated using the relation

S

P
4

s i j

AT Ol esc N01s i

,(6)

where N0 is the Avogadro number and the partial and total cross-sections, viz s ij , s i ,
are the same as in (1).

The escape pathlength L esc is related to the rigidity R of the Fe nuclei by a power
law for above a certain critical rigidity Rc :

L esc4L a (Rc OR)a , for RD4 GV ,(7)

where the characteristic length L a and the exponent a are chosen parameters.
The enhancement of the elemental intensity at the source due to reacceleration can

be estimated using the relation given by Ferrando [11],

Ri4 k d

dE

dE reac

dx
l Ni .(8)
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The systematic average energy gain is described by the strength h as

dE reac

dx
4hEtotal R

2a .(9)

3. – Results and discussion

We have used relations (1) to (4) for the derivation of elemental abundance at the
top of the atmosphere from the assumed elemental (Ne-Ni) source composition of
cosmic-ray nuclei. In eq. (2) we consider that the entire ISM is filled with 100%
hydrogen which is treated as stellar target of effective atomic weight AT40.089 and
the projectile mass AB varied from 20.17 to 58.69 and DR40.92 for d41.0074, e4
0.013, b 840.048. From relation (4) the confinement lifetime at energy E48.2 GeVOn
is estimated and found to be 5 Q106 year for b4vOc40.9875. The average interstellar
density is taken to be 0.2 atomsOcm3. Putting these parametric values in eq. (1), the
relative abundance at the top of the atmosphere is estimated and displayed in table I.

The energy of the VH components in Fuji ET-7B nuclear emulsion is obtained from
the opening angle method in a recent investigation by Bhattacharyya et al. [20] and
found to be E(0)45.0 GeVOn. Using relation (5) and considering K40.66 for air, x4
9.8 g cm22, l Fe in air413.2 g cm22, the energy E(0) is extrapolated to the incident Fe
nuclei energy at the top of the the atmosphere as E(x)48.2 GeVOn.

Using relation (6) the theoretical curve of (Cl-Mn)OFe flux has been estimated from
SSLB model and is plotted in fig. 1. In this framework the escape length is taken as an
energy-dependent parameter and with the characteristic length L a42.85 and a40.3
as chosen parameters, respectively.

The theoretical curve of (Cl-Mn)OFe flux ratio after the SSLB model modified for
reacceleration is also displayed in fig. 1 as a function of energy considering the
enhancement factor from eq. (8) as h40.6 and Etotal49.138 GeVOn for Etop4
8.2 GeVOn and rest mass40.938 GeVOn.

TABLE I. – This table shows the abundance at the top of the atmosphere obtained from source
abundances relative to Fe nuclei.

Element Source composition ratio relative
to Fe nuclei

Composition at the top of the atmosphere
relative to Fe nuclei

present work Juliusson
et al. [21]

present work Engelmann
et al. [16]

Cl 0.013 20.013 0.056 0.052
Ar 0.075 0.053 0.126 0.093
K 0.016 20.009 0.058 0.070
Ca 0.098 0.089 0.151 0.172
Sc 0.001 0.000 0.044 0.031
Ti 0.022 20.031 0.073 0.096
V 0.024 0.040 0.061 0.052
Cr 0.055 20.022 0.107 0.113
Mn 20.016 0.022 0.057 0.083
Fe 1.000 1.000 1.000 1.000
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Fig. 1. – Shows the (Cl-Mn)OFe flux ratio derived from the SSLB model and modified SSLB
model for reacceleration phenomena along with the experimental results. Full and broken curves
are the derived results expected from the SSLB model [12] with reacceleration and without
reacceleration terms [11]. Experimental data: ! ref. [13], p ref. [14], % ref. [15], j ref. [16],
s present work. Theoretical curve: —— SSLB model without reacceleration, – – – SSLB model
modified with reacceleration.

It is evident from the plot that our observed passive detector data along with other
active detector data of Lezniak and Webber, Caldwell, Orth et al., and Engelmann et al.
are supported by the derived result when corrected for reacceleration phenomena.

4. – Conclusion

When considering the experimental results on (Cl-Mn)OFe flux ratios available
from active and passive detector balloon and satellite-borne experiments compared
with the derived result expected from the SSLB model modified for reacceleration, a
fair agreement is found for energy above 3 GeVOn. The enhancement of cosmic-ray
intensity due to reacceleration is fairly supported by the present survey.

* * *
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