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Abstract: The propagation of cosmic rays (CR) in the Galaxy is studigdgithe ratio of secondary
to primary CR abundances. These ratios are used to congaintities such as the average amount
of material CRs traverse between creation and observalibe. characteristic time of escape can also
be determined. GALPROP is a time based Galactic CR promagatiodel that has become widely
used since its creation more than a decade ago and which heésusdl to evolve as new measurements
become available. In this paper, we use GALPROP to predicBIlC spectrum and to compare it with
previous measurements, and also describe some recenineaptd developments to bear on this in the
near future.

Introduction closely, as will be shown shortly. The future resu
of the CREAM experiment will also be discusse
The propagation of cosmic rays in the Galaxy can
be studied using the energy dependent ratio of sec-
ondary to primary cosmic ray (CR) abundances,
where primary CRs are created at the source and ) . o
secondaries are created via spallation of primaries Galactic CR propagation has historically be
with the ISM. These ratios typically include B/C, Studied using the Weighted Slabs solution to |
Be/C, and (Sc+Ti+V+Cr)/Fe. The ratio of boronto €@Ky Box model [2]. The Leaky Box model is
carbon is the easiest to measure due to the decreasBn€nomenological model that treats the escap
in CR flux for heavier nuclei, and provides insight CRS from the Galaxy like that of a characteris
into the usefulness of these ratios. The boron com- €cape length. The weighted slab solution tre
ponent measured by CR experiments is almost en-the CR flux as a beam of particles traversing sl:
tirely created by spallation of carbon nuclei and ©Of material with thicknessjzz. Using this method
therefore gives a measure of the amount of mate- 91V€S @ propagation equation of
rial CR primaries traverse from creation to obser-

B/C ratio

vation. Vi - _ i{ <@) N-}
. dz OF de )"
The CR propagation model GALPROP was devel- N E N
oped by Strong and Moskalenko [1] in order to — Z20;N,; + Z =20;; N,
study the source composition and propagation pro- A >i A
cesses of CRs in the Galaxy, as well as gamma ray N; N N; )
bursts and other phenomena. GALPROP is a soft- ~Ben AT, < ~BenAT;

ware package that solves the time dependent prop-
agation equation. Over the past decade GALPROP r b .
has become a very robust and commonly used stan—_l'__'ﬁée fj\{ ;tliet?ni Erlsurneds?ar;ig pgr:'hit';ReiZ?CIesk.
dard in CR propagation analysis. Current B/C ra- . ! P lonization ay

tio data extends to the00GeV range and GAL- (i.e. Bethe-Bloch). The second term is the loss

PROP’s predicted B/C spectrum follows this data species due to spallatLon W't.h the ISM, W,h'Ch ha
a mean molar mass of. N, is Avagadro’s num-

ber. The next term is the gain of speciedue to

183



ExPECTEDB/C AT TEV ENERGIES

spallation of species with the ISM, wherej > i. n ﬁpz 01

The last two terms are the loss of speciehie to dp PP op p?

the nuclear decay of specigsr the gain of species o . D= =

i due to the nuclear decay of specjed; andT;  9p pY — §(v V)

being the half-life of the speciesand j, respec- 1 1

tively. Heredz is measured as grammagg/cm? - ;‘I’ - ;‘I" (4)

[2].
For energies above a few MeV the ionization en- This equation represents the time depenc
ergy loss may be neglected in Equation 1. The change in the CR density,, with each term on the
boron and carbon flux is dominated by their re- righthand side being a process of loss or gain of
spective stable isotopes therefore the nuclear de-CR species.q is the source term, which include
cay terms can also be neglected. The majority of the initial spectrum of CRs created at the sou
boron CRs observed were created by carbon spalla-and the creation of lighter CRs due to the spal
tion with the ISM and most carbon nuclei observed tion of heavier CRs. The second term expres
originate from the source which allows most spal- CR diffusion and convection. The reaccelerati
lation terms to be omitted except that of carbon term is next and is treated as diffusion in mome
into boron. With these assumptions and setting tum space. Then there are terms for moment
i =boron andj =carbon, one has loss or gain and the loss/gain due to scattering
ANy N frozen-in magnetic fields created by non-unifol

——= = =2 (—oNg +ocNeo). 2 gas flow. The last two terms represent the chai

dx A teristic loss due to fragmentation and radioact

For smalldz, dNp ~ Np because the initial abun-  decay. For a more in depth explanation see [1].

dance of boron is approximately zero, and solving AL PROP uses this time dependent propaga
for the B/C ratio equation and a characteristic solar abundanc
Ng -1 evolve the Galactic CR density from the time tr
Ne 9CnB ( + UB) ®3) all the sources turn on to the time at which the s

N, Az
’ ] . _ tem reaches equilibrium with creation and Gal:
One can calculate the total inelastic cross sectionsjc escape. This equilibrium is considered to

for boron and carbon on protons from the empiri- gjgnificant because of the isotropy in CR arri
cal formulas developed by Silberburg and Tsoa [3], gjrections and their constant flux spectrum. T
which become relatively energy independent in gqyrce spectrum can be iteratively changed u
this energy range. The B/C ratio can be measuredhe predicted spectrum at the Earth approxima
and the amount of material traverselly, can be  (gproduces observed data. Most parameters ca
calculated. This approximation under-predicts the gat by the user, including the source abundan
. 2 . ? . . .
amount of material by a few/cm® when com- gz of the Galaxy, CR source distribution, a
pared to the numerical solution of the propagation jme step size used in the time evolution. One ¢

equation, butis useful for showing how the ratio of 4156 turn on or off processes like reacceleration
boron to carbon is related to the material traversed tracking of certain particles in order to determi
by primary CRs.

their significance.

The GALPROP results presented here were f
The GALPROP Modd duced using all terms in Egn. 4 in a 2D cylindi

cally symmetric Galactic coordinate system. Tul
The GALPROP software package has been undering off reacceleration and convection processes
continual development for over a decade by Strong NOt noticeably affect the B or C spectra, except
and Moskalenko, and is described in detail in [1]. Slightly increase the flux arountiGeV /nucleon
GALPROP performs a time evolution of the time When reacceleration is not considered. A pov

dependent Galactic CR propagation equation: law in momentum is used as the injection spectr
) and the distribution of CR sources is selected

8@((;1»,0 — (T t) £V (DN — V) ing the CR distribution determined from the an:
t ) )
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Carbon Energy Spectrum at R = 8kpc Boron Energy Spectrum at R = 8kpc
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Figure 1. Plot of the predicted carbon spectrum Figure 2: Predicted boron spectrum from GA
from GALPROP with current data points overlaid PROP with current measurements overlaid as
as detailed in the plot. KASCADE was used to tailed in the plot. Data taken from [6, 7, 8, 5].
represent ground array data and to place it in re-
lation to direct measurement experiments without
any renormalization. The KASCADE data is their
CNO group spectrum so it is expected tobe.5
times that of the actual carbon spectrum. This ove Pt
data was produced using two different models of normalization done with direct measurements di

hadronic interactions in the atmosphere, QGSJET Not hold the same meaning. Therefore, no rer
and SIBYLL [5]. Data taken from [6, 7, 8, 5. malization has been performed on the KASCAI

data and it is shown as published [5].

. ] Figure 2 shows the predicted boron spectrum
ysis of EGRET~-ray data. The relative source gculated by GALPROP. Due to the reduc
abundances are set by hand, however, values deterq,x of horon secondaries this spectrum is mt
mined from various experiments are used (for alist 5rger to measure as evidenced by the errors |
of these experiments see [4]). The ISM is assumed 1GeV /nucleon and fewer experiments. Figure

to have a p/He ratio of.11 and heavier elements 1 gnd 2 show excellent agreement between Gy
are not included because they do not play a signif- prop and observed data.

lcant role.ln CR spallation [1] The boron to carbon ratio is shown in Fig. 3. Tl
The predicted carbon spectrum, as seen at Earthack of statistics in the boron spectrum measu
(Galactic radius of8kpc), is shown in Figure 1. ments are more visible in this plot. As discu
The GALPROP proton flux at00GeV /nucleonis  gpove, this ratio is important in understanding t
normalized to ACE data [1] and all other elements propagation of CRs in the Galaxy and is not lir
are scaled by the same constant so the relativejieq to the amount of material traversed by the Cl
abundances remain those calculated by the model.-The diffusion coefficient, in Eqn. 4, is a power la
This plot shows the p_rediction of GALPROP as f,nction of rigidity as follows,D,., = Do R°. Fig-
compared to current direct measurements. ure 3 shows the effect of different indices in tl
We include data from KASCADE in order to il-  GALPROP model. Extending the B/C spectrL
lustrate the level of agreement between the di- to higher energies will constrain this paramet
rect balloon measurements and the indirect tech- which current empirical models predict &s- 0.6
nique of air shower measurements. Although, the [1, 9].

data shown is that of the KASCADE CNO group

and thus is expected to be abaui times that of

the true carbon spectrum. Ground array measure-

ments require resorting to models (QGSJET ¢
SIBYLL) to determine the particle charge and €
ergy above the atmosphere, and thus the traditic
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Integral B/C Ratio Data Points - model. Continued testing of the GALPROP so
o 'F = ware will help maintain this consistent and cor
g | s RoH prehensive model and provide insight into ways
o | — CALPROP 3-05. i ing i
o [ / gALPROPE;O:G Improving it.

L --- GALPROP 5=0.7
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by space borne experiments because the boron

production in the atmospheric overburden (about

5g/cm?) becomes comparable to the expected flux

of boron secondaries above the atmosphere. Pre-

liminary carbon and oxygen spectra that extend to

almost100TeV are being presented at this confer-

ence [10, 11, 12]. B/C ratio data is anticipated.

Conclusion

The predicted GALPROP B/C ratio spectrum is
consistent with current measurements up to ener-
gies of~ 100GeV /nucleon. Future CREAM re-
sults will extend this ratio to even higher energies
and provide further confirmation of the GALPROP
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