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Test of the Diffusion Halo and the Leaky Box Model by means of
secondary radioactive cosmic ray nuclei with different lifetimes

A. Molnar and M. Simon
Fachbereich Physik, Universitaet Siegen, 57068 Siegen, Germany

Abstract. 1°BePBe is the best known and therefore the most ondary radioactive nuclei such a%Be (r; = 2.3 - 10%a),
commonly used ratio to determine the average density of tra26Al (7, = 1.2-10%a) and?¢Cl (r; = 4.4-10%a) can be used
versed matter in the Leaky Box Model (LBM) and the Halo to check on the physical reality of these two models. We here
size in the Diffusion Halo Model (DHM). A new calcula- present a calculation in the framework of these two models
tion will be presented including other radioactive Isotops like including reacceleration and compare the results with recent
36Cl and26Al , which have different lifetimes. Results will data of radioactive isotopes from ACE (Yanasak et al. 1999)
be compared to recent measurements of the correspondirgnd ISOMAX (Hams et al. 2001 and de Nolfo et al 2001, for
ratios. Unfortunately the production cross sections for theLi-Data see also Goel et al. 2001).

mentioned unstable Isotops are not known well enough to

distinguish between the Leaky Box and the Diffusion Halo _
Model. 2 The transport equations for the Leaky Box Model and

the Diffusion Halo Model

In order to obtain the equilibrium spectra of radioactive sec-
1 Introduction ondary cosmic ray particles in these two models one has to

solve the corresponding equilibrium equations. For the LBM
It has been pointed out many years ago (Ginzburg, Khazan &ve solved:

P'Fugkin, 195_50) that t.he sources of CR should be distribuFedNi(E) N;(E) Ni(E)

within the thin galactic disk and that the escape from the d|skT (B) + —) + (B) -7 =

into the halo and finally into the intergalactic space is deter-"“*¢ vhnt i iTdec

mined by diffusion. This would lead to a gradient of cosmic _ 9 {<<8E> + <8E> ) . N-(E)} (1)

ray density which has it's highest value in the galactic disc. OF ot / ion Ot [ reacc)

In the literature this Diffusion Halo Model (DHM) competes 1 92 AE? Ni(E)

with the very popular Leaky Box Model (LBM). The LBM + 2 0FE2 {<At> ’ Ni(E)} + kz T
reacc >’L wmt

describes an equilibrium model, in which the cosmic ray

sources, and the primary and secondary cosmic ray partiand for the one dimensional DHM we solved:
cles are homogeneously distributed in a confinement volume

(box, galaxy) and constant in time with no gradient of CR ( = 9 {D(E, z)- aJ\Q(E,z)}
density into any direction. Thus in the LBM the transport of o 9z
CR is not controlled by diffusion but by a hypothetic leak- _ Ni(E,2) Ni(E,2) @
age process at the imaginary boundaries. After traversing iTint(E,2)  Y(E) - iTdee
a mean interstellar gas density &f,.(g/cm?) the particles b OE OE

3 i - — — — “N;(E, 2)
escape from the confinement volume but the mechanism of oE ot /. ot /-

their escape is not addressed as well as the physical size of w: N Nu(E
the volume. These two, the DHM and the LBM, are currently o {<_> . Ni(E)} + Z w
the basic competing models in CR propagation calculation. 20E At/ eqee

k>i int
As pointed out by Ginzburg, Khazan & Ptuskin (1980), sec- _ o .
These two equations contain similar and different terms. In

Correspondence toAlexander Molnar the LBM the quantitiesV;(E) and Ni(E)[em 3GeV 3]
(Molnar@ida.physik.uni-siegen.de) stand for the number densities of different types of nuclei of
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Fig. 1. The curves show the calculated B/C-ratio in the frame- Fig. 2. The curves show the calculatédBe/°Be-ratio in the
work of the LBM and the DHM, with and without reaccelera- framework of the LBM and the DHM, with and without reacceler-
tion. The curves are solar modulated with modulation parametertion. The free parameters in the two models were adjusted so that
® =600 MV. the low energy data could be fitted. The curves are solar modulated
with modulation parametep = 600 MV'. Data are as indicated:
ACE: Yanasak et al. (1999); ISOMAX: Hams et al. (2001), de
kinetic energyE and in Equation 2V;(E, z) and N;(E, 2) Nolfo et al. (2001); Ulysses: Conell (1998); Voyager: Lukasiak et
describe the number density of particles at a given positioral. (1994); ISEE-3: Wiedenbeck and Greiner (1980).
z. The first term on the right side of Equation 2 describes
the diffusion andD(E, z) means the diffusion coefficient at 0.25
positionz. For simplicity we allowD(FE) to be independent
of position. The second term on the right side of Equation2 | - n =0.23 no reacc.
accounts for the losses of i-type particles similar to those in %20 [~ n =0.22 with reacc. n
Equation 1, wherer;,;(E) stands for the mean lifetime of - :: z 2: Ezz Cv?tﬁeriii'c s
thei-type particles against interaction in the interstellar gas o.15 ' e
andv(FE) - ;74ec accounts for the loss due to radioactive de-
cay (y is the Lorentz-factor). The quantit}’,(E) means the
mean time which &-type nuclei needs to produce atype
secondary in the interstellar gas. This quantity depends on
the production cross section and the interstellar gas in terms 0.05

Al ZAl

Ulysses

: Voyager 1-2
of density and composition{. ..} anda")—;{. ..} account ISEE-3 4
in both equations for the energy changing processes. The ooo el vl
losses are due to ionization and the two energy gain terms, 10 10° 10*
which are due to stochastic reacceleration, are given by: Ey [MeV/n]
—Q
<8_E> — 8B <i> Fig. 3. The curves show the calculatédAl/?" Al-ratio in the
Ot / reace MV framework of the LBM and the DHM, with and without reaccel-
AE2 - R\ eration. The curves are solar modulated with modulation parameter
< > = 13E2, () 3) ® = 600 MV. Data: ACE as in Figure 2, Ulysses: Simpson and
At reace 2 MV Connel (1998), Voyager: Lukasiak et al. (1997), ISEE-3: Wieden-

n[s~'] anda are free parameters. For the LBMan be writ-  Peck (1983).

ten asy = n,nm c wheren[em 3] denotes the mean inter-
stellar gas density and[g] the mean mass of an interstellar
gas particle. We assumed for the interstellar gas a mixture o
90% hydrogen and 10% helium.
For stable secondary particles in the LBM it is more con-
venient to swich from time parameters as in Equation 1 t03 Results of the Calculation
path lengths. The main parameter ist then the mean escape
lengthAesc = nm B cTese- We solved the above equations under four different situa-
The above equations can be solved by different mathemattons: the LBM and the DHM with and without reacceler-
ical techniques and we refer to the literature. We like to noteation. In all four cases one deals with free parameters. We
that care has to be taken when energy changing processes arsed for the four models a collection of data for the B/C ratio

involved (Heinbach & Simon 1995, Stephens & Streitmatter
998, Garcia-Munoz et al 1987, Gaisser & Schaefer 1992).



0.35 Hw T T TTTTTW T T T TTTTT
A
030 - ACE
® Ulysses
— LBM n = 0.23 no reacc.
025 — | BMn =0.22 with reacc.
[ — — -DHMH = 3.5 kpc no reacc.
0.20

——DHM H = 3.8 kpc with reacc.

*cl/cl

0.10

0.05

0.00 Hll 1 1

E,., [MeV/n]

Fig. 4. The curves show the calculaté®Cl/Cl-ratio in the frame-
work of the LBM and the DHM, with and without reaccelera-
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with Dy = 2.52 - 10%" em?s~! andn = 3.06 - 1071° 571,
a = 1/3 and halo size? = 3.8 kpc.

With these various conditions, which fit the B/C ratio and
the °Be/Be ratio simultaneously, we calculated the
26 A1/27 Al and the®®Cl1/Cl ratio which are shown in Figure
3 and 4 respectively.

4 Discussion

These results show that under the same propagation condi-
tions which fit the B/C and thé"Be/?Be ratio simultane-
ously the calculated ratios 8fAl/27Al and3¢C1/Cl also
show good agreement with data, as illustrated in Figure 3 and
4. All curves depict the increase of these ratios with energy,
which is due to the relativistic time dilatation, but they show
an individual energy dependence which allow to distinguish

tion. The curves are solar modulated with modulation paramete®etween the models and this works best at energies above 1

® = 600 MV. Data as in Figure 2, except for Ulysses: Connell et
al. (1998).

GeV/n, where data are unfortunately very scarce. In addi-
tion, reacceleration further complicates the conclusions. A
distinction between the LBM and the DHM is probably even

easier at low energies by taking radioactive isotopes with dif-

(see Figure 1) to determine which parameters best fit this raferent decay times into consideration (see also Simon and

tio. We obtained the following results for the LBM without
reacceleration:

Aesc:{ N (776v for R<4.7GV

)0.8
R —0.57

(4)
with \g = 12.8 g cm~2 and for the LBM with reacceleration:
Aese = (64 gem™2) (R/MV)™*? (5)

with the following parameters for the reacceleration terms:
ne = 0.64(gem=2)~! anda = 0.3. In the framework of the
LBM the mean gas density of the confinement volume can

Molnar 1999). The**Cl1/Cl ratio is a good example. The
data of this ratio lie just between the calculated expectations
from the two models, which leaves it open what model might
be correct. It should be said that production cross sections of
these isotopes are not so well known. We here used the par-
tial cross section calculations of Silberberg and Tsao (1998)
which we modified in some cases where measurements of
these cross sections were in clear disagreement with the cal-
culated results. The uncertainties of these cross sections are
still very large and in individual cases they can exceed even
one hundred percent (Tsao, Silberberg and Barghouty 1999),
thus comparisons of curves between different authors should
be taken with care.

be derived by matching the calculated ratio of the radioactive

10Be to the stabléBe isotope with the data. Such a fit is
given in Figure 2 as indicated. We obtain a mean gas densit
of n = 0.23 em~3 in the case of no reacceleration amd=
0.22 em ™3 with reacceleration.

In the DHM without reacceleration the fit to the B/C ratio
only allows to determine the ratio of the diffusion coefficient
D(E) to the halo sizéd. The best fit was obtained with the
following parameters:

D(R) _
H

with vy = 1.7 - 108 em s~!. This D/H ratio can be dis-
entangled by matching the calculatétBefBe ratio with
data as shown in Figure 2. For the halo size one obtain
H = 3.5 kpc. In the presence of reacceleration we also fit
the B/C ratio and thé’BefBe ratio simultaneously and for
the following parameters we obtain the best fit:

vl (1) " for R < 47GV

6
B ()" for R>4.7GV ©)

D = Dy (R/MV)? 7
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