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""" Equations of Cosmic-Ray Transpor ... 3

1. Introduction

The purpose of this report is to outline our one-dimensional transport model for
cosmic rays propagating in the interstellar medium (ISM). The equations
described here have been used to prepare a numerical model of galactic cosmic-
ray transport which is used for investigations of cosmic-ray composition, the
sensitivity of cosmic-ray abundances to cross section data uncertainties, and
weak reacceleration in the interstellar medium.

The basic assumption intrinsic to the aquations described here is that cosmic
rays, most of which seem to originate in our galaxy, while traveling through the
ISM are subject to & number of processes which tend to destroy a sense of
direction of propagation with regard to their sources. As a result, instead of
dealing with three-dimensional continuity equations which imply knowledge of
spatial structure and source distributions, we are invoking a one-dimensional
*compressed" view of cosmic-ray diffusion. This view is exemplified by the
treatment of "reflections® at the "boundary" of the galaxy which are represented
simply as a probability of escape from the galaxy, or escape mean free path.
Such an assumption seems to adequately represent much of the available data on
cosmic-ray composition, but may be of limited usefulness in representing other
features of cosmic radiation such as anisotropy.

Within the one-dimensional transport model there is a further assumption that
pmany of the processes necessary to interpret cosmic-ray composition are
insensitive to the detailed behavior of individual particles. Imncluded in this
assunption are the use of interactlon mean free paths, averaging over electron
stripping and attachment processes for the estimate of electron capture decay
rates, and representing reacceleration processes with a Green's function.

The processes necessary to interpret cosmic-ray data are approximated using a
few parameters which, it is hoped, will reveal some information about the
styucture of the ISH as well as allowing “background™ to be removed in estimating
cosmic-ray source abundances. The parameters of principal interest are the mean
amount of interstellar material traversed, the mean density of the confinement
region, snd the average time between acceleration at the source and loss by
escape frow galactic confinement. These parameters are well-known and often
quoted in assocfation with cosmic-ray data analysis.

Additional paramcters of cosmic-xay transport are discussed iu this report.
These parasetexs include the nean strength of weak shocks in the ISM, the mean
time (or pathlength) between encounters with these shocks, and a measure of the
wean inhomogeneity in the ISM. These parameters introduce additional physical
content into the cosmic-ray transport equations which may explain certain
anomalies in the cosmic-ray cozposition and spectra. The additional paraseters
may also be helpful {n ridding the cosmic-ray trangport equations of ad hoc
paraneters and functional dependencies which have been {ntroduced to provide good
fits to the cosmic-ray data.

SEVERN COMMUNICATIONS CORPORATICN SCC 8301
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- Equaﬁons of Cosmic-Ray Transport ... 4

The discussion of this report is arranged into sections. Section 2 summarizes
the notation used in this report. Each variasble i{s identified and the usual
units are stated. Section 3 contains several defining and kinematic relations
among & number of the variablas, Sections 4 - 10 each describe a diffexent
constituent part of the transport equation, which is given in its entirety in
Section 11. Esch part represents the infinitesimal change in the cosmic-ray flux
density, J,(E), due to a different process. Varicus approximate solutions to the
cosmic-ray transport equations sre possible when a limited number of constituent
parts are combined or when a limited number of cosmic-ray species ere
considered.! Section 12 addresses the extension of the tramsport equations to
inhomogeneous media.

'For example, G. Gloeckler and J.R. Jo..ippi, “Physical Basis of the
Transport and Composition of Cosmic Rays in the Galaxy,” Fhys. Rev. Lett. 22,
1448-1453 (1969)

SEVERN COMMUNICATIONS CORPORATION SCC 801

/




" Equations of Cosmic-Ray Transport .. 5

2. Notation

- isotopic mass number of a cosmic-ray species
A, - isotopic mass number of a component of the transport medium
c - speed of light (cm s*)
E - kinetic energy per nucleon (MeV)
J(E) = particle flux spectrum (particles cm? s MeV')
J(p) = particle flux spectrum’ (particles cm? s [MeV/c]?)
N - mass (MeV/c?)
m - atomic mass unit = 931.5 MeV/c?
N(E) = number density spectrum (particles cm® MeV?)
N(p) =~ number density spectrum (particles cm® [MeV/c]?)
N, - Avogadro's number
n - nunber density of tramsport medium (cm®)
n, - number density of a component of the transport medium (cm®)
P - momentum (MeV/c)
P -~ momentun per nucleon (MeV/c)
Q(E) = injection rate spectrum (particles cm® s' NeV!)
Qp) = injection rate spectrum (particles cm® s’ [MeV/c]™)
q(E) = injection spectrum per unit pathlength (particles cm® g' NeV*)
Rocam ™ inverse mean free time or rate of a process (s?)
Tooum ™ inverse mean free pathlength of a process (cm? g?')
T - total enexrgy (MeV)
t - time [independent variable] (s)
v - velocity (em s*)
X - pathlength [independent variable] (g cm?)
KA - isotopic charge number of a cosmic-ray species
] - shock reacceleration index
P - uass density of transport medium (g cm®) -
Pu - partial mass density of a component of the transport zedium (g ca?)
r " Jhalflife for nuclear decay (s)
Q - time rate of energy loss per nucleon (HeV s')
) - stopping power per nucleon (MeV cm® g')

In general, roman subscripts label cosmic-vay species and greek subscripts label
components of the transport wadium (ISH).

IThe two flux spectra mentioned here are different functions and, according
to wathematical convention, should be represented as such, i.e., J(E) and Jelp).
Since we will have no occasion te mention such functional forms as J,(E), ve have
chosen, for the sake of siaplicity, to use the simplified notation. Such
considerations are also applicable to the nuxber density spectrum, N(E), and the
injection rate spectrum, Q(E).

SEVERN COMMUNICATIONS CORPGRATION SCC &0
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3. BRelations

The following relations exist between the quantities defined in Section 2. This
is not intended to be & complete or minimal set of equations. Several equations
serve as definirions of quantities and several others are standard results of
special relativity; the remainder may be derived from these.

T = P+ M (3.1}

E = (T - Mc)/A (3.2}

p = P/A (3.3)

m = N/A {3.4)

dE pc

—_— .- ——— -V [3.5)

dp (B + mc?)

X = pvt {3.6]

a a

——— - pv bnd (3.71

at ax

J(E) =~ w({E) (3.8}

N(E) dE = N(p) dp (3.9}

IE) = N(p) (3.10]

GN({E) 3J(E)

—_— - (3.11;

14 ax

B ™ AV (3.12]
SEVERN COMMUNICATIONS CORPORATION SCC a0
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" Equations of Cosmic-Ray Transport ... 7
vQ{E) = Q(p) 13.13}
b ™ U A / Ba (3.14}
E
Lorentz time dilation factor = 1+ - [3.15)
mc
q(E) = Q(E)/pv [3.16]
SEVER COMMUNICATIONS CORPCRATION SOC 6500




- Equations of Cosmic-Ray Transpott ... 8

4. Source Term

The source abundance contribution to the transport of the i® cosmic-ray species
is taken to be of the form:

~ 98,(p)

- Q(p) {6.1]
at ’

where Q(p) is the rate of injection of the i® cosmic-ray species into the
interstellar medium as a number density spectrum. Often it is assumed that
Q « p¥, where I' = 2.3

Using [3.10) and [3.13) the contribution to the i™ component of the cosmic-ray
flux spectrum is:

3J,(E)
—— - WE) [4.2]
at

Using [3.7), (4.2) may be expressed with pathlength, x, as the independent
variable:

8J3(E) Q(E)
- - W, (E) (4.3]
ax P

vhere g(E) is the number density spectrum of cosmic rays injected during the
period that the i® species of cosmic rays of energy, B, passes thirough a unit
pathlength {n the interstellrr medium ([3.16)).

) Por examsple, J.F. Ormes and R.J. Protheroce, *lampiications of HEAD 3 Datas
for the Acceleration and Propagation of Galectic Cosmic Rays,” Ap. J. 272, 756-
7656 (1983)

SEVERN CONMUNICATIONS CORPCRATION SCC 8301
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5. Escape Tem

The continuity equation may be structured to approximate diffusion in the galaxy
vith less at the boundaries by inclusion of a galactic escape term. A single
rate of escape from the system is defined. The rate may be dependent on the
energy, charge, and mass of the transported cosmic ray. 7This transport model
is then termed the *leaky-box" model.!

The one-dimensional diffusion equation is:

aN(E)

. = -R,(E) N(E) (3.1]
t

wvhere R,(E) is the time-rate of escape from the galaxy, and time and pathlength
are related by [3.6). For convenience we have dropped the species index from
both the number density spectrum and the escape rate; it is understood that both
quantitfes may depend on the charge and mass of the transported species. The
species index will often be omitted in future sections when no change imn
conposition occurs for a particular process.

Applying relations [3.7), [3.10], and {3.12] as in Section 4 the change in flux
with respect to pathlength is:

33 (E)

- -x(E) J(E) £5.2)
ax

wvhere r,(E) is the inverse mean £ree pathlength for galaciic escape as a {unction
of energy, charge, and mass of the transported species.

More complex diffusion models may be constructed by multiple application of
{5.2). The "nested leaky-box® {s an example of one such model. Additional
transport parameters are required in wmultiple leaky box models.

Pathlength distributions are often used for the analysis of cosmic-ray data.’
Arbicrary pathlength distributions are wot gewmerzlly consistemt vith cosoic-ray

‘R. Covsik and L.W. Wilson, Proc. 13th Internat. Cosmic Ray Conf. 1, SO0
{1973)

K. Garcia-Hunoz, J.A. Simpson, T.G. Guzik, J.P. Vefel, and S.H. Margelis,

*Cosmic-Ray Propagation in the Galaxy and in th~ Heliosphere: The Path-Length
Distribution at Low Energy,” ap. J. Suppl. 64, .69-304 (1987)

SEVERN COMMNUINICATIORS CORPORATION e o+ ]
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diffusion equations when energy losses and gains are importsnt.* There is no'use

made of pathlength distributions in this report. To aclileve the effects of such
distributions on cosmic-ray composition, one must introduce additional phkysical
models which may be represented as terms in the differential equations described
in this veport. The physical wmodels are likely te be accompanied by free
paraneters which could have some astrophysical significance. A

®J.&. Lezniak, "The Extension of the Concept of the Cosnic-Ray Path-lLength
Distribution to Nonrelativistic Energles,” Ap. Space Sci. 63, 279-293 (1979)

SEVERS COMMUNICATIONS CORPORATION SCC 8901
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-Equations of Cosmic-Ray Transport ... 11

6. Accéleration Term

A term in the transport equation for acceleration may be derived from the
assumptions that (1) particles are conserved in the acceleration process, (ii)
a momochromatic number density spectrum is spread into a power-law spectrum in
momentam, p7, by & single encounter with a shock, and (i1ii) particles are not
decelerated by this process.” Under these assumptions the following result is
derived:

p

aN(p)

= -R(p) N(p) + (y-1)p7| Ri(p) p™ N(p) dp (6.1]

at
0

where R, is the inverse mean free time for acceleration events (shock encounter
rate), vy is the shock reacceleration index, and p is a dummy integration variable
which may be interpreted as the cosmic-ray momentum prior to accelerationm.

In terms of the cosmic-ray flux spectrum [6.1] may be rewritten using [3.10]:

E
34J(E)
= -RV/E) J(E) + (y-1)p7| R(E) p™ v! J(E) dE [6.2]
at -

0

where p, E, and v are dummy quantities with the same reiations as p, E, snd v.
Converting to pathlength as independent va:iable using {3.7] and [3.12]:

E
AJ(E)
= -r.(E) J(E) + (y-L)v'p7| z,(E) p™ J(E) dE [6.3)
ax

0

waere r, is the inverse mean free pathlength for acceleration events. The
eccaleration rates, r, and R,, can be species dependent.

"By addition of several terms of the form of the right hand side of {6.3], that
squstion may be generalized to include several different shock stremgths each
of wnich is encountered at a different rate.

TA. Wandel, D. Eichler, J.R. Letaw, R. Silberberg, and C.H. Tsao,
*Distributed Reacceleration of Cosmic Rays,” Ap. J. 316, 676-690 (1987)

SEVERN COMMUNICATIONS CORPORATION
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7. Ionization Loss Ternm

As cosmic rays move through the ISM some of their energy is lost due to
ionization and excitation of interstellar matter. 1n general, interstellar

‘material may be composed of several atomic species labeled by k. The rate of

energy loss of a cosmic ray is dependent on its charge, mass, and energy, as well
as the composition of the interstellar medium. If energy losses are assumed to
occur continuously, the ionization loss process is governed by the following
equation:

aN,(E) . 8
- = | (pe/p) 0x(E) N(E) {7.1]
at 3E

.3
where 0,(E) 1s the rate of energy loss per nucleon per unit time in mecdium x for
one cosmic-ray species. The factor (p./p) weights the stopping powers in each
component of the ISM according to their abundance.

In terms of the cosmi~-ray flux with pathlength as an independent variable:

aJ (E) 3
- ~— | (pe/P) wu(E) J(E) {7.2]
ax dE

K

where w.(E) is the stopping power of a nuclide in energy per nucleon per unit
pathlength in medium x. Heavy ion stopping powers have been reviewed by Ahlen.®

'S.P. Ahlen, "Thecretical and experimental aspects of the energy loss of
relativistic heavily joni:zing particles,™ Rev. Hod. Phys. 52, 121-173 (1980)

SEVERN COMMUNICATIONS CORPGRATION $CC 8901
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" Equations of Cosmic-Ray Transport ... 13

- 8. 'Nuclesr Fragmentation Term
The change in number demsity, N,{E), of species i due to nuclear fragmentation

teking place in a medium with several components labeled by x may be represented
using the equation:

aK,(E) :
= - ) R(E) N(E) + R(E,E)y N(E) dE 8.1)
at
0

K j.&

where E is the energy of the incident cosmic ray (species j) and E is the enexgy
of the resulting spallation fragment (species 1),

B(E)e = e V 0(E) (8.2]

is the rate of destruction of species i in medium x at energy E, and o(E), is the
total cross section for species change (nearly equal to the total Imelastic cxcss
section at uipghor energies), and

RAE,E)y = 7 v a(E,B)y 18,3)

is the rate of production of specles { et energy E from j at energy & and
velocity v in medium %, and o(E,E)y iz the partial cross section for production
of species i from species j. Note that both rates for nuclear fragmentation are
explicitly dependent on tha velocity of the incident nuclide and the number
density of the ISM.

In terms of the cosmic-ray flux spectrum with pathlength as the independent
variable using {3.8) and (3.)1):

33,(E)
—— .. Z r{E)y Ji(B) +Y { £(E By J,(E) ¢E (8.4}
3x
0

Lo,
K MY

vhere tie r, are inverse mean free pathlengths corresponding to the 1ates, R,
which are obtained by applicaticn of {3.12] and [3.14):

Bl = Na (pu/p) 0(E)s / A (8.5)
and -

r((ElE)w - NA (P.‘/ﬁ) O(EDS)“ / Ag [8.6]

SEVERN COMMUNICATIONS CORPORATION SCC 80
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" where N, is Avogadro’s number, p, is the partial density and A, is the atomic mass

of iSM component «. We note that pathlength is a convenient choice of the
independent varisble in cosmic-ray transport computations because the r, are not
explicitly dependent on velocity or on the absolute density of the ISM.

The total and partial cross sections for heavy-ien spallation reactions on
coupunents of the interstellar medium, especially on hydrogen and helium, are
an important requirement for the analysis of cosmic-ray composition. New
measurements of spallation cross sections are reported in the bi-annual
Proceedings cf the International Cosmic Ray Conference. Semi-empirical
forzulations have been developed by Silberberg, Tsao, and Letaw.™?

Two classes of cosmic-ray heavy ions are distinguished according to their history
of fragmentation in the ISM. Cosmic-ray primaries are heavy ions which have not
tragnented in the ISM. Cosmic-ray secondaries are heavy ions which have arisen
from one or more spallation reactions in the ISM. Any nuclide, in principle,
can arise from either of these processes; however, H, He, C, 0, Ne, Mg, Si, and
Fe are mostly primary, while Li, Be, B, F, Na, Al, and nuclei with 21 < 2 5 25
are mostly secondary.

The ratio of stabic secondaries to primaries, such as B/C, is decermined by
peas-'rahle miclear fragmentation cross sections and the escape rate from the
gelaxy, and is independent o” the ISM density distribution. Such secondary to
primary vetios may be used to establish aspects of the intersteller diffusion
process, such as the average amont of matter that cosmic rays have passed

through.

*R. Siiberberg and C.H. Tsao, "Partial Cross-Sections in High- Energy Nuclee
Beactions, and Astrophysical Applicaticns. 1.  Targets with 2 s 28. ..
Targets Heaviex than Nickel.," Ap. J. Suppl. 25, 315 and 335 (1973)

®J.R. Letaw, R. Silberberg, and C.H. Tsao, *{. oton-Nucleus Total Inelastic

Cross Sections: An Empirical Formula for E > 10 MeV,"™ Ap. J. Suppl. 51, 271-
276 (1983)

SUVERN COMMUNICATIONS CORPCRATION SCC &0t
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9. Nuclear Decay Term: Particle Emission

The following equation accounts for the rate of change of a cosmic-ray number
densitcy spectrum due to nuclear decay by particle emission:

aN,(E)

= -Ry(B) N(E) + Z Ry(E) N(E) - [9.1]
h|

vhere Ry (E), is the rate of decay of species i at energy E and F\,(E)ﬁ is the rate
of decay of species j into species i at energy E.

ac

R(E), = 1In2/ (1 + E/mc?) r, [9.2]
and

By(E); = In2/ (1 + E/mc?) v, (9.3]
where r, is the halflife of species i and r; is the halflife of species j for
decay into species i. All rates include only particle emission decay modes;
electron capture decay modes are specifically excluded and are considered in
Section 10.

In terms of cosmic-ray flux with pathlength as the independent variable using
(3.11]) and [3.12]:

4J(E)

= -x,(E), J(BE) + Z ry(E)y J,(E) (9.4]
ax

b

where the r, are inverse mean free pathlengths corresponding to the R;.

t(E), « In2/pv (1 +E/uc?) v, (9.5])
and

tolB)y = In2/pv (1 +E/m?) v, . (9.6}
The rate of decay of cosmic-ray species depends on the zean density of the ISM.
If the mean pathlength in the ISH has been established, then [3.6) may be applied

to estimate the mean confinement time. Nuclides such as ¥Be, *Al, and ™C)l with
halflives of about one willion years have been analyzed for this purpose."

UFoxr example, M.E. Wiedenbeck, "The Isotopic Composition of Cosmic Ray
Chlorine,” Proc. 19th Internat. Cosaic Bay Conf. 2, 84-87 (1985)

SEVERN COMMUNICATIONS CORPORATION SCC 801
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: . 10. Nuclesr Decay Tern: Electron Capture

‘- Electron capture decay of cosmic rays is suppressed because high-energy heavy
‘ions passing through relatively small amounts of material are likely to be
stripped of their electrons. lower energy and higher charged ions may have a

- significant probability of having one or more attached electrons. The attached

electrons make electron capture decay possible and electron capture decay may
ultimately have an observable effect on coaposition. The importance of electron-
capture decay modes is increased in distributed acceleration models because ions
which decay freely at low energies are mixed, after acceleration, with high-
energy components.

The number density spectra of cosmic rays with no electroms attached, N°(E), and

with one electron attached, N!(E), are governed by the following coupled
equations if the probability of two attached electroms is negligible.?

B, (E
- - R,(E) N\(E) - R(E) NY(E)| + ) Ru(E), Ny(E) [10.1]
L 5 .

ac
3

aN',(E) -
" - 2 [R.(E)... N(E) - R(E)y N‘.(E)] - R (E), N'(E) {10.2]
%
where
RW(E), = 1In2/ (1 +E/uc?) (r,) {10.3)
and
RAE), = 1In 2/ (1 + E/med) (r.)y [10.4]

are the rate of electyon-capture decay of specles i at enexgy E, and the rate
of electron-capture decay of species j into species i at energy £, respectively,
and the electron attachment xate, K,(E), and electren stripping rate, R(E), in
each component of the transport medius are related to the attachment and
stripping cross sections by:

R(E) = m Vv o,(E)s {10.5]

BJ.R. letaw, J.H. Adams, R. Silberberg. and C.H. Tsao, “Electron Capture
Decay of Cosmic Rays,"™ Ap. Space Sci. 114, 365-379 (1985)

SEVERN COMMUNICATIONS CORPORATION SCC 8001




Eqwmd Cosmic-Ray-Transport ... 17
and

R(2)u = 1ng v o(B)g (10.6)
The electron-captute decay half lives, (r,), and electron stripping (0.) and
attachment (o,) cross sections are discussed by Letaw, Silberberg, and Tsao.?
The electron-capture decay halflife is approximately double the laboratory

measurement because there is generally only one electron in the K-shell.

{10.1) and [10.2] may be combined to give an expression for the total change in
a cosmic-ray species as a result of electron-capture decay:

I[N (E) + N'(E)]

: = - Re(E), N'(E) +§: R.(E); N,(E) [10.7]
t

3

The analogous equation for the cosmic-ray flux spectrum with pathlenmgth as an
indepeudent variable is:

8[I%(E) + J\(E))

= - 1 (E), J\(E) +X t(E)y J4(E) [10.8)
3

where the inverse mesn free pathlengths, r., have the same relation to the rates,
R, as in {9.5] and {9.6]. It should be noted that the summation in [{10.8] will
generally have a contxibution from only one nuclide, i.e., the species, j, which
can decay into species i by electron capture,

ax .

In wmost cases cosmic-rays achieve an equilibrium charge state after passage
through an amount of material which is small compared to other propagation
parapeters such as the intoraction mean free path and the escape mean free path.
The fraction of particles with & single electron attached is:

———

{10.9])

2

N fCe. - x, + x4 4 e PP . (x - x4+ x)
J? Jeq

U5 R. Letaw, R. Silberbexrg, and C.H. Tsao, “Propagation of Heavy Cosmic Ray
Nuclei,* Ap. J. Suppl. 56, 369-391 (1984)

SF 2 § COMMUNICATIONS GORPORATION SCC 6301
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i . ‘For each species a function g(E) which relates the flux of particles with one
" “‘electron attached, J', to the total particle flux, J° + J', at equilibrium may be
“defined based on [10.9]. '

Jl
g - [10.10)
J°+ 2 Jeq

This function must be obtained by proper weighting of the stripping and
attachment rates over the components of the ISM.

When the attachment rate is much smaller than the stripping rate plus the
electron-capture decay rate, that is, when only a small fraction of cosmic rays
have an attached electron,

G(E) =~ (2 1, (B)y) / (e (E), + 2 r.(E)y) (10.11)

3 K

where the inverse mean free pathlength for attachment, r,(E), and for stripping,
r (E), have the same relations to the cross sectioms as (8.5) and [8.6). [10.11)
is generally applicable for cosmic-ray transport, the exception being low-energy,
ultraheavy cosmic rays in the actinide group.

Using the function g(E) to eliminate J', [10.8] may be rewritten:

aJ(E)

- - 1 (E), &(E) J(E) +Z r.(E), g(E) J,(E) [10.12]
h)

Yiou and Raisbeck! have demonstrated that the electron capture decay of *Be {s
impoxtant below 20 MeV per nucleen. Detection within the heliosphers may be
impossible at that energy. Similar conclusions apply to secondary nuclei such
as YAr, “Ca, "V, ¥Cr, and ¥Fe in the sbsence of distributed acceleration
processes. Electron capture decay gemerally occurs for ultraheavy nuclei.

ox

“F. Yiou and G.N. Raisbeck, Ap. J. 7, L129 (1970)

SEVERN COMMUNICATIONS CORPORATION SCC 890
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11. ‘The Equation of Distributed Acceleration

The transport equation described in Sections 4 - 10 is summarized here. TFor
purposes of simplification we assume that (1) nuclear interaction fragments
maintain the velocity of their progenitors, the "straight-shead" approximation,
and (2) the interstellar medium consists of one substance, namely hydrogen.

The first assumption is generally applied for studies of cosmic rays heavier than
helium and allows

I t(E,E); J,(E) dE ==> r(E); J,(E) [11.1)
0

where x,(E)y is related to the partial cross sections and is different from r:(E),
which is related to the total inelastic cross section.

The second assumption is generally applied because of the lack of available
cross section data for other target nuclei. Some investigations of the
ipportance of helium as a target in the interstellar medium have been pexformed.®

The couplete equation of distributed acceleration is:

8J(E) Q(E) a
- « T(E) J(E) + — | o(E), J(E)

ax p 1

E
- 3,(E), J(E) + (1-1)v“p"] () p™ J(B) d4E
0

- t(E), J(E) + Z r(E)q J,(E)
3

BFor example, P. Ferrando, P. Goret, and A. Soutoul, "On the Iaportance of
Interstellaxr Helium for the Propagation of Heavy Cosmic Rays,” Prxoc. 19th
Intermat. Cosmic Ray Conf. 3, 61 (1985)

SEVERN COMIMUNICATIONS CORPORATION SCC 8301

_J




. Equalions of Counic-Ray Transpot ..

- T,(E), J,(E) +Z £,(E); J;(E)
| 3

- r.(E); &(E) J(E) + z T(E)y g(E) J;(E)
3

[11.2]
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" 12. Exteusion to an Inhomogeneous Interstellar Medium

Electron capture decay processes are gensitive to density variations in the
interstellar medium.” Most of these nuclides have a very short mean lifetime
compared to the time during which cosmic rays move from one density region to
another, hence no effect on composition is observable. A few, such as “Ti, "Nb,
™, and '*Ib are quite sensitive to possible demsity irregularities. Measured
sbundunces of these isotopes, particularly at low energy, may eventually offer
the opportunity to study aspects of the density ¢istribution in the IS by
utilizing cosmic-ray spectra.

The procedure for treating one type of density inhomogeneity is discussed here.
Cosmic rays are assumed to encounter demsity flucrtuations in the ISM which a:i.
randomly distributed in time and space. These fluctuations are described by a

distribution function, F(n), of interstellar gas number densities, n. The
function is normalized so that:

IF(KI) dn =~ 1 {12.1)

A rough estimate of this distribution function may be made based on models of
the iuterstellar medium,” if the entire ISM is accessible to cosmic rays.

The podel may be implemented by writing

dx(n) « £{n) dn (12.2)
where f(n) is the fraction of total pathlength over which the interstellar gas
density is betveen n and nédn, and x(n) is the portion of the total pathlength
with density less than or egual to n. It follows that

f(n) =n F(n) / <o (12.3}

wvhere <n> is the nean density of the ISH relative te the distxibution F(n).
£(n) will nocessarily be normalized to unity if comstructed in this manner.

Foxr processes where §1/dx is independent of the density of the imterxstellar
medium, such as nucleoar £ragmentation (§.4), we have:

“J.R. Lataw, R. Silbexbarg, and C.H. Tsao, "Electron Capture Decay of Coamic
Rays: A Nodal of the Inhomogeneous Interstellar Hediun,* Proc. 19th Internat.
Cosaic Ray Conf. 3, 33 (1985)

YFor exasple, C.F. McKee awd J.P. Ostriker, Ap. J. 218, 148 (1977)
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dJ « Jdx « J £(n) dn (12.4]
and consequently
InJ « 1 {12.5)

because £(n) is normalized to unity. The flux of cosmic rays subject to this
type of process is independent of the interstellar gas demsity distributionm.

For processes where 3J/dx is inversely proportional to the density of the
interstellar medium, such as nuclear decay by particle emission [9.4], we have:

dl « J<w'dx « J n F(n) < dn {12.6]
and consequently
InJ o <. [12.7]

The flux of cosmic rays subject to this type of process is dependent on the mean
density of the ISM.

In the case of electron capture decay ([10.10] and [10.11])

K,

) o« J "
1+ k <>

dx [12.8})

where k, and k, are enerpgy- and spacies-dependent functions which ars independent
of the ISM density distribution. Im the tvo extrema cases, k, << 1 and §, 5> 1,
the solution to this eguation is identical in form to [12.5) and (1:2.7],
vespectively. For interuediate cases, the solution involves an integral over
the density distribution of the interstellar medium which way provide information
about inhomogeneity over the cosmic-ray path.
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