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A detailed mathematical model is developed to describe the transformation of the charge
composition of superheavy (A > 81) cosmic rays by spallation on interstellar hydrogen in
the galaxy. If one takes a single source which suddenly injects particles with an »-process
charge spectrum ¢, years in the past, the calculated relative abundance ratios in four atom-
ic mass groups are consistent with measured values for ;= 2.5x 105 years. We further con-
clude that for any initial source distribution the upper limit on #, is 108 years.

I. INTRODUCTION

One of the least understood aspects of cosmic
rays is the presence of particles with charges
greater than that of iron. The observation of the
superheavy''? and even the transuranium com-
ponent?® is particularly difficult to explain within
the context of simple propagation theories for
cosmic-ray particles. Yet a reasonable descrip-
tion of the propagation of particles from cosmic-
ray sources to observers which adequately ex-
plains the presence of the superheavy component
would not only help in our understanding of the
physical processes within our galaxy, but would
also allow us to estimate the composition of parti-
cles at the sources, and thus help in limiting the
possible candidates for the origin of cosmic rays.
In fact, much has already been done along these
lines, particularly for iron and lighter nuclei.*

We investigate certain aspects of the propagation
of high-energy nuclei (=1 GeV/nucleon) with atomic
mass numbers larger than 81. Although a steady-
state, homogeneous source distribution can rea-
sonably account for the measured low-energy cos-
mic-ray charge ratios,® a random and discrete
source distribution is probably required to explain
the presence of the very heavy nuclei observed.®
Depending upon the strength and space-time char-
acteristics of the source, its contribution may at
one extreme dominate a subregion of the total con-
finement volume or simply add to the general back-
ground. It is very reasonable to expect, and, of
course, consistent with observations,” that much of
this background consists of protons and light ele-
ments. These not only have rather long lifetimes
against nuclear interactions,” but also are products
of the fragmentations of heavier particles.” Super-
imposed upon this background are local distur-
bances resulting from specific sources which will
provide, for a finite interval in space and time,
cosmic rays with a component in the trans-iron
region. In view of this picture, it is likely for the
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superheavy component to exhibit a measurable
transient behavior.®

After developing a general model that includes, -
as possibilities, all of the above considerations,
we use the recently measured superheavy charge
spectra to establish age limits on cosmic-ray
sources. In this paper we consider only the sim-
plest source distribution, i.e., a single source
that injects particles with a given charge spectrum
at some time 7, in the past. While the occurrence
of only one source in the local confinement volume
(that region of the galactic disk within a few hun-
dred parsecs of the sun®'°) during the past ¢, years
is not totally improbable, more than one source is
more likely. We use the single-source hypothesis
because of its mathematical simplicity and, as will
be seen, because it allows one to avoid a choice of
geometry and boundary conditions and commitment
to a specific propagation model. The effects of a
random distribution of discrete sources will be
examined in future work.

II. MATHEMATICAL FORMULATION

We begin by considering the transport and frag-
mentation of high-energy cosmic rays in the galaxy.
We choose to describe the propagation of cosmic
particles in the turbulent magnetic field by diffusion
with appropriate boundary conditions. Because only
particles with kinetic energies higher than 1 GeV/
nucleon are considered, we are justified in neglect-
ing energy losses by ionization of the interstellar
gas.” Furthermore, we neglect continuous statisti-
cal acceleration and consider nuclear interactions
only with hydrogen, the dominant constituent of the
interstellar gas. Then the continuity equation sat-
isfied by the directionally averaged intensity
j(4, Z, ¢, T, £) of nuclei with atomic mass A4, charge
Z, and kinetic energy per nucleon ¢ at position F,
and time ¢ is” '
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Here D is the diffusion coefficient which can, in
general, depend on 4, Z €, T, and t. Q(4, Z,¢, T, £)
represents the energy spectra of cosmic rays at
their sources of origin and the distribution of
these sources. ¢ is the total inelastic cross sec-
tion for the interaction of nuclei with interstellar
hydrogen, ny is the number density of hydrogen,
and cf the speed of the nuclei. The last term de-
scribes the production of nuclei from spallation on
interstellar hydrogen. Thus 0, ,;(€, €) is the
spallation cross section for the production of a
nucleus characterized by (4, Z, €) from the spalla-
tion of a nucleus with (4’, Z’, €’). Making the usual
assumption” that ¢ is the same for the spallation
products as for the incident nucleus,

f de'0yy 1p(€, DA, 27, €, T, 1)
0

=04z azd (A Z' €, T, 1).
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To proceed further we assume that the diffusion
coefficient is independent of 4, Z, €, ¥, ¢, and ny
is constant throughout the region of interest.
Furthermore, we restrict ¢; to depend only*! on A
and take note of the fact'® that the spallation cross
section is independent of Z’. When Eq. (1) is
summed over Z, holding the mass number A con-
stant, we obtain for each value of A

% -V (D%A) = Z_ﬁ Q4 = nycPoy(A)j,+ ”HCB§0A'AjA' s
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where the subscript A indicates summation over
Z. 'For later comparison with results of nucleo-
synthesis studies and their relation to possible
cosmic-ray sources it is convenient to partition
the isobaric families described by Eq. (3) into five
groups as given in Table I. The first group con-
tains mass numbers 180 to 205, while the fifth-
group includes A values 82 to 97. The continuity
equation for each of the five groups is obtained by
summing Eq. (3) over A values within the respec-
tive groups. The resulting equation for the ith
group reads

0 ; = >

— =V (DVJ)= cé Q; = nyCPOJ; +NyCP 2 iy «
at 4m k<i
4)
J; and @; are, respectively, 7,j, and 2,Q,, while

S
TABLE 1. Mass groups and corresponding charge
groups.
Group No. Amin Amax Zmin Zmax
1 180 205 74 81
2 140 179 58 73
3 115 139 49 57
4 98 114 43 48
5 82 97 36 42

0,; is 0y, first averaged over A’ and summed over
A. The average absorption cross section for
group ¢ is o; =0;; — 0;; where o;; is the average value
of o, (A4).

Ginzburg and Syrovatskii’” have given general
solutions to equations similar to Eq. (4). They
find that fragmentation and propagation effects may
be treated separately, i.e.,

Ii(e, 7, t)= f dr I P(T)G(e, 7, ¢, 7), (5)
4"

where Gl(e, T, ¢, 7) describes the propagation of
particles and J{*(7) the effect of fragmentation.
The functions J{? satisfy

) Ji(P)
oT

+nyeBo I P =nyucf 330, P, (6)
k<i

with initial conditions J{*0)=g;. g¢; is the source
strength of the ith group. Here we made the as-
sumption that shapes of the energy spectra and
distribution of sources are identical for all of the
groups considered, that is, @;(e, T, £)=¢;x(e, T, £).
The solution to the system of fragmentation equa-
tions (6) is”
i R
I =2 Dauae™/ ™, (7
k=1 =1
where the absorption time 7, = (#,ycB0,)™* and the
coefficients a;,; depend only on the appropriate
absorption and spallation cross sections. [A pre-
cise definition of g;,, is given in Eq. (14.20) of Ref.
7.]

The propagation function G(e, T, ¢, 7) can be eval-
uated for various geometries and for sources
arbitrarily distributed in space and time. For our
purposes it is sufficient that it can be put in the
form7:18

G(e, T, ¢t 7) =f aAr' &, T, v, t=1). (8)

The solution of Eq. (4) can then be expressed as
Jile, 7, 8)

=24 [ o) [ v R E F T, F £ 7),
i=1 o
)

where
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biz(T)=Eaik13—T/Tk~ (10)
k=1

Equation (9) is valid for sources arbitrarily dis-
tributed in space and time. In the case of an in-
stantaneous source, x(e, 7, t) =x(e, F)6(t = £,), how-
ever, the solution simplifies to

i
Ji(e,i:s t)=Go(€, Fyt_ o)zbil(t_to)ql) (11)
1=1
e]{(€, f, t) - . bil(t_ to) g_l_ (12)
Jile, 7, ) £ bu(t-t) q,”’
where

Gyle, T, t - t0)=fd37"11(f, #, t=1)x(e, F).

The inverse of Eqgs. (11) and (12), which have
the simple form”

i
qi =G0_IIZ)bil(t0 - t)Jl(ey F’ t)} (13)
:1,
@G bulto—1) dile, T, 1)
—= = 14
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enables the computation of source strengths in
terms of observed intensities.

III. COMPUTATIONAL CONSIDERATIONS

In order to compute the average cross sections
0; and 0;,, we need, of course, the explicit de-
pendence for o;(A4) and 0y, ,,. To fill in gaps in
the experimental cross-section data, we will use
semiempirical relationships. The expression
adopted for the total inelastic cross section is'*

0;(4)=504°"% mb. (15)

For the spallation cross section we use a slightly
modified version of a semiempirical formula de-
veloped by Rudstam.!? Above 2.1 GeV/nucleon he
finds

- _ 0,(A") f(A")Pa?/34’-2¢"/3
4'2",42 7 1 79[(ePA” = 1)(1 = 2¢"/3PA’) + 2e/3PA’]

xexp[PA - R(A)|Z - Z,(A) */?], (16)
with
fl(A/)=e—g+hA”
R(A)=dA~®, 1

Zp(A)=SA- T4,

and P=0.056, d=11.8, ¢’'=0.45, S=0.486,
'T=0.00038, g=0.25, and 2 =0.0074.

To obtain 0, ,, Eq. (16) must be summed over Z.
It is convenient to replace the summation with an
integration. Since oy, 4, falls off sharply for large
values of |Z - Z,|, the range of integration may be
taken tobe 0 <Z < 0,
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For our purpose the expression (18) is deficient
in two respects. First of all, it does not apply'?
when A=A’ -1. In this case we follow Wadding-
ton’s!* suggestion based on experimental results
obtained by Winzeler!® that one take

Oy, 4., =0.080(A"). (19)

Secondly, if the cross section as given by Egs.
(18) and (19) is summed over A4, one finds that the
ratio of the total spallation cross section to the
total inelastic cross section is given approximately
by

A-1

220u4
? - .

A=1 ~ 0-08_’_6 0.369+0.007 574’ .

0;(4"

The expression on the right exceeds unity for A’

> 40, which, of course, is not allowed on physical
grounds. Comparison of this expression with the
first of Eqs. (17) suggests that the simplest way to
avoid this difficulty is to reassign the parameters
g and k, so as to force the ratio to equal unity.

(In justification of this procedure, it might be
pointed out that Rudstam’s values were obtained by
least-squares fits to experimental cross-section
data in which target mass numbers less than 75
predominated.) The new values determined in this
way are

g=-0.0353, 1 =-0.000165. (20)

The average cross sections 0;, computed from
Egs. (15) and (17)-(20) are given in Table II.

IV. DATA

A. Charge-Spectrum Measurements

Data, in the form of charge spectra, from four
balloon experiments®:'6-1° were used to compile a

TABLE II. Average cross sections, 03, (mb).

Product\ Target
group group 1 2 3 4 5

1 1390 1390 110 21 7.4
2 1550 770 136 48
3 1010 729 242
4 681 741
5 579
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TABLE III. Experimental data used to derive composite mass spectrum at the top of the atmosphere.

Minimum  Total number of Collecting Vertical Average
Experiment Reference Z, A events used power (m?daysr) depth (g/cm?)  depth (g/cm?)
Texas I 3, 16 38, 88 11 5.79 4.5 5.4
Texas II 16, 17 35, 78 52 30.4 3.5 4.4
Barndoor III 18 39, 89 17 19.3 3.5 4.9
Monster I and II 17, 19 36, 82 78 124, 107, 89, 20, 202 3.0 4.6

2 The collecting power varied for different mass groups in this experiment; entries in the table are in decreasing

order of mass.

composite mass spectrum at the top of the atmos-
phere. The Z-to-A correspondence was assumed
to be given by the g stability line.

The minimum detectable charge varied from one
experiment to another (see Table III) making the
choice of the lower boundary of the lightest mass
group somewhat ambiguous. It was chosen so as
to include as much of the experimental data as pos-
sible without the necessity of undue extrapolation
of data for those experiments with higher charge
thresholds. 95% of all events with Z <42 (A< 97)
were retained, and approximately 12% of the total
intensity in group 5 was due to extrapolation.

To derive the composite intensities at the top of
the atmosphere, the data from each experiment
were employed in the following way. The total
number of events and intensity at the detector in
each mass group were determined from the re-
ported or deduced collecting power (see Table III).
In the case of the Barndoor III data, the average
values of the charge as measured in plastic and
emulsion were used. The uncertainties in inten-
sities were taken to be

2
(ad;)? =<—@J,> , (21)
n;
where #; is the number of events in the ith mass
group.

The intensities were then propagated to the top
of the atmosphere using Eq. (13) with G,=1 (no dif-
fusion). Spallation cross sections for interaction
with the atmosphere were assumed to be given by
Rudstam’s formula, with

(71(A) "(’I(Ao A') = 50(A0.3845 + A’0.3845 _ 1)2 mb,
(22)

and A’ =14, a simple generalization” of Eq: (15).
The effective mean free paths deduced from Rud-
stam’s formula with Eq. (22) are given in Table IV.
The average path length traversed in air was taken
to be the vertical depth divided by the average
cosine of the zenith angle (see Table II). Some
idea of the importance of spallation in the atmos-
phere can be obtained from Table V, which presents
the effect in the case of the Monster I and II data.

The intensities at the top of the atmosphere in
each mass group were then weighted by the ap-
propriate collecting powers and added to obtain
the composite intensity ratios given in Table VI.
The uncertainties given there are the result of
propagating uncertainties at the detectors, given
by Eq. (21). It should be pointed out that these are
to be considered lower bounds on the uncertainties,
since other contributing sources of error (charge
resolution, assumed Z-to-A conversion, Rudstam’s
approximation, average-depth approximation) have
been ignored.  Furthermore, a systematic under-
estimate of all intensities is due to neglect of at-
tenuation in the detectors.

B. Nucleosynthesis

The only nucleosynthesis studies that have im-
plied the existence of appreciable amounts of ele-
ments with A>81 are those based on the 7 process.
The fundamental paper is by Seeger, Fowler, and
Clayton (SFC),2° who compute source strengths
normalized by subtraction of solar-system s-pro-
cess abundances. Wagoner? has obtained-abun-
dances from the 7 process under conditions of
high-temperature explosion for elements up to A
=27, and these would be the natural choice for the
present application were they extended to high A.
Lacking such data, we will rely on the SFC re-
sults.

If the mass spectrum is subdivided into groups
in conformity with peaks in the abundance distri-
bution obtained by SFC, the mass groups and the
corresponding source strength ratios are as given
in Tables I and VI. The ambiguity in the fifth mass

TABLE IV. Effective mean free path for interaction
in the atmosphere.

Mass group Mean free path (g/cm?)
1 10.5
2 16.1
3 13.5
4 12.4
5 13.5
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TABLE V. Effect of spallation in atmosphere in the case of Monster I and II.

Intensity at top

Intensity at detector

Percentage of
intensity at'detector
due to spallation products

Mass group of atmosphere (m? day sr)~t (m? day sr) -1 from heavier mass groups
1 0.124 0.0806 0
2 0.138 0.140 26
3 0.318 0.258 12
4 0.851 0.650 9
5 0.951 0.850 16

group reflects uncertainty about the » -process
contribution to the abundance peak?® at Z =36.

V. RESULTS

Equation (12) was used to compute the intensities
attributable to a single 7 -process source distribu-
tion. Intensity ratios rather than the intensities
were considered, in order to eliminate the pecu-
liarities of particular diffusion models. The re-
sults are plotted in Fig. 1 as functions of elapsed
time since source turn-on, and compared with the
observed ratios shown as shaded bands (1-stan-
dard-deviation limits). The two curves for the
J, 5/J , ratio reflect uncertainties about the »-pro-
cess contribution to the Z =36 abundance peak.
Note that although comparison of theory with ob-
servation leads to ranges of allowed propagation
times only in groups 2, 3, and 4, and overlapping
times in only the first two of these, the discrep-
ancies involved are not large. If the uncertainties
in the observed intensity ratios are doubled, for
example, consistency is achieved for a propagation
time of about 2.5x10° years. Such an adjustment
is not unreasonable, in view of the fact that sev-
eral sources of error have been neglected.

If, on the other hand, the lack of agreement is
accepted as real, at least two possible explanations
present themselves. The most obvious is that the
assumption of a single source is unrealistic. Gen-
eralization to a random distribution of discrete
sources necessitates a choice of geometry and
boundary conditions, and will be investigated in a

TABLE VI. Source strength ratios according to SFC
(Ref. 20) and observed intensity ratios (Refs. 3, 16—19).

Group No. @;/a1)skc (J3/ T 1)obs
1 1.00 1.00
2 0.78 1.46+0.54
3 3.22 2.71+£0.95
4 1.07 5.78+1.95
5 7.28, 11.7 4.86+1.77

future paper. Another possibility is that the SFC
¥ process is not adequate as a source of super-
heavy nuclei. This raises the question of what a
recalculation of 7 -process abundances based on
more accurate cross-section data might reveal.
To obtain further information on the applicability
of the source model as well as to derive con-
straints on the age of a single source of arbitrary
abundance distribution, the observed intensity
ratios were propagated backward in time by means
of Eq. (14). The results of this computation are
given in Fig. 2. The most significant feature is the
fact that the ratio g¢,/g, is negative for ¢ - #,210°

10 ; O —
AN Uy 79,
107 | - 03 ]
, r-PROCESS )
10 - 10% - ,
r- PROCESS~\
10 = - o' 4

INTENSITY RATIO
INTENSITY RATIO

r-PROCESS

r - PROCESS

1
10* 10° 108 10" 10° 10° 10® 10"

-1 (years) t-1, (years)

FIG. 1. Time dependence of intensity ratios computed
from Eq. (12) and r-process source distribution (Ref.
20) for mass groups of Table I. Shaded areas represent
observed ratios (Refs. 3, 16—19) (x1 standard deviation).
The two curves given for J;/J; are explained in the
text,
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FIG. 2. Dependence of source-strength ratios (+1
standard deviation) on elapsed time between source
turn-on and observation, as computed from Eq. (14)
using observed intensity ratios (Refs. 3, 16—19) for
mass groups of Table I. Dashed lines give »-process
source-strength ratios (Ref. 20). The two possibilities
for q;/q, are explained in the text.

years. Since g, feeds particles into the lighter
mass groups, the plots of qs,m/q1 are not physical -
ly meaningful for propagation times greater than
about 10° years. We deduce that no single source,
7 process or otherwise, occurring more than 108
years ago could be responsible for the intensities
of superhkeavy nuclei observed.

In comparing the computed source-strength ratios
with predictions of the SFC » process, times iden-

tical to those from the forward-propagation calcu-
lation were obtained.

VI. CONCLUSIONS

We have investigated the propagation of high-
energy (>1 GeV/nucleon) nuclei with atomic mass
greater than 81. Because of rather short lifetimes
against nuclear interactions, a random and dis-
crete source distribution was considered. Only the
'simplest case, i.e., a single source, was investi-
gated in this paper. By taking the ratio of inten-
sities we have avoided commitment to any specific
propagation model.

The strongest conclusion we can reach comes
from the physical requirement that the source
strength connot be negative. For a single source
we note that the oldest age is approximately 10°
years, independent of any assumptions about source
composition.

If a single source following a conventional »-pro-
cess abundance distribution is assumed, the most
likely value for ¢-{, is about 2.5x10° years. A
relatively young source of the superheavy com-
ponent is thus implied if present observations and
cross-section formulas are assumed correct.

A random distribution of discrete » -process
sources provides a more realistic mechanism for
the production of the superheavy cosmic rays, and
such a model will be investigated in future work.
The present need is clearly for more experimental
data on superheavy intensities and spallation cross
sections. A recalculation of 7 -process abundances
based on more accurate cross-section information
would also be of much value.
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A generalization of the magnetic monopole has been derived in the context of the Yang-Mills
field. This is achieved through the observation that the quantization of the ordinary magnetic
monopole derives from closure of the angular momentum and magnetic field components on
the Lie algebra of the Euclidean group E(3) and the fact that the Yang-Mills field is the gen-
eralization of the Maxwell field obtained by replacing the ordinary derivative by a covariant
derivative, This leads to defining equations for the generalized monopole which are explicitly
solved for the case when SU(2) is the gauge group of the field, The resulting system, referred
to as the spin monopole, is investigated in some detail.

I. INTRODUCTION

A conviction in the existence of a symmetry be-
tween the electric and magnetic fields leads to the
adoption of the magnetic monopole as the funda-
mental unit of magnetic matter. As first shown by
Dirac,’ the existence of such an entity requires
the quantization of the product of the electric and
magnetic pole strengths. It has long been sup-
posed that this quantization is somehow responsible
for the existence of the unit of charge, though the
search for magnetic monopoles has as yet proved
entirely unfruitful.? Recently Schiff® has revived
this belief in an attempt to use the monopole
quantization to explain the failure of quarks to
appear as free individuals, though his method has
not gone without criticism.* In a different spirit,
but with a similar objective, Schwinger® has fur-
ther suggested that the particle which carries the
magnetic monopole is at the same time a manifes-
tation of the elusive quark itself.

It is our present objective to develop the notion
of a fundamental unit of matter which is capable
of producing a charge quantization in the spirit of
Dirac’s monopole and at the same time carries the
SU(3) internal quantum numbers of the hadrons in
the spirit of Schwinger’s quark. For this purpose

we seek a theory which embraces this internal
symmetry and yet retains the structure of the
Maxwell equations as expressed through the prop-
erties of the exterior derivative and Poincaré in-
variance.

A particularly pleasing example of such a theory
is provided by the Yang-Mills field.® From a phys-
ical standpoint it may be regarded - and indeed
was first developed in this fashion® - as the natural
generalization of the Maxwell field accommodating
a noncommutative gauge group. We may choose
this gauge group to be SU(3) and in so doing effect
an interplay between the internal hadron symmetry
and the field equations. Mathematically, the
Yang-Mills field represents the generalization of
the Maxwell field obtained by replacing the ordi-
nary derivative by a covariant derivative. This
structural resemblance to the Maxwell field proves
a useful asset in its analysis.

In the following we shall derive a form of mag-
netic monopole from the Yang-Mills field by ex-
ploiting its relationship with the Maxwell field and
-then investigate the properties of this new system.
More specifically, we first develop the quantization
of the magnetic monopole through certain algebraic
identities which lead to the Lie algebra of the
Euclidean group E(3) and the requirement that the



