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The dependence of cosmogenic isotope production on solar modulation and on geomagnetic field
intensity has been calculated, and spallation yields based on the Silberberg-Tsao formalism have been
determined. The stratospheric inventory of "Be during the period 1970-1974 has been calculated to be
about 4.5 mCi, in good agreement with measured values. The calculated radiocarbon reservoir of 1.75
cm,~? s~* (where results are integrated over the whole earth) is in good agreement with the experimental
value of 1.8. Geomagnetic and solar eflects were taken into account.

INTRODUCTION

Lal and Peters [1962] argue that the experimental data on
nucleons and nuclear reactions in the earth’s atmosphere are
extensive enough and consistent enough to determine cosmo-
genic isotope production rates more accurately than can hadr-
onic cascade calculations. Why then carry out such calcu-
lations? Three reasons are the following. First, an accurate
calculation demonstrates a detailed understanding of the phys-
ical processes involved. Second, atmospheric cosmic rays are
time dependent, and the experimental data are averages char-
acteristic of a particular interval of time not necessarily exten-
sible to other times or intervals of time. Third, the calculation
can be extended to conditions which are not experimentally
accessible, such as the remote past.

While Lal and Peters referred specifically only to Benioff’s
[1956] work, there have been a number of such cascade calcu-
lations both before and since [Hess et al., 1961; Newkirk, 1963;
Lingenfelter, 1963; Merker, 1970; Light et al., 1973], stimu-
lated chiefly by the need to understand the balance between the
production of radiocarbon and the quantity of radiocarbon in
its reservoirs, and the time dependence of the production rate.

This paper presents the results of a hadronic cascade calcu-
latian that was carried out for a range of solar modulation
conditions and geomagnetic field strengths. In addition, a
number of cosmogenic isotope yields were calculated by using
both Rudstam’s [1966] CDMD (charge distribution-mass dis-
tribution) method and Silberberg and Tsao’s [1973a, b]
method. The "Be inventory was calculated and compared with
extensive measurements carried out during a 44-year period.
The agreement between calculation and measurement was
about 10%. Radiocarbon production was also calculated and
compared with the reservoir estimates of Grey [1972], Damon
[1978], and Suess [1965]. Excellent agreement was found.
The dependence of radiocarbon production on geomagnetic
field strength was compared with Elsasser et al’s [1956]
model, and that on the mean annual sunspot number (the
Wolf index) with Lingenfelter’s [1963] model. Good agree-
ment with both models was obtained.

DESCRIPTION OF THE TRANSPORT CALCULATION
Solar Modulation

The primary cosmic ray flux in the solar system at the
earth’s orbit is a mixture of energetic protons, alpha particles,
and a small admixture of heavier nuclei which are omitted in
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this treatment. The flux and its composition vary over the 11-
year solar activity cycle; thus to calculate cosmic ray phenom-
ena as a function of time, the time-dependent cosmic ray
spectra must be obtained.

It has been shown theoretically {Gleeson and Axford, 1967]
that the effect on the galactic cosmic ray spectrum of passage
through the interplanetary medium is approximately the same
as would be produced by a heliocentric electrical potential
with a magnitude at the earth’s orbit equal to the energy lost
by the cosmic rays while they are interacting with the solar
wind. As solar activity waxes and wanes with the 11-year solar
cycle, the energy lost by galactic cosmic rays in penetrating the
interplanetary medium to the earth’s orbit rises and falls with
it. An increase in this potential causes a decline in the cosmic
ray intensity at that point, while a decrease results in a corre-
sponding rise. This approximation at cosmic ray energies
above about 50 MeV appears to be a good one and has been
used by Ehmert [1960], Freier and Waddington [1965, 1966],
and Cleghorn et al. [1971]. The ground level counting rates of
several cosmic ray neutron monitors have been related to the
primary cosmic ray spectrum by means of these Ehmert poten-
tials [O’Brien and Burke, 1973] and are shown in Table 1. Thus
the spectra of protons and alpha particles at the earth’s orbit
can be computed from a knowledge of the appropriate ground
level neutron monitor counting rate.

The spectra incident on the earth’s atmosphere are deter-
mined [O’Brien and Burke, 1973] from

WE) = nyT) [% }

T=E+ZU

l 1/2
plx) = - x4+ 24m,cx

where m,, is the proton mass in MeV, n, is the unmodulated
galactic spectrum of atomic weight A and atomic number Z
sr™'ecm~?s~! MeV-! having an energy of E MeV, and U is the
Ehmert potential in megavolts.

For n, the unmodulated proton and alpha particle spectra of
Freier and Waddington [1965, 1966] were used for energies
below 10 GeV. For energies above 10 GeV the spectra of Pal
[1967] and O’Brien [1972] were used.

While these spectra are not recent, it is not practical to
replace them with later data: to preserve the relationship ob-
tained earlier betwe¢n Ehmert potential and counting rate, it
was necessary to make these spectra integral to the computer
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TABLE 1. Calculated Neutron Monitor Counting Rates* as a Function of Solar Modulation Expressed
in Terms of the Ehmert Potential
Potential, MV Deep River Alert Goose Bay Inuvik

0 2.247 X 10° 8.114 X 10° 7.741 X 10° 7.542 X 107

50 2.208 X 10° 7.976 X 10° 7.611 X 10° 7.408 X 10°

134 2.147 X 10° 7.766 X 10° 7.411 X 10° 7.198 X 10°

200 2.104 X 10¢ 7.610 X 10° 7.262 X 10° 7.057 X 10°

300 2.046 X 10° 7.399 X 10° 7.060 X 10* 6.860 X 10°

500 1.948 X 10° 7.040 X 10° 6.719 X 10* 6.525 X 10°

700 1.864 X 10° 6.740 X 10° 6.433 X 10° 6.246 X 10°

1000 1.769 X 10° 6.377 X 10¢ 6.087 X 10° 5.905 X 10°

*Counting rates are in counts per hour.

code. It is felt that these spectra are accurate enough for the
purpose of these calculations.

Atmospheric Cosmic Ray Propagation

The behavior of cosmic rays in the earth’s atmosphere,
averaged over time, is governed by the stationary form of the
Boltzmann equation:

B2,r, E, Q) = S,

Cy _ 0
=Q- =9 _
Bo=Q:V+otpt -k

SGJ= f dQ f dEB ququ(EB—')E, Q. Q)¢,(r, EB, Q')
AT E

C,=myH/cr,

B, Boltzmann operator for a g type particle;

S, scattering-down integral describing the production of ¢
type particles from j type particles due to collisions at
higher energies;

C, governs the loss of g type particles to decay processes;

r depth in the atmosphere in grams per square centimeter;
E kinetic energy of the particle in MeV;
Q unit vector in the direction of particle travel;

&, g type particle flux per MeV per second per steradian at
depth r having a direction Q;

o, total cross section for the absorption of a g type particle
in square centimeters per gram;

k, stopping power of a charged ¢ type particle in air in
MeV cm?/g;

o4 cross section for the production of ¢ type particles from
collisions with, or decay by, j type particles in square
centimeters per gram;

F,; number of g type particles per second per steradian at £
and Q';

m, rest mass of a g type particle in MeV/c%

P, momentum of a g type particle in MeV/c;

7, mean life of a g type particle in its rest frame in seconds;

H scale height of the earth’s atmosphere (taken as 6.2 X
10°® cm); and

¢ velocity of light (3 X 10 cm/s).

It is understood that &, is zero for neutrons, neutral pions, and
photons; S, is zero for muon scattering; and C, is zero for
stable particles (protons, photons, etc.).

As the energy of the incoming particles is above 100 MeV,
the cross sections used were geometric and constant with en-

ergy [Barashenkov et al., 1968]. The stopping powers were
taken from O’Brien [1972]. The production spectra were de-
rived from a combination of experimental and theoretical
models [O'Brien, 1971, 1975].

The Boltzmann equation was solved by using a straight-
ahead code based on the work of Passow [1962]. This program
transports neutrons, protons, and pions. The protons and
neutrons in the incident primary cosmic ray « particle flux are
treated as unbound after entering the earth’s atmosphere.
(While they are interacting with the solar wind and with the
earth’s geomagnetic field, o particles are treated as bound.) In
dilute media such as the atmosphere, kaons which are pro-
duced in nuclear interactions generally decay before under-
going a nuclear collision. For this reason, kaon production
was accounted for, but kaon transport was ignored. The pro-
gram gives good agreement with cosmic ray pion, proton,
neutron, and muon spectra [O’Brien, 1971, 1975a, b].

For this calculation the atmosphere was modeled as a spher-
ical shell with an inner radius of 6.371 X 10® cm, a thickness of
approximately 40 km, and an exponentially distributed density
corresponding to a scale height of 6.2 km. (The scale height is
the ratio of the atmospheric depth to the density at that
depth.)

The Geomagnetic Field

The magnetic rigidity of cosmic ray particles is defined as
r = pc/q, where p and g are the momentum and charge of the
particle and ¢ is the velocity of light. The magnetic field of the
earth deflects incoming cosmic rays depending on their rigidity
and angle of incidence. For each angle of incidence there is a
critical rigidity below which the incoming particle cannot in-
teract with the earth’s atmosphere. The cutoff fields (the cutoff
being the critical rigidity) for the calculations described in this
study were calculated with the aid of the computer code Angri
[Bland and Cioni, 1968).

The computational approach described so far will yield
cosmic ray energy spectra in the earth’s atmosphere as a func-
tion of solar modulation and altitude at one location charac-
terized by the geomagnetic field. To determine worldwide pro-
duction, it is necessary to integrate over the whole globe. To
do this, the vertical cutoff rigidity parameter which ranges
from zero to 17.5 GV [Shea and Smart, 1967] was divided into
36 equal intervals. Calculations were performed at each of
these intervals, integrated vertically down through the atmo-
sphere to either the earth’s surface or the tropopause, grouped
by geomagnetic latitude, and then summed over the globe.

Archaecomagnetic data indicate that the earth’s magnetic
field has varied approximately sinusoidally over the past 9000
years from 0.5 times the current value about 6000 years ago to
about 1.5 times the present value about 2000 years ago [Cox,



O’BRrIEN: COSMOGENIC ISOTOPE PRODUCTION

1969; Bucha, 1969; Bucha, 1970; Kitazawa, 1970]. There is
evidence from excavations in the Lake Mungo area of south-
eastern Australia that between 25,000 and 35,000 years ago the
geomagnetic field may have reached 3 times its current value
during a geomagnetic excursion [Barbetti, 1976]. To simulate
the effect of a change in the earth’s magnetic field strength by
some factor M, the vertical cutoff rigidity was multiplied by M
before calculating the cosmic ray fluxes in the earth’s atmo-
sphere and integrating over the globe.

The justification for this treatment is that a charged particle
describing a fixed curved path in a magnetic field (above the
earth’s atmosphere, let us say) must have a rigidity propor-
tional to the magnetic field strength.

Cosmogenic Isotope Calculations

The most convenient approach is to calculate the concentra-
tion of high-energy inelastic collisions (called ‘stars’ because of
their appearance in a photographic plate) in the air and deter-
mine the spallation yield per star of a particular isotope sepa-
rately. There is some sacrifice of accuracy in not calculating
each produced nuclide separately, since the isotope production
cross sections are energy dependent and since the hadron
spectra involved change slightly in shape with changes in alti-
tude, latitude, solar modulation, and so forth. At the top of the
atmosphere, of course, the proton spectrum (and the primary
alpha particle spectrum) is discontinuous in energy at each
zenith and azimuth owing to the effect of the cutoff field.

The computational advantage gained by this approximation
is enormous and well worth it. New yields or revised yields can
easily be applied to the same body of computed data. The
volume of calculations is very much reduced, and the appli-
cability of the results is considerably broadened.

This procedure cannot be applied to the production of ra-
diocarbon. Most radiocarbon production is the result of the
thermal and resonance capture of neutrons by nitrogen, along
with some production by spallation at higher energies. How-
ever, the mathematical approximations used to obtain a solu-
tion to the Boltzmann equation applicable to high-energy
hadrons fail below 100 MeV [O’Brien, 1971]. This low-energy
limit has no effect on charged atmospheric cosmic ray trans-
port because of charged particle stopping which limits the
number of these particles at low energies. Neutrons, however,
are uncharged and extend all the way down to thermal
energies. In order to account for radiocarbon production be-
low 100 MeV the low-energy spectrum has been assumed to
have the same shape as the spectrum reported by Hess et al.
[1961]. This is essentially the same as the spectrum which was
obtained by O’Brien et al. [1978], but which was not available
until this study was nearly complete.

This necessitates the assumption that there is no change in
the shape of the neutron spectrum below 100 MeV with alti-
tude, modulation, and changes in geomagnetism. This as-
sumption is a reasonable one. All atmospheric neutrons are
secondaries resulting from collisions between the primary cos-
mic rays and the constituents of the atmosphere. Hence they
reflect the behavior of the primary spectra, production mecha-
nisms, and atmospheric absorption cross sections. The shape
of the energy spectra of protons and neutrons above 100 MeV
is essentially independent of these factors, so that the low-
energy production of neutrons from high-energy collisions and
the resulting spectra, when they are not too close to a bound-
ary, will follow suit. At the very top of the atmosphere some
diffusion-hardening will take place that will not be reflected in
this treatment; a small overestimate will result in the flux
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calculated by the method used in this paper [0’ Brien, 1971]
within a few grams per square centimeter of the top.

The fact that the expected invariance of low-energy neutron
spectral shape with altitude is clearly evident in the measure-
ments of Hess et al. [1961] and the calculations of A rmstrong et
al. [1973] justifies the adequacy of this assumption.

Scope of the Transport Calculations

Radiocarbon and star production have been calculated as a
function of altitude in the earth’s atmosphere and geomagnetic
latitude and have been integrated over the total atmosphere
for solar modulation conditions ranging from a Deep River
neutron monitor hourly counting rate of 2.247 X 10° (no
modulation) to one of 1.769 X 10° (strongly modulated). The
earth’s magnetic field was varied from zero to 5 times the
current magnetic field strength (0 < M < 5). The production
rate in the stratosphere alone was also obtained for the full
range of modulation conditions but only for the current geo-
magnetic field strength (M = 1).

DESCRIPTION OF THE RESULTS

By using the four sets of proton and alpha particle spectra of
Figure 1, which range from unmodulated to strongly modula-
ted, star densities and radiocarbon production rates were cal-
culated for M = 0, 0.5, 1, 1.5, and 5. The values of the star
density obtained as a function of altitude and latitude are
shown in Figure 2. The results for star and radiocarbon pro-
duction integrated over the whole earth are summarized in
Tables 2 and 3. Under conditions typical of today (vide infra),
U = 200 MV and M = |, about 60% of the radiocarbon
production and about 70% of the star production take place in
the stratosphere. These results agree rather nicely with those of
Lal and Peters [1962], as shown in Table 4.

The effect on the radiocarbon inventory of the time depen-
dence of solar activity and the variations of the earth’s atmo-
sphere will be discussed at greater length later on.

Spallation Yields

The yield, per star, of some cosmogenic isotope x is defined
to be

[ oereiey a

a

Yx = 72
f Unonel(E)(I)i(E) dE

where o.(FE) is the cross section for the production of x as a
function of energy, ®,(E) is the hadron energy spectrum (i = n,
P, ™), dnana(E) is the total nonelastic cross section, and a is
the lower-energy limit of the calculation (100 MeV).

The major contributors to y,, namely, the neutron and
proton spectra, tend to reflect the behavior with energy of the
primary nucleon spectrum and show relatively little change of
shape with changing conditions of altitude, latitude, or modu-
lation. The pion spectrum, which does change drastically with
altitude, contributes less than 5% to the total yield. Hence it is
assumed that the spallation yield y, is constant everywhere. To
calculate it, hadron spectra are chosen from conditions corre-
sponding to the mean global production rate: at 45° geomag-
netic latitude, at an altitude of 10 km, U = 200MV,and M =
L.

Both Rudstam’s [1966] CDMD method and Silberberg and
Tsao’s [1973a, b] method were used. The composition of the
atmosphere was taken from Kallmann-Bijl et al. [1961]. The
results for both models are summarized in Table 5.



426 O’BrieN: COSMOGENIC ISOTOPE PRODUCTION

The study of Yasyulenis et al. [1974] indicates that the error The ratios of the two sets of results, those of Rudstam and
in assuming y, constant everywhere is of the order of 10%. those of Silberberg and Tsao, are consistent with the generally
Spectral and atmospheric compositional differences may result  accepted view that the Rudstam method has a coefficient of
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Fig. 1. Star density contours in the earth’s atmosphere as a function of the earth’s geomagnetic field strength, in

multiples of its current value (rows) and as a function of solar modulation expressed in terms of the Ehmert potential in
megavolts (columns).
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Fig. 2. Cosmic ray o and proton spectra incident on the earth’s
atmosphere for various modulation conditions.

Tsao approach has a coeflicient of variation of 20-30. Hereaf-
ter, ‘calculated yields’ will refer to yields obtained by the
Silberberg-Tsao procedure.

Experimental Yields

Lal and Peters [1967] have published a number of spallation
yields, some of which are based on experimental data. In
addition, Young et al. [1970] have published isotope produc-
tion rates in argon measured at an altitude of about 20 km
near 50° geomagnetic latitude (with a vertical cutoff of about
2.5 GV). Combining these data with the calculated star pro-
duction rates allows the inference of the corresponding spalla-
tion yields. Experimental yields from both sources are exhib-
ited in Table 6.

I have not been able to find a quantitative assessment of the
total experimental error in either paper, but the results as
expressed in Table 6 are consistent with apportioning 30%
equally to measurement and to calculation.

IsoToPIC INVENTORIES
Beryllium 7

Aircraft and balloon measurements of "Be in the strato-
sphere carried out under the direction of the Health and Safety

427

Laboratory (now the Environmental Measurements Labora-
tory) from 1970 to 1974 (M. Schonberg, unpublished data,
1977) are shown in Figure 3. The time-dependent "Be inven-
tory was calculated by using the Silberberg-Tsao spallation
yield of Table 5 along with the stratospheric star density totals
of Table 2 to construct an array of "Be inventories versus
Ehmert potentials. Deep River neutron monitor data [Steljes,
1973; Wilson and Bercovitch, 1975] were then used to obtain
the modulation corresponding to each measurement period
and hence the "Be production rate. To pass from isotope
production to radioactivity, a half-residence time of 10 months
was assumed [Krey and Krajewski, 1970], and the equilibrium
of decay and production was assumed. Thus

(1) = 138yg._4S(1) [—)\d— :I

Ar + Ag
AN=1In2/H, i=R,d
where
I(¢) time-dependent inventory in megacuries, the constant

138 converts from radiocarbon atoms in units of

cm,~2 57! to megacuries (where subscript e signifies

that results are integrated over the whole earth);

yield (from Table 5);

time-dependent worldwide star production rate for the

stratosphere (Table 2);

A, removal rate for radioactive decay or stratospheric
residence;

H, half period for radioactive decay or stratospheric re-
sidence;

R corresponds to residence time;

d corresponds to radioactive decay.

Overall agreement is seen to be very good. The time depen-
dence is correctly given.

Radiocarbon

Long-term variations. Elsasser et al. [1956] derived a rela-
tionship between the earth’s magnetic field strength and radio-
carbon production which is ¢ = M~°%%, where Q is the pro-
duction rate and M is the geomagnetic dipole moment in units
of the current value, i.e., with today’s field strength taken as
unity. Plotting the data from Table 3 on Figure 4, it can be
seen that this formula describes the radiocarbon production
dependence on M over all conditions of modulation for M as
high as 5. Not unexpectedly, as Figure 5 shows, the Elsasser,
Ney, and Winckler formula applies equally well to spallation-
produced isotopes.

In order to account for the effect on the total accumulated
value of radiocarbon of the previously mentioned sinusoidal

TABLE 2. Star Production Rate*

Multiple of Current Geomagnetic Field Strength

Deep River
Ehmert Neutron Monitor Total Atmosphere
Potential, Counting Rate, Stratosphere,

MV counts/h M=0 M=05 M=10 M=15 M=35 M=10

0 2,247 X 10® 5.049 2.825 2.087 1.713 0.9412 1.522
200 2.104 x 10° 3.922 2.462 1.855 1.535 0.8417 1.315
500 1.948 X 10° 3.008 2.108 1.630 1.363 0.7658 1.108
1000 1.769 x 10° 2.225 1.746 1.395 1.177 0.6864 0.9227

*Star production rate is in units of cm.~% s~*, where subscript e signifies that results are integrated over the whole earth.
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TABLE 3. Radiocarbon Production Rate*
Multiple of Current Geomagnetic Field Strength
Deep River
Ehmert Neutron Monitor Total Atmosphere
Potential, Counting Rate, Stratosphere,
MV counts/h M=0 M=0.5 M=10 M=15 M=5 M=10
0 2.247 X 10° 4.979 2.781 2.075 1.713 0.9374 1.303
200 2.104 X 10° 3.828 2.426 1.831 1.534 0.8448 1.116
500 1.948 X 10® 2.937 2.087 1.631 1.367 0.7680 0.9394
1000 1.769 X 10® 2.188 1.738 1.404 1.191 0.5821 9.7817

*Radiocarbon production rate is in units of cm,~? s~!, where subscript e signifies that results are integrated over the whole earth.

9000-year change in magnetic field strength, Ralph’s [1973]
approach is followed.
Let

M@) =1 — A sin ot (n

Since the field strength ranges from 0.5 to 1.5, 4 must be 4.
Since the period is 9000 years,

-2 _ 4yt
©= 3000 = 6.98 X 10~*yr
Hence
Q@) = K/(1 — & sin wit)**? 2)

where Q(¢) is the production rate cm,~2 s~* and KX is a constant
of proportionality. Ralph introduces the approximation that

Q = ~K(1 + }sin wt) 3)
The time dependence of the total inventory is then

da _
i MM+ Q) “)

where A is the radiocarbon decay rate. The solution is

_ 1 w A . :I
I=K I:)\ prCE cos w! + o) sin w!? &)

Note that is has been assumed that the 9000-year sinusoidal
variation extends indefinitely into the past.

To express (5) in terms of the current magnetic field
strength, M = 1 implies ¢ = 2xn/w, and hence @, = K.
Therefore (5) becomes

A =1 Ao

T Oy (6a)

TABLE 4. Comparison of Radiocarbon and Star Production Rates
Under Average Conditions as Determined by Lal and Peters [1962]
and in This Study

Lal and Peters This Study
Star
Total atmosphere 1.8 1.9
Troposphere 0.6 0.5
Radiocarbon
Total atmosphere 1.8 1.8
Troposphere 0.8 0.7

Production rates are in units per square centimeter per second
averaged over the whole earth.

or perhaps more conveniently,

AL =1- __218T_112_
Qo Tl/z2 — 10

(6b)
where T, is the isotopic half-life in years.

The largest departure of the ratio from unity can be seen to
occur when T,,; = 1000 years, a period of time corresponding
half the time to the minimum value of Q.

Short term variations. Lingenfelter [1963] and Lingenfelter
and Ramaty [1970] have proposed a relationship of the form

Q=A4-BR (7a)
for the dependence of radiocarbon production on the mean
annual sunspot number (Wolf index), where R is the Wolf
index, allowing an estimate of the effect of solar modulation
on the radiocarbon production rate during the last 100 years.
By using the calculated dependence of radiocarbon production
on solar modulation shown in Table 3 and comparing the
Wolf index it is possible to evaluate the agreement between
Lingenfelter’s model and the calculated radiocarbon produc-
tion rates.

Rao [1972] has synthesized the behavior of the Deep River
neutron monitor from 1937 to 1957 from ion chamber data
and attached these data to the published counting rates up to
1970, covering 3 complete solar cycles. Conveniently, the mean
annual sunspot numbers are also given. Having extracted the
Ehmert potential from the counting rate data (via Table 1) and
the radiocarbon production rates from the potentials (via

e » MEASURED

/ -
FAR o

STRATOSPHERIC INVENTORY OF BERYLLIUM-7 (MCi)

1970 971 1972 1973 1974

Fig. 3. Measured and calculated stratospheric "Be inventories during

44 years.
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TABLE 5. Calculated Spallation Yields

Yield Per Star

Isotope Half-Life Rudstam Silberberg-Tsao R/ST*
“Be 1.50 X 10° years 5.07 X 10~? 1.37 X 102 0.37
26A] 7.16 X 10° years 3.46 X 10°® 222X 10°° 1.60
*Cl 3.08 X 10° years 9.09 X 104 474X 104 1.90
28i 280 years 1.51 X 10-® 3.55x10-* 0.43
Ht 12.3 years 3.35x10°® 1.63 X 102 0.21
2Na 2.62 years 3.02x10°® 1.99 X 10-° 1.50
*S 87.9 days 2.63 X 10" 3.17 x 10-* 0.83
"Be 53.6 days 5.37x10°* 3.04 X 10-2 0.18
sp 24.4 days 1.26 X 10-* 1.79 X 10+ 0.70
ap 14.3 days 288X 1074 1.86 X 10~ 1.50
*Mg 21.2hours 330x 10-° 9.30 X 10-° 0.35
#Na 15.0 hours 446 X 10-° 3.83x 10°® 1.20
*S 2.87 hours 385X 10-° 7.75X 10-° 0.50
agj 2.62 hours 6.39 X 10-* 8.68 X 10-¢ 0.74
BF 1.83 hours 271 X 10-*° 1.67 X 10-* 1.60
*Cl 55.7 min 6.32 X 1078 5.11 X 10-¢ 0.12
*Cl 37.3min 2.28x 101 3.19x10-¢ 0.71
smCy] 32.0 min 6.41 X 10~ 212X 107 3.00
2Al 6.56 min 3.40 X 10-* 5.46 X 10-® 0.62
S 5.04 min 2.04x 1078 2.16 X 10-# 0.94
*Ne 3.4 min 7.65 X 10-7 2.84 X 10-* 0.27
op 2.55 min 429 X 10-° 2.29 X 10~ 1.90
Al 2.3 min 1.09 X 10-4 8.08 X 10-* 1.30

*Ratio of Rudstam results and Silberberg-Tsao results.
+The production cross section of *H is not validly given by either of these approaches and was in-
cluded only because of the importance of the isotope.

Table 3), a least squares fit to the sunspot data yielded
Q = 1.937 — 0.00242R

with a standard deviation of 0.098 cm,~%2s~!.

The calculated radiocarbon production rates and the predic-
tions of the Lingenfelter model are shown in Figure 6. Agree-
ment is clearly good.

Radiocarbon inventory. It is convenient to treat the short-
term (solar) and long-term (geomagnetic) effects on radio-
carbon production separately.

Lingenfelter [1963] gives 47.7 as the mean annual sunspot
number between 1844 and 1954. This yields 1.822 cm,~?s~! for
the mean production rate during this time. Applying the 5730-

(7b)

year half-life to the geomagnetic correction (6) yields 1.75
c¢m,~2 s~! for the current radiocarbon reservoir. This is in
excellent agreement with direct estimates of the radiocarbon
reservoir based on analyses of the specific activity of C on the
earth’s surface. Damon et al. [1978] give 1.98 cm,~? s~*, Grey
[1972] gives 1.8_o.0¢+%%, and Suess [1965] gives 1.76. All these
estimates lie within or very close to the error bounds on Grey’s
value. All the above results lie within a range of 12% and are
felt to be statistically indistinguishable.

Lingenfelter and Ramaty [1970] have calculated a radio-
carbon inventory of 2.2 cm,~% s~! using experimental neutron
flux and density measurements in the literature instead of
nuclonic cascade calculations.

TABLE 6. Calculated and Measured Spallation Yields Per Star

Coefficient of

Percent Variation of
Isotope Calculated Yield Measured Yield Deviation*  Counting Statistics
1°Be 0.014 0.025¢% —-44
*H 0.016 0.14%
=S 32x10 8.6 X 10-% —63
Be 0.030 0.045* =33
ap 1.8 X 10°¢ 3.8 X 1074 —53
ap 1.9 X 10-* 4.6 X 10-*% -59
»Mg 9.3Xx10-° 1.2 X 10-%% —22 15
#Na 38X 10-® 4.4 X 10~} -13 18
S 7.8 X 10°* 29X 10-%% -73 20
BF 1.7X 10 8.1 X 10% 110 36
*®Cl 5.1 X10-* 1.1 X 10-%% —54 5
BCl 32X 10 7.0 X 104} ~54 10
“mC] 2.1 X10°® 77X 10-°% -73 13

*Percent deviation = [(calculated — measured)/measured] X 100.

tLal and Peters [1967].
}Inferred from Young et al. [1970].
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Fig. 4. Worldwide radiocarbon production as a function of M, the
geomagnetic field strength in units of the current value, compared with
the geomagnetic dependence given by the Elsasser, Ney, and Winckler
formula.

ELSASSER, NEY, WINCKLER
FORMULA

STARS (cmg-s)"!
o
T

ol L I )
ol 10 K
M-GEOMAGNETIC FIELD INTENSITY
IN MULTIPLES OF CURRENT VALUE

Fig. 5. Worldwide star production as a function of M, the geo-
magnetic field strength in units of the current value, compared with the
geomagnetic dependence given by the Elsasser, Ney, and Winckler
formula.
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Fig. 6. Worldwide radiocarbon production compared with the Ling-
enfelter model during solar cycles 19, 20, and 21.
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TABLE 7. Comparison of Recent Radiocarbon Production
Calculations

Light et al. Merker
Year [1973] [1970] This Study
1964 2.42 2.15 1.83
1965 2.58 1.91
1966 2.39 1.80
1967 2.10 1.75
1968 2,03 1.63
1969 1.93 1.86 1.60
1970 1.90 1.63

Values are in units per square centimeter per second averaged over
the whole earth.

Two recent calculations of radiocarbon production, those of
Merker [1970] and Light et al. [1973], are compared with the
results of this study in Table 7. Both are higher than these
results, by 16 and 25%, respectively.

COSMOGENIC ISOTOPY INVENTORY

It is possible on the basis of the foregoing to compile an
average inventory of cosmogenic isotopes in the environment.
This is shown in Table 8, accounting for the geomagnetic
correction and solar modulation effect correction. Spallation
yields were the Silberberg-Tsao yields of Table 5 except for
tritium, which was taken from the experimental yields of Table
6, and, of course, radiocarbon, The tabular values for materi-
als with half-lives longer than about | solar cycle (11 years)
represent the total amount actually in the environment. The
inventories of materials with shorter lifetimes vary rapidly
with time (see, for instance, the "Be concentrations in Figure
3), and the table entries merely represent the average inven-
tory.

CONCLUSION

This paper provides calculated cosmogenic isotope data as a
function of geomagnetic field strength and solar modulation,
along with spallation yield values based on the recent formula-

TABLE 8. Cosmogenic Isotope Inventory

Inventory, Inventory,

Isotope Half-Life cm % 87! MCi
*Be 1.5 X 10° years 2.51 X 102 35
Al 7.16 X 10° years 4.06 X 10- 0.0056
*Cl 3.08 X 10° years 8.66 X 104 0.12
uC 5730 years 1.75 241

*H 280 years 0.255 35

2Na 2.62 years 3.64 X 10-® 0.0050
*S 8.79 days 5.80 X 10~* 0.080
"Be 53.6 days 5.56 X 10-2 7.7

b 24.4 days 3.27 X 10-* 0.045
2p 14.3 days 3.40 X 10—+ 0.047
Mg 2.12 days 1.70 X 10-* 0.0023
#Na 15.0 hours 7.00 X 10-° 0.0097
*8 2.87 hours 1.42 X 10-8 0.0020
ns 2.62 hours 1.59 X 104 0.022
BF 1.83 hours 3.05x 10-° 0.0042
*Cl 55.7 min 9.35x 10-* 0.13
*Cl 37.3 min 5.83 X 10~ 0.080
umC] 32.0 min 388X 10-* 0.0054
2Al 65.6 min 99.9 X 10-* 0.0014
78 5.04 min 3.95x 10-3 0.0055
#Ne 3.4 min 5.19 x 10-¢ 7.2X 104
»p 2.55 min 419X 10 0.0058
A1 2.3 min 1.48 X 104 0.020
Total 286
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tion of Silberberg and Tsao [1973a, b]. On this basis, the
stratospheric inventory of "Be was calculated as a function of
time. Good agreement with experiment was obtained. The
Elsasser et al. [1956] formula and the Lingenfelter [1963] sun-
spot model were evaluated by comparison with the results of
this study and were validated. The effects of short-term solar
modulation and long-term changes in geomagnetic field
strength were taken into account in the calculation of radio-
carbon and other radioisotopic reservoirs.

In particular, the measured radiocarbon reservoir was found
to agree well with the calculated value. Earlier calculations of
radiocarbon production were considerably higher and posed a
problem in explaining the actual quantities found [Grey, 1974].
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