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Abstract

To investigate muon-induced nuclear reactions leading to the production of radionuclides, targets made of CoHj,,
SiO,, AlLO3, Al S, CaCO;, Fe, Ni, Cu, Gd, Yb and Tl were irradiated with 100 and 190 GeV muons in the NA54
experimental setup at CERN. The radionuclide concentrations were measured with accelerator mass spectrometry and
v-spectroscopy. Results are presented for the corresponding partial formation cross-sections. Several of the long-lived
and short-lived radionuclides studied are also produced by fast cosmic ray muons in the atmosphere and at depths
underground. Because of their importance to earth sciences investigations, calculations of the depth dependence of

production rates by fast cosmic ray muons have been made.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The production of radionuclides in the atmo-
sphere and in the lithosphere by cosmic radiation
is principally due to four reaction mechanisms (cf.
[1]): (1) energetic nuclear reactions of the nucle-
onic component, (ii) negative muon capture by
the target nucleus, (iii) nuclear reactions of fast
muons, (iv) nuclear reactions of neutrons originat-
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Fax: +49-89-28-91-42-80.
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ing from the above reactions and from both spon-
taneous fission of U and « decays of 2323%U
and 22Th [2]. In recent years, muon produced
radionuclides have gained considerable impor-
tance as tracers in geologic and geomorphologic
processes, when depths deeper than a few meters
are investigated or when high erosion or ablation
rates are present. Examples of these applications
are determinations of exposure ages, erosion and
ablation rates of geologic surfaces, dating of
groundwater, measurements of neutron fluences
in Hiroshima and Nagasaki arising from the first
atomic bombs, solar and reactor neutrino experi-
ments, and dark matter searches.
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The results of our investigations on the produc-
tion of radionuclides due to W~ capture are re-
ported in [3]. In this paper, we present the results
of studies on the production of radionuclides by
fast muons. Radionuclides produced by fast
muons are also produced by the nucleonic com-
ponent, the dominant nuclear reaction in the at-
mosphere down to sea level and in the first few
meters of the lithosphere. However, at depths
greater than a few meters, muon induced reac-
tions are the dominant mode of production. For
completeness, we mention that geologic applica-
tions based on results of the present study, e.g.
surface exposure ages and erosion and ablation
rate determinations are described in [4]. The re-
sults of fast muon irradiation of the pseudocumol
(PC) target CoHjp, which is the detector com-
pound in the solar neutrino experiment BOREX-
INO, and studies of background counting rates
for this experiment are reported in [5].

2. Muon irradiations

Experiments were performed with 100 and 190
GeV positive muon beams at the NAS54 experi-
mental setup at CERN (Fig. 1). The muon fluxes
were measured using a hodoscope consisting of a
scintillation counter and an ionization chamber.
About 3 m of concrete blocks were used in front
of the targets to generate muon showers. The en-
ergy loss of the muons in the concrete blocks was
calculated to be 1.9 and 2.3 GeV [6], respectively.
Assuming a shower length of 3 hg/cm? [7] results
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Fig. 1. Setup of experiment NAS54 for irradiations of targets
with fast muons.
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Fig. 2. Lateral activation profiles of 33%Co in Ni disks
and of **Mn in Fe disks.

in mean muon energies of 98.5 and 188.2 GeV,
respectively, for the shower production at the lo-
cation of the targets. The lateral extent of the
showers was measured with a laterally movable
scintillator and with Fe, Ni and Cu monitor disks.
The radioactivities of the Fe, Ni and Cu monitor
disks were measured off-line by y-spectroscopy.
The lateral activation profiles of **3¥Co in Ni
disks and of **Mn in Fe disks are shown in Fig.
2. The profiles can be fitted by a single Gaussian
function for the central part, which is caused
mainly by the primary muon beam, and by two
exponential functions at larger lateral distances.
These beam profiles are used to calculate the
shower fluxes seen by the target disks. The targets
irradiated with the fast muon beams were CoHj»
(pseudocumol PC), SiO,, Al,O;, Al, S, CaCOs,
Fe, Nl, Cu, Gd203, Yb203 and TIL.

3. Chemical procedures and radionuclide
measurements

For all targets except for CyHj, the yields for
the short-lived radioactivities were measured with-
out chemical processing by off-line y-spectroscopy
with a shielded low-level Ge detector. The yields
for the radionuclides produced from the CyHj,
target were measured on-line by using the target
as scintillation detector (see [5]). For the concen-
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tration measurements of long-lived radionuclides
with accelerator mass spectrometry (AMS), the
targets were chemically processed according to
established procedures. Separate SiO, targets
were used for the °Be, °Al and “C productions.
The wet extraction of “C from the targets was
done at the Scripps Institution of Oceanography,
La Jolla, and the AMS measurements of 4C were
performed at the University of Arizona NSF Fa-
cility in Tucson. No chemical processing was
needed for the 2°Al measurement in the Al,Os
target. The 'Be targets were chemically processed
as described in [8], and the '°Be/Be ratios were
determined using the AMS facility at ETH Hong-
gerberg [9]. All other AMS measurements were
performed at the Munich accelerator laboratory.
The CaCOj; target was processed as described in
[10] to obtain an AgCl sample. The 3¢Cl AMS
measurement was performed with completely
stripped chlorine ions (see [11]). The **Mn targets
were processed as described in [12] and measured
using the gas-filled magnet at the Munich accel-
erator laboratory [12].

4. Results

The calculated cross-sections in Table 1 for
muon energies of 100 and 190 GeV are based
on the measured muon fluences and beam pro-
files, and on the nuclide concentrations measured
with AMS and y-spectroscopy. They are in the
range of 2 ub-36 mb. The cross-sections for ra-
dionuclide production from the pseudocumol C
target [5] are given here for completeness. 2>Tl
from the Tl target has not yet been measured.

In the following, we discuss the implications of
the results in reference to fluxes of cosmic ray
muons and the expected rates of production of
several nuclides.

5. Production of radionuclides by fast muons

5.1. Cosmic ray muon flux

The vertical cosmic-ray muon flux, @,(%), in the
lithosphere can be approximated well by [13-17]:

@, (h) =
258.5 S SX10th 2 1 1

(h + 210)~([h + 10]1-% + 75)° em 2 s ! sr

for <2000 hg/cm? 0

and

1211\? s
@, (h) = (1.82><10_6(T) e M+

2.84X% 10_'3> em 2 s sr™! for 7>2000 hg/cm?

)

The lithospheric depth / is given in units of hg/
cm? with 1 hg/em? =1 mwe (meter water equiva-
lent). The lithospheric depth % is related to the
depth z below the top of the atmosphere by
z=h+10.33 hg/cm?. The parametrization is iden-
tical to the one given by [13] after replacing z with
the lithospheric depth £, except that the original
exponent 1.68 was changed to 1.66 to obtain a
smoother transition between Egs. 1 and 2. Fig.
3 shows the vertical muon flux @,(%) obtained
from Eqgs. 1 and 2 together with measured data
[13,17-21]. The agreement is perfect over the full
depth range. The zenith angle (6) dependence of
the muon flux is given by:

@ (h,0) = &, (h)cos"™ 6 (3)
where n(h) can be approximated by the function:
n(h) =3.21—0.297In(h + 42) + 1.21x 10 h  (4)

Fig. 4 shows experimental results for n(h) [21-32]
together with the approximation given by Eq. 4.
At sea level, we obtain n(0)=2.1. Using Egs. 3
and 4, we obtain for the total muon flux, @&(h):

2
@ (h) = @D (h,0)dQ2 = W-dﬁv(h) (5)

2r
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Table 1
Target element, radionuclide, half-life 77/,, detection method, cross-sections at 100 and 190 GeV, and exponent ¢ describing the
energy dependence of the cross-section

Target Nuclide Ty Method o(100 GeV) o(190 GeV) o
(mb) (mb)

C ®He 0.807 s in-beam y 0.01015%0.001 0.01602£0.0016 0.71£0.22 [5]
C SHe+ 0.119 s in-beam y

°Li 0.178 s in-beam y 0.00212£0.00035 [5]
C 8Li 0.840 s in-beam y 0.00293 £0.0008 0.00402 £0.00146 0.50%£0.71 [5]
C "Be 53.3 days in-beam y 0.127+0.013 0.230%£0.023 0.93+0.23 [5]
C 1Be 138 s in-beam y <0.00122 <0.00234 [5]
C 8B 0.770 s in-beam y 0.00416 = 0.00081 0.00713£0.00146 0.84+0.45 [5]
C °C 0.129 s in-beam y 0.00483 £0.00151 [5]
C e 193 s in-beam y 0.0774 £ 0.0049 0.1154£0.0146 0.62+0.22 [5]
C c 20.4 min in-beam y 0.576 £0.045 0.905%0.058 0.70£0.16 [5]
o "Be 53.3 days off-line y 0.53%0.11
o 10Be 1.6 Ma AMS 0.094%0.013
0} e 5730 a AMS 0.45£0.25
Al 2Na 26a off-line y 0.48£0.08
Al %Na I5h off-line vy 0.92+0.15
Al 26 A1 716 ka AMS 33%1.5
Si 22Na 2.6 a off-line vy 0.21+0.05
Si A1 716 ka AMS 1.41+0.17
S 26 A1 716 ka AMS 0.22£0.06
Ca el 301 ka AMS 1.40£0.30
Fe 465¢ 83.8 days off-line vy 0.097 +£0.030 0.21+0.07 1.20+0.63
Fe 4T8¢ 3.35 days off-line vy 0.070£0.025 0.085£0.030 0.30%£0.63
Fe 8y 16 days off-line y 0.17£0.04 0.31+0.09 0.88+£0.49
Fe SICr 27.7 days off-line vy 1.07+0.22 2.12+0.41 1.06+0.39
Fe 22Mn 5.6 days off-line vy 0.14%0.02 0.25%0.03 0.86+0.26
Fe 3Mn 3.7 Ma AMS 3.85%1.1
Fe #Mn 312 days off-line vy 3.04+0.30 5.51%£0.55 0.93+0.21
Fe %Co 77.3 days off-line vy 0.029+0.012 0.13£0.04 1.37+0.68
Ni 465¢ 83.8 days off-line vy 0.044 +0.016 0.072£0.025 0.77£0.6
Ni |y 16 days off-line y 0.14%0.04 0.27+0.08 1.07£0.55
Ni SICr 27.7 days off-line vy 0.68+0.17 1.17£0.30 0.84+0.47
Ni 22Mn 5.6 days off-line vy 0.20£0.04 0.34+0.07 0.83£0.39
Ni Mn 312 days off-line vy 0.83+0.16 1.57+0.31 1.00+0.39
Ni %Co 77.3 days off-line vy 1.94£0.20 3.60£0.38 0.96+0.21
Ni Co 272 days off-line vy 20.2%+2.0 35.8%£3.6 0.89+0.21
Ni 8Co 70.9 days off-line vy 6.11+0.62 11.7+1.2 1.01+0.21
Ni 0Co 527 a off-line vy 1.77£0.35 3.42+0.70 1.03£0.39
Ni SONi 6.08 days off-line y 0.14+0.03 0.27+0.05 0.98+0.39
Ni STNi 36.0 h off-line vy 4.76+£0.48 8.81%£0.85 0.96+0.21
Cu 465c 83.8 days off-line vy 0.036+0.012 0.072£0.022 1.08+£0.55
Cu aY 16 days off-line y 0.085+0.025
Cu SICr 27.7 days off-line vy 0.185+0.045 0.30+0.09 0.75+£0.52
Cu 22Mn 5.6 days off-line vy 0.041£0.012 0.080+0.024 1.04£0.39
Cu #Mn 312 days off-line vy 0.21£0.04 0.40+0.08 1.00+0.39
Cu PFe 44.5 days off-line vy 0.052+0.010 0.120£0.020 1.30+0.39
Cu %Co 71.3 days off-line vy 0.076 £0.014 0.155+0.030 1.11+0.39
Cu Co 272 days off-line vy 0.28£0.04 0.53+0.07 0.99+0.30
Cu 8Co 70.9 days off-line vy 0.63£0.10 1.12+0.16 0.90+0.30
Cu 0Co 527 a off-line vy 0.46£0.09 1.20£0.25 1.49+0.39
Gd 153Eu 15.2 days off-line y 0.110.06
Gd S7Ey 152 h off-line vy 0.35+0.11

Gd 199Gd 185h off-line y 9.3+1.0
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Table 1 (Continued).

Target Nuclide T\ Method o(100 GeV) o(190 GeV) o
(mb) (mb)

Gd 153Gd 242 days off-line vy 2.1+£0.3

Gd 155Tb 5.32 days off-line y 0.07%0.03

Gd 160 723 a off-line y 0.03£0.01

Yb 2By 493 h off-line y 0.36 £0.09

Yb 165Tm 30.1 h off-line y 0.6+0.2

Yb 167Tm 9.25 days off-line y 14023

Yb 168Tm 93.1 days off-line vy 0.56£0.25

Yb 166yh 56.7 h off-line y 0.6+0.2

Yb 199y 32.0 days off-line y 7.5+1.1

Yb 15Yb 4.19 days off-line vy 27.7£3.9

Yb 7Ly 8.24 days off-line y 0.15%0.03

Yb 172Lu 6.7 days off-line y 0.110.01

The chemical compound was SiO, for the targets O and Si, and Al,O3 for Al

5.2. Muon spectral distribution and energy spectra

Judge and Nash [24] derived the differential
spectrum of the muon energy Ey at sea level as
function of the zenith angle 6:

where E; and Ex are the pion and kaon energies,
respectively, Hp=114 GeV, Hgx =851 GeV,
=¥ =27, Az =0.28, Ax =0.0455 and W, are
the survival probabilities for muons in the atmo-
sphere. For definitions of the functions W g,
Wuk, Er and Eg reference is made to [24].
D(Ey,0) is used to calculate the mean muon ener-
gies but not the muon fluxes as function of depth.
The total muon flux at sea level would become

D(Eo.6) AxWynEr "Hy  AxWuxEx ™ Hg
0 E.cos 0 +H, Excos 6+ Hg
(6)
102
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Fig. 3. Vertical cosmic ray muon fluxes @,(h) calculated with Egs. 1 and 2 in comparison with measured fluxes [13,17-21].
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5 JaD(Eo, 6)d cos 6 dEy = 0.019 cm ™2 5! This
is 10% lower than @0)=0.0207 cm™2 s~! from
Egs. 1, 3-5.

The energy loss of muons is given by:

dE
—=a+bE 7
oo at ()

where « is the energy loss due to ionization and b
is the sum of fractional radiation losses. The pa-
rameters ¢ and b are almost energy independent.
For standard rock and muon energies in the range
around 30 GeV, @=0.227 GeV hg™! cm? and
b=2.44x10"* hg™! cm? [6].

If we consider a muon at depth 4 with the en-
ergy E under the angle 9, its energy Ey(6,h) at sea
level would have been:

Eo(6,h) = (E + )ewi— (8)
b b

The differential muon energy spectrum with en-

ergy E at depth / is then given by:

D(E, 6,h) = D(Eo(6,h), 9).w o)
with:
dE(0,h)
# — 9
dE eCOoS (10)

obtained from Eq. 8 [33].

Fluctuations in energy losses are not taken into
account. With these differential energy spectra
D(E,0,h), the mean total energy E(h) and the
mean vertical energy E,(h) are calculated. For
sea level, E(0)=7.6 GeV and E,(0)=4.6 GeV.
For shallow depths, 4 <32 hg/cm?, the calculated
mean energies E(h) agree well with the ones given
in [34]. The maximum energy at great depths,
with these values of a and b, is obtained to be
350 GeV. In Fig. 5 discrete calculated mean en-
ergy values E(h) based on Egs. 6-10 are plotted
together with the experimental result of the MAC-
RO detector [35], E(3600 mwe)=(320+4+£11)
GeV, and with an approximation E’(h) (solid
line). For the approximation E’(k), a maximum
energy of 380 GeV [33] and the result of the
MACRO detector were used. This approximation

E'(h) (Eq. 11) facilitates the calculation of the

7 T T T

6

n (h)
~

1 1 1 1
1 10 100 1000

depth from top of the atmosphere, h+10 [hg/cmz]

Fig. 4. Exponent n(h) describing the zenith angle dependence
of the muon flux via cos"® 6 as function of the depth, A+10
hg/cm? below the top of the atmosphere (4 is the lithospheric
depth). The experimental values are taken from [21-32]. The
function used for the approximation is given by: n(h)=3.21-
0.297 In(h+42)+1.21 X 10734,

depth dependence of the mean energy:

E'(h) = 7.6 GeV + 321.7 GeV/(1—e $090x107) 4

50.7 GeV/(1—e 305x107h) (11)

5.3. Production mechanisms and production rates
of nuclides by fast muons

The energy loss of muons in matter is due to
ionization, direct pair production, bremsstrah-
lung, and inelastic nuclear scattering. The second-
ary particles created are o electrons, electron/posi-
tron pairs, photons and hadrons. The electrons,
positrons and photons produce electromagnetic
showers, and hadronic showers are produced by
hadrons and photons. The electromagnetic show-
ers and the secondary photons produce nuclides
via photo-spallation reactions. The hadronic
shower particles and the secondary nucleons pro-
duce nuclides via spallation and other nuclear re-
actions.

The production rate of nuclides is given by:

Py (h) = /2 /,, dE-dQ-®(h, 0)G(ER)N  (12)
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where o is the particular nuclear reaction cross-
section, and N is the number of target nuclei per
gram in the target compound. According to the
Wolfendale rule [36-38] and based on the exper-
imental data from the Homestake mine [39],
and the Gran Sasso underground laboratory [7],
the cross-section depends on the muon energy
E[GeV] as:

o(E) = opE® (13)
with op=o(l GeV). The exponent « is about
a=0.75. For the measured nuclides oy can be
calculated from Eq. 13 and Table 1. With Egs.

5, 10 and 11, the production rate of nuclides by
fast muons is then given by:

Py, (h) = o0 (h)-E” (h):N (14)
with the factor S given by:

Bh) === (15)

Fig. 6 shows the factor S(h) as function of the
depth i for a=0.75. B(h) depends only weakly
on depth. For sea level, f(h)=0.85. B(h) can be
approximated by the function:

E(h) [GeV]
103 T T T

1 1 1
1 10 10? 10° 10*

lithospheric depth h [hg/cm’]

Fig. 5. Mean total muon energies E(h) (O) calculated with
Egs. 6-10 as function of depth together with the approxima-
tion E’(h) (solid line) of Eq. 11, and with the experimental
result of the MACRO detector [17], E(3600 mwe)=
(320+4+11) GeV (D).

0.96 T T

B (b
0.94[ T
092 1
09 [ ]
0.88
0.86
0.84
1 1
0827 10 100 1000
lithospheric depth h [g/cmz]
. E(h)* . . .
Fig. 6. Factor f(h) = —=— as function of lithospheric
E(h)*

depth 4, calculated with Egs. 15 and 16.

B'(h) = 0.846—0.015 In(/ + 1)+
0.003139 (In(/ + 1))? (16)

(solid line in Fig. 6). The mean value of fis 0.885
in [7] for greater depths, in agreement with the
present calculations shown in Fig. 6.

Pllf (h) . Nl

L = By (hyE*(h) (17)
with a=0.75 is shown as function of depth in Fig.
7. Using Eq. 17, it is possible to calculate the
production rate of a nuclide as a function of
depth if the production cross-section op is known.
At sea level, we obtain:

B(0)-@(0)-E*(0) =2.54X10° cm 2 a™!

With standard mathematical programs B’(/)-@® (h)-
E”" (h) can be easily calculated. Due to the calcu-
lation of the mean muon energy with Eqs. 6-10,
which is different from the one used in [4,40], the
present calculated yields Py (/) for sea level and
shallow depths are higher than the ones given in
[4,40]. For depths & > 50 hg/cm? relevant for fast
muon induced reactions both calculated yields
agree reasonably well.
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The depth integrated production rate, Q,,, of a
nuclide (per cm? and time unit) is given by:

QMf = /0 Puf(h)'dh = PHf(O)'A i (18)

Ay, is the absorption mean free path for fast
muon induced production of radionuclides and
is calculated to be Ay, =43.2 hg/cm?. This ab-
sorption mean free path A, can be used for
rough estimates in the calculation of erosion or
ablation rates, with the approximation:

h
Pur(h) = Py (O)e A (19)

The function B(h)-@®(h)-E°(h) can also be used to
calculate the rate of fast muon produced
neutrons. Calculated values for the energy
dependent neutron production can be taken
from [34,37, 38,41-43]. With [37] the depth depen-
dent fast muon induced neutron production rate
is:

=

Poy () =7x107¢ gt em? B(h)-@(h)-E (20)
A fit to experimental results to the number N, of
produced neutrons per muon [34],

2
N —4 14.EO'M.10,6neutrons.cm
T muon g’

gives

o

Poy(h) =48%X107% g7 em? B(h)-@(h)-E" (21)
The yield of Eq. 21 obtained from [34] is
about 70% of the yield of Eq. 20 obtained from
[37].

5.4. Energy dependence of the cross-sections

In [36-38], an exponent of a=0.75 for the en-
ergy dependence of the cross-section is derived.
Experiments for the determination of the back-
ground of neutrino experiments yield a=0.75
[39] and 0.7 [7], in good agreement with [36-38].
Monte Carlo simulations of the production of

B’ ®(h) E(m)”, cm”a’
10 T T T

102 | | |
1 10 10? 10° 10

lithospheric depth h [hg/em’]

Fig. 7. Function fB’(h)-@(h)-E(h)* describing the depth de-
pendence of the fast muon induced production rate of radio-
nuclides, with =0.75 (see text).

"IGe from Gallium give a=0.8 [7]. The neutron
yield of muons give a=0.74 [34]. The exponent

o(190 GeV)

In——=
o :w deduced from the present
lnm

measurements performed at 100 and 190 GeV is
given in Table 1. The averaged value is & =
0.94 £ 0.07. Taking energy losses in the concrete
blocks in front of the targets and shower lengths
into account, & = 0.93+0.07 is deduced. This
value is slightly larger than those given in
[7,34,36-39]. Tt is also larger than the value of
0=0.7310.10 [5] measured for shower produc-
tion in water. This larger value can be explained
by the various energy dependences of the energy
loss processes of muons. The contribution of
knock-on electrons from ionization losses, which
is very important for energies below 100 GeV, has
only a small energy dependence. Contributions of
bremsstrahlung and pair production depend al-
most linearly on energy [44]. In water, energy
loss due to ionization is more important than
for concrete or standard rock. This is in agree-
ment with the energy dependence of electromag-
netic showers given by E” with o=1.03%0.05
[38]. Especially for a concrete absorber instead
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of water or liquid scintillator, the last mentioned
contributions are more important. This implies
that for energies above 100 GeV the exponent o
is significantly higher than 0.75.

oy depends strongly on . But for depths rele-
vant for fast muon contributions with £, =30
GeV, the dependence of the production rates
Py, (h) on « is not so strong. For E(85 hg/cm?) =
35 GeV, Py (85 hg/cm?) calculated from o(190
GeV) with a=0.75 is larger by a factor of about
1.4 than Py, (85 hg/cm?) calculated with or=0.94.

Future irradiations of targets with muon ener-
gies around 30 GeV would allow to determine the
cross-sections relevant for geophysical applica-
tions and o more precisely.

5.5. Examples

The measured cross-sections can be used in geo-
logical applications and for estimating back-
ground events in low-level solar neutrino experi-
ments. Several geological applications will be
described in [3]. Here the consequences for some
low-level experiments are considered. Background
contributions to the BOREXINO solar neutrino
experiment [45] are discussed in [5]. For a pro-
posed LiCl solar neutrino experiment [46], the
"Be background due to fast muon induced reac-
tions with the oxygen of the water solution can
now be calculated. In a 12 molar LiCl aqueous
solution the molar ratio LiCl to H,O is about
1:3.5. At a depth of #=5000 hg/cm?, as e.g. for
the Baksan laboratory, and for 200 tons of solu-
tion the fast muon induced production rate is two
"Be nuclei/day. In the standard solar model
(SSM) [47] 51.8 SNU are predicted for a "Li tar-
get (1 SNU =1073¢ neutrino captures/s per atom).
The calculated solar neutrino induced production
rate is thus 4.7 "Be nuclei/day in the 200 ton so-
lution. Scaling this value with the ratio of the
experimentally obtained 2.2 SNU for the *’Cl ex-
periment [48] to the SSM prediction of 7.9 SNU
[47] results in an expected solar neutrino induced
production rate of 1.3 "Be nuclei/day in the 200
ton solution of the proposed LiCl experiment. As
a roughly 10% uncertainty is aspired for this ex-
periment, the background would either have to be
determined experimentally with high precision or

depths greater than /4= 5000 hg/cm? will have to
be chosen.

6. Conclusion

In the experiments presented here, targets rele-
vant for geological or low-level counting applica-
tions were irradiated with fast muons of 100 GeV
and 190 GeV energies at CERN to obtain cross-
sections for the production of several short-lived
and long-lived radionuclides, which are also pro-
duced by cosmic rays in rocks. The exponent de-
scribing this energy dependence was found to be
slightly greater than other reported values. This
can be understood as a result of the different en-
ergy dependences for the various energy loss
mechanisms.

Depth dependent production rates for fast
muon produced neutrons were derived. The mea-
sured cross-sections should prove useful as a data
base for various geological applications of cosmo-
genic nuclides, such as determinations of surface
exposure ages, erosion and ablation rates, for the
determination of background contributions in
low-level experiments such as the solar and reac-
tor neutrino experiments, and in searches for dark
matter.

The open question remaining is the precise val-
ue of o in rock and in ice. Muon irradiations with
a ratio of muon energies larger than the 1.9 of the
present paper and with lower energies which are
relevant for geological applications would help to
clarify the situation.
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