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Cosmic Ray Radiography

Masahiro KODAMA~ and Susumu MINATO

On the analogy of X-ray or gamma-ray radiography, it is shown that cosmic

radiations are applicable to non-destructive estimations of various environment

materials closely concerned with human life. Two ways of approach are intro-

duced with respect to spatial and temporal characteristics of the materials. One

is a continuous

measurement of cosmic ray neutrons above and below the

ground level, which plays an important role as a remote sensing of day-to-day

variations of water equivalent depth of snow cover or soil moisture content.

Another one is based on spatial distribution of cosmic ray muon fluxes against

the different many sites under a soild construction.This provides a bulk density

distribution of the underground construction such as a subway tunnel. We call

these techniques ‘cosmic ray radiography’ .
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1. Introduction

At present, natural and artificial radioac-
tive isotopes are widely utilized as a kind
of tracer in a variety of scientific and indus-
trial fields such as technology,agriculture,
medicine and so on. They are allowed to
establish the so-called gamma-ray or X-ray
radiography. Furthermore, some high-energy
radiation beams artificially accelerated,
muon or neutron, are being considered
as another powerful tool to search enough
deeply in the thick layer of materials or
human body. However, these radiography
techniques occasionally suffered from seri-
ous radiation hazards and also their applica-

tion is usually restricted within a finite size
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of the object of interest.

On the other hand, very little interest
has so far been paid on the radiography
using cosmic radiations,because their absolute
flux is as small as the background radiation
level, despite their extremely high trans-
parency power. The first attempt was given
for estimation of sea wave or tide using
cosmic ray muonl.) This point of view was
based on a definite attenuation of sea-level
muon flux due to the bulk mass of sea-water
above the muon detector sunk near the shore.
This first try suggested that amplitudes of
muon flux changes caused by sea wave or
tide are much greater than the statistical
uncertainties, if an appreciable experimental
device is given. Thus it follows that some
other components of cosmic rays could be
available for estimations of not only bulk
mass of any other object but also its tempo-
ral or spatial characteristics.
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One of the authors proposed a new research
field of ’Applied Cosmic Ray Physics’ based
on a few experimental evidencesz.) This work
is extended further into an establishment
of ’cosmic ray radiography’, which estimates
snow water equivalent and soil moisture con-
tent using cosmic ray neutrons, and bulk
density distributions of subway tunnels using

cosmic ray muons.

2 . CosmicRay Neutron Radiography

Since the diffusion length of a neutron
propagating through various materials is
the smallest in water, environment neutron
fluxes are affected most sensitively by the
water content distributed in the vicinity of
measurement cite. Here the environment neu-
trons are defined by cosmicray-produced neu-
trons with energies of less than 1 MeV, as
detected by using a moderated BF; counter
surrounded by a 2 cm-thick polyethylene
cylinder. For example, the environment
neutron flux on the lake surface is always
about 40% lower than that on land, and
also the attenuation length of neutrons over
seawater is about 30% smaller than that over
land within the altitude range of about 50
g/cm? above sea levela.) Such water -sensitive
character of neutrons leads us to a feasi-
bility of inspecting the physical state of the
environment closely related to water resources.
Moreover, the diffusion length of neutrons
in water is about one order of magnitude
longer than that of gamma radiation, so
that neutron radiography is applicable to
much more thick target beyond the applica-
tion limit of gamma ray radiography.
Needless to say, cosmic ray radiography is
fully free from any radiation hazard.

2.1 Snow water equivalent
For the aim of estimating water equiva-

lent depth of snow by the nuclear radia-
tion technique, two different methods have
been applied by using natural and artificial
gamma radiations, respectively.w They all
proved effective in laboratory system, but
they have many disadvantages in practical
use. The gamma radiations are so easily
absorbed by water that the practical limit
of measurable snow cover thickness is found
in the range of 30 to 40 cm water equivalent.
The attenuation mode of gamma rays through
different density layers of snow cover is so
complicated that the gamma ray beams emit-
ted from artificial isotopes must be collima-
ted as narrow as possible. This situation
amplifies serious radiation hazards. Whereas
the natural gamma ray technique is occasion-
ally difficult to discriminate between terrestrial
and extra-terrestrial origins.

Kodama et a17.) noticed the attenuation in
snow of cosmic-ray-produced neutrons, or,
environment neutrons, instead of gamma
rays. They determined the attenuation curve
empirically from laboratory and field experi-
ments as follows:

N.=N.exp(—0.753(1—exp(—0.077Tw))),

for w<30 cm )
and
N.=Ng exp(—0.00578(w—30)),
for w>30 cm 2)

where N, is the neutron count measured under
snow cover having a water equivalent of w cm.
No and Ny are neutron counts at w=0 and
w=30 cm, respectivelya.) Using these curves
shown in Fig. 1, one can easily convert any
neutron count N, to the corresponding water
equivalent of snow.

Fig. 2 shows one of the observation results
obtained at mountain sites, where day-to-day
plots of the snow water equivalent depths
are given together with those taken by the
Co-60 gamma ray radiography technique.
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Fig. 1 Water attenuations of three differ-
ent radiations: cosmic ray gamma with ener-
gies above 3 MeV, cosmic ray neutrons and
gamma radiations from Cobalt -60 isotope.
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Fig. 2 Daily variations of water equivalent
of snow determined by cosmic ray neutron
radiography. Open circles are those estimated
by gamma-ray radiography using a Cobalt-60
isotope.

An excellent agreement is found in day-to-day
variations of snow water equivalents between
the both techniques, except for the short period
before and after the maximum value of water
equivalent. Such higher values obtained by the
gamma ray snow gauge could be attributed
to a little bend of a suspension pole of the
detector due to transverse stress in deep
snow cover. Hence it is concluded that the
cosmic ray neutron radiography is superior to
the gamma-ray one, particularly for the

measurement of deep snow covers.
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2.9 Soil moisture content

A technique is already established that
measures soil moisture contents by using
an artificial neutron sourceg.) But serious
radiation harzards again are innevitablein
this case. Kodama et al.m) have examined
whether or not cosmic ray neutrons are availa-
ble in place of artificial neutrons. If a neu-
tron detector is buried at an underground
depth, the neutron fluxes thereby obtained

are modulated by soil moisture contents
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Fig. 3 Daily variations of relative neutron

fluxes and soil moisture contents(eg. 20
UG means 20 cm underground depth).

surrounding the detector,because neutrons in
soil move upward as well as downward.
This means that there should exist an opti-
mum depth where it appears the maximum res-
ponse of neutron flux to soil moisture con-
tent. A quantitative relationship between
the both parameters has been investigated
under some artificial rainfall experiments.
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Fig. 3 shows time profiles of the neutron
fluxes and the soil moisture contents measured
by the tensiometers during a month. This
leads us to a quantitative relation of a frac-
tional change ratio of 1% per 1% over a
variational range of soil moisture content
from 33% to 52% at 20cm depth.

Fig. 4 gives two correlation diagrams between
neutron fluxes at the 40-cm depth and soil

moisture contents at two different depths.
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Fig. 4 Correlations between neutrons at
40cm deep and soil moisture contents measured
at (A) 10 cm and (B) 40 cm deep.

A better correlation in the case (B) means
that neutrons measured at a depth are more
sensitive to the water content distributed
around the neutron measuring point than
at any other depth. This character suggests
a feasibility of estimating soil moisture con-
tents as a function of depth.

3. Cosmic-Ray Muon Radiography

The cosmic rays observed near the ground
level consist mainly of muons and electro-
magnetic cascade showers, whose exposure
rates are 2.7 and 0.8 ¢ R/h, respectively,
in Nagoya, Japan at the minimum phase
of solar activity.m Most of the electromag-

netic components are absorbed within a few

meters of water, while the relaxation length
of the muon component amounts to around
20m water. We have so far studied cosmic ray
exposure rate perturbations due to normal
concrete buildingl?) Nagoya Castlem) and subway

14,15)
tunnel.

3.1 Method

We present how to estimate bulk densities
of a construction using cosmic ray muons.
Cosmic ray exposure rate is expressed as

J=G(0,0r)F(0)dw (3)

where J is the exposure rate at a point inside
or under the construction, F(#) the above-
mentioned incident exposure rate per unit
solid angle with respect to zenith angle
0, G (6,pr) the ratio of exposure rate
after a transit distance r to F (4), with
r and p being the distance between the sur-
face element dS and the point and the bulk
density, respectively, dw the solid angle which
area dS subtends to the point of interest.
The functions F and G are reported in the
previous paperlf) The unknown parameter p
can be obtained from eq.(3) when the
exposure rate is measured by using a 3-inch
¢ spherical Nal(Tl) scintillation counter.
This method of detection has already been
reported of evaluating the exposure rate from
the count rate for the absorbed energies
above 3 MeV, which is the threshold energy
level for discriminating environmental gamma
rays emifted from natural radioelements, i.e.,
Uranium, Thorium and Potassium included in

16)
soil or constructions.

3.2 Subway Experiment

Muon flux measurements were carried out at
the 64 stations on the Nagoya City subway
network consisting of four main lines as shown
in Fig. 5. The cosmic ray exposure rates
obtained at a point on the platforms are
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indicated there by five different circular sym-
bols in unit of #R/hr. The time required for
the measurements is only ten minutes each. It is

Tsurumai Line(No.3)

45Meijo Line(No.4)

Nagoya City Cosmic-ray Exposure Rate (WR/h)
Subway Q34>iz21 @ 1-3>20.96
Network © 2151218 @ 0-96-)

© 18>1213

Fig. 5 Map of the cosmic ray exposure rates
measured in the Nagoya City subway network.
The exposure rates obtained at subway sta-
tions are represented by five steps of circle sym-
bols.

evident that these exposure rates are dif-
ferent widely from station to station, as
well as from line to line. They should essen-
tially be subject to both the soil cover thick-

ness over the platform and the geometrical ;

depth of the platform.

As an example, let us examine the cross
section structures on the line No.1l. Assum-
ing the bulk density of medium between
the ground surface and the platform, we
can derive from the observed exposure rates
the expected depths by using eq.(3). Fig.6
shows the platform depths calculated for
three different bulk densities of the medium,
together with the depths measured in practice.
A gross consistency between the both depths,
calculated and measured, is found in the
case of po=1.5. However, there still remains
a significant difference between the both at
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Fig. 6 Underground depths of subway sta-
tions. Three solid lines are those estimated by
cosmic ray muon radiography under the assum-
ption of three different bulk densities of
medium between the ground and the subway
platform. Solid circles are those measured actually.

some stations. Such deviations suggest that
the bulk densities for individual stations are
not always identical or homogenous but compli-
cated or inhomogenous throughout the entire
line. This seems to be due to different array
of concrete buildings on the ground or dif-

ferent constructions of underground housing.

4 . Discussion

Cosmic ray radiography should be evaluated
in the light of the following four factors:
a) attenuation length, b) primary cosmic
ray modulations, ¢) atmospheric effects, and
d) counting rate statistics. The factor a)
determines which is more suitable muon or
neutron radiography, and the other three
factors are directly related to continuous
monitorings or spatial surveys of an object.
As for b),possible time variations of primary
cosmic radiations such as the Forbush
decrease and solar cosmic ray events must
be corrected, if they reveal the comparable
order of magnitude with the environment
perturbations of interest. The correction for

the barometric pressure variations is always
for the neutron radiography,

because cosmic ray neutron flux is most

essential

sensitive to any barometric pressure change.
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Now let us consider the factor d) which
gives an applicable limitation of cosmic ray
radiography. It is an essential point for
the cosmic ray radiography whether or not
the amplitude of cosmic ray flux changes
measured for an object as a function of time
or position is large enough beyond the statis-
tical uncertainty. Fig.7 shows the mutual-
relation among neutron flux, Nw,the standard
deviation, ow, and snow water equivalent
depth, W, choosing 1(; as the neutron count-
ing rates without snow cover. It should
be noted that the relative errors of ¢./W
are less influenced by W-values beyond 100 cm
depth. This means that the neutron radio-
graphy is effective even for deeper snow cover.

In case of the soil moisture measurement,
availability of cosmic ray neutron radiography
is subject to somewhat severe condition of mea-
surement. A relative response of neutron flux
to any change of water content in soil is
found to be~1% 1% from Fig.4, while it 1s
~1% 5% from eq.(1) for thinner snow cover.
However, the entire range of possible soil mois-
ture change is far smaller than that of the
snow water equivalent change. This situta-
tion requires more sensitive response of neutron
fluxes to soil moisture content, particularly
for preferable measurements against different
underground depths. Some improvements will
be necessary for the method of neutron measure-
ments.

As for the cosmic ray muon radiography,
further measurements of directional muon
components by the coincidence method could
be essential for finner estimations of cross
section structure of any construction or soil
layer. Since the absolute flux of muon compo-
nent is higher than that of the nucleonic compo-
nent in the vicinity of ground surface, it seems
possible to measure the directional fluxes of
muons with appreciable statistics under some

Ny ( Observed )/ Ng

NEUTRON FLUX, Ny STANDARD DEVIATION, ©,, O,/W

0.l

0 1 2 3
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Fig. 7 Relations of the experimental errors
based on observed neutron counting rates and
snow depth. Absolute and relative standard
deviations, ¢. and ¢./W, are shown together
with the observed counting rates, N./N; as a
function of snow water equivalent depth W,
where the standard count level N, ia assumed as 10°.

conditions of measuring method, site and
time. The present subway experiment certainly

suggests such a feasibility.

References

1) Alkofer, O. C. and Simon, M. (1971) Sea
wave and tide recording with cosmic rays,
Proc. Int. Conf. Cosmic Rays, Hobart,
Conf. Papers, 4, 1651-1656.

2) Kodama, M. (1984) An introduction to
applied cosmic ray physics, Jpn. J.
Appl. Phys., 23, 726728.

3) Kodama,M., Kawasaki,S., Taka-
hashi, K.and Wada, M.(1980) Anomalous



Bull. Yamanashi Med. Col.,5 (1988)

4)

5)

6)

atmospheric attenuation of cosmicray-
produced neutrons near the Earth’s
surface, Natr. Radiat. Environment, I,
882-895.

Smith, J. L., Willen, D. W. and Owens,
M. S. (1965) Measurement of snowpack
profiles with radioactive isotopes, Weather-
wise, 18, 246-251.
Kogan,R.M.,Niloforov,M. V., Friedman,
Sh. D., Chirkov, V. P. and Yakovlev, A.
F. (1965) Determination of water
equivalent of snow cover by the method
of aerial Gamma-survey, Soviet Hydrol.
Sele. Paper, 2, 183-187.

Bissel, V. C. and Burson, Z. G.(1974) Deep
snow measurements suggested using cosmic
radiation, Water Resour. Res., 10, 1243-
1244.

7) Kodama, M., Kawasaki, S. and Wada,M.

8)

9

10)

11)

12)

(1975) A cosmic ray snow gauge, Int. J.
Appl. Radiat. Isotopes, 26, 774-775.
Kodama, M., Nakai, K., Kawasaki, S.
and Wada, M. (1979) An application of
cosmic-ray neutron measurements to the
determination of the snow-water equi-
valent, J. Hydrol., 41, 8592.

Gardner, W. and Kirkham, D. (1952) De-
termination of soil moisture by neutron
scattering, Soil Sci., 73, 391-401.
Kodama, M., Kudo, S.
(1985) Application of atmospheric neutrons

and Kosuge, T.

to soil moisture measurement, Soil Sci.,
140, 237-242.

Minato, S., Takamori, K. and Ikebe, Y.
(1984) A method of determing cosmic-
ray dose rate by a 3” spherical Nal(Tl)
scintillation counter in the indoor environ-
ment, Int. Cong. Radiat.-Risk-Protect.,
3, 1042-1043.

Minato, S. and Minakuchi, S. (1984) Mea-
surement of cosmic-ray exposure rate
by building

perturbations materials,

13)

14)

15)

16)

61

Health Phys., 46, 1134-1136.

Minato, S. (1986) Bulk density estimates
of buildings using cosmic rays, Appl.
Radiat. Isotopes, 37, 941-946.

Minato, S. and Matsuda, H. (1987) Non-
destructive examination of Nagoya sub-
way, 24th Ann. Meeting on Radioisotopes,
Phys. Sci. Ind. (in Japanese)

Minato, S. (1987) Feasibility study on
cosmic-ray nondestructive testing through
structural analysis of subway stations,
NDT International, 20, 231-234.

Okano, M., Izumo, K., Kumagai, H.,
Kato, T., Nishida, M., Hamada, T.
Kodama, M. (1980) Measurement of environ-

and

mental radiation with a scintillation
spectrometer equipped with a spherical
NaI(T1) scintillator, Natr. Radiat. Environ-
ment, I, 896-911.



