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Introduction
There exist naturally a number of long-lived radioactive nuclides in the earth. The

material containing these radioactive nuclides is called “naturally occurring radioactive
materials (NORM)”, and several kinds of consumer’s goods including NORM are circulated in
the usual daily life environment.

Based on how to utilize NORM, these consumer’s goods are classified into two types. In
the first type of consumer’s goods, low level of radiation emitted from NORM is important. As
a typical good, the health-enhancing product is famous. Many peoples who believe “hormesis”
use several kinds of consumer’s goods containing uranium and/or thorium such as underwear,
bedclothes, body accessories, small size of hot spring source and so on in their daily life.. In
addition, the paint containing NORM is coated on the bottom of ship in order to protect the
shell from adhering to it.

In another type of consumer’s good, the property characteristic of uranium or thorium is
important. Uranium or thorium compounds have clearly beautiful color, depending the atomic
valence, because there are vacancies of electron in the 5f shell of inner orbital in the atomic
core. Thus, NORM containing uranium and/or thorium are utilized as glazers on the pottery or
additions to uranium glass.[1] In addition the chemical stabilities and consequently the melting
points of thorium dioxide are very high, and then they are utilized as one kind of refractory and
an additive to tungsten electrode for the arc welding..

It is so important from the view of point of regulation to know the radioactive
concentration or radioactivity in the consumer’s goods containing NORM and the radiation

exposure when they are used in the daily living life. In this study, 20 consumer’s goods
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containing NORM were collected. After chemically processing them, the radioactive
concentrations in them were measured by an inductively coupled plasma attached with mass
spectrometer (ICP-MS) and a vy -ray spectrometer of Ge(li). In addition, the radiation
exposures were calculated in four typical cases where the consumer’ goods are generally used

in the daily living life.

2. Experimental procedures
2.1 Collection of specimens
20 consumer’s goods containing NORM were collected, based on various information

Table 1 list of cosumer's goods containing NORM collected

No. Kind of good Specimen Existing state | Analysis(*1)
1 | upper bedcloth fabric, cotton ICPrM§
| 2 pedeloth [ ] lower bedcloth fabric, cotton \%
\]‘ -3 | underwear sem;l;eve undervveazin"i fabric ICP;MS —
| 4 = - belly-warmer tie—A ] fal:ic—_r—ﬁ;MS
_T | supporter | belrly—warmer tie-B ce?arr; b;tton(#Z)i [C-E;Msiﬁ
T‘ 7 wrist band 4 fabrlc(pr;) IC%@ -
| 7 socks [ socks o fabric———‘ﬁTCP;Ms—
i‘ 8 I : - | shoes sheets—A V fabric 7 | ICP-MS _|

shoes sheets

L | - 4 =
9 shoes sheets—B fabric(print) | ICF:MS |

10 shoes sheets—C ceramics f— lgP—;Msi
| " bracelet-A ceramics _ICP-MS |
— bracelet S SR —— —
‘ 12 : ‘ bracelet-B ceramics \ __ICP-| MS
= ‘ T ) i ' =
“ 13 hot spring source—A powder ’ ICP MS
i | hot spring source | ———————— — -
14 1 | hot spring source—B ceramics _%
15 well paper | m}nus ion sheet . iairic L;MS
16 wall sheet paint wall sheet paint paste ‘ ICF:MS
17 Th added W electrode metal 1' ICP_;MS
18 ship bottom paint powder | ICP-MS
| industrial products — L ] lCP?—’MS
19 muffler catalyst alloy =
20 abbrasive powder lCP;MS

(*1) ICP-MS : measurement of 22U and ®*Th contents

Y : Y —ray spectrometry of mTI, H2py, 24py, 2Yg; and2%Ac
*2):ceramic botton attached on the fabric
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sources such as the commercial catalogues, the inspection on the internet by using key words
“hormesis”, “minus ion” and others.
The consumer’s goods containing NORM similar to each other were sold from different
companies. Table 1 shows the list of consumer’s goods containing NORM collected. These
goods can be divided into 8 kinds of goods used in the daily living life and 4 kinds of goods

used in the industry. The bedclothes are shown as a typical example in the Photo 1.

Photo 1 Bedclothes

2.2 Measurement of radioactivity

A part of each collected consumer’s good was pulverized or burned in air and then
was chemically treated. The standard method was applied to the chemical treatment,
which has been already established and used for the analysis of environmental
specimen in a number of institutes or companies in Japan.[2,3]

Radioactivity in the consumer’s good was measured by two methods. First, the
concentration of uranium and thorium were analyzed by an inductively coupled
plasma attached to mass spectrometer (ICP-MS) and were converted to theie
radioactivities by using the value of specific radioactivity. Next, the radioactivities of
daughter nuclides of uranium or thorium were measured by a GE-Li semiconductor

detector.

2.3 Calculation of exposure

From the results obtained in the measurement of radioactivity. the exposures were
calculated when four kinds of consumer’s were utilized in the daily living life. A famous
computer code “MCNP-4C” was applied to the calculation by using a relatively
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conservative boundary as shown in Table 2. A schematic diagram of calculation system
is shown in Fig.1. Table 2 shows the boundary conditions of calculation

MCNP-4C
— Calculation éystem - Materials compositions
US}I_IE Source conditon » Nuclide data
conditions (Modeling) [~ - Others
[ Transport calculation I

;

Photon, electron fluence

Effective exposure,
At an evaluation point Radiation
- weighting
factor

}

Exposure(; Sv)lyear

Fig.1 A schematic diagram of calculation sysytem

Table 2 Boundary conditions used the calculation of exposure

NO |[NORM Radiation Exposure
goods source Scenario
a |Bedclothes  |0210x150em  [gh/d
U:210x100cm
b |Underwear 26.6cm ¢ 24h/d
65cm h
¢ |Hotspring 11x21 cm 30m/d
source plane At 10cm
d [Wall sheet 270x450cm 8h/d
plane At30cm

3. Results and discussion
3.1 Radioactive concentration of uranium, thorium and their daughter nuclides
Table 3 shows the concentrations of uranium and thorium in the consumer’s goods, which were

analyzed by an ICP-MS, together with the radioactive concentrations derived from the
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measured results. Table 4 shows the radioactive concentrations of daughter nuclides measured

by the Ge(Li) semiconductor detector.

Table 3 Radioactive concentration of uranium and thorium in the consumer’s goods

ICP-MS
No. Specimen Concertration (me/g) Radicactive concentration(Bg/g)
u Th = ®Th
| beddotheso 00085 +000005 00025 000004 0043 +00007 001  =+00002
2 beddlothes—u 002 00008 058 0003 | 026 0004 23 +001
3 underwear 0082 +00006 22  *004 | 1 +001 88  *016
4 belly-warmer-A 0076 +00005 21  +003 094  +0006 85  +012
5 belyvermer8 | 043 0008 84  +006 54 004 3 +02
6 wistband | 000093 +£000002 0023 +00003 0011 00002 0093 00014
7 socks 0057 +00007 15  *003 07  +0009 62  *014
8 shoes sheet-A 0025 +00004 A 066 +0005 031  +0004 27 0@
9 shoes sheet-B 00069 000012 016 =+0003 0085 00015 063  +0012
10 shoes sheet-C 0034 +00006 | 068 0009 042 0008 28 +004
11 bracelet-A 014  +0002 3 +004 | 17 003 12 +02
12 braceletB 071 008 18 *01 | 88 004 T +04
13 hot springsowce-A | 28 002 67 08 3 02 20 *3
14 hotspingsorce8 083 +0014 20  *04 10 *02 | 81  *17
15 wall papar | 0054 00003 13 002 | 067 008 | 54 01
16 minus ion paint 0047 +00005 = 077 +0011 | 058 +0006 | 31  +005
17 Thadded Welectrode| 000096 000008 = 21 +03 | 0012 *0001 | 8 11977[
ig shipbottomoaint 097 +0014 20 01 12 02 8 *06
19 muffler catalyst 027 0004 52  +05 a3 005 210 2 |
20 abbrasive 0016 +0002 = 017 +0002 | 02  +0008 | 07  +0007 |
Table 4 Radioactive concentration of daughter nuclide in the consumer’s goods
w I __{eyspechonty B
" . radcactive conoertration (By'g)
speaen U238 series.  ThXReies =
Mp | Mg Zpc My | By L
1 beddathes Q0 QOB Q06 +00XB QS +00W5 | QM QM | QOB Q00T — |
3 undervear 07 4008 | 0 toaB 75 a0 | 85 4006 | 25 Q0B ==
4 belywamerte | 09 4a04 | 0B 006 | 69 Q@ 85 Q0B | 24 *aub —
13 hot qrirg souce A f B @2 B 22 2@ 06 D 33 | B8 2@ —
14 hotspigsarceB | 0 %00t | 89 dam 2 02 @ 4007 | # H0 |  — |
{5 msionshest | 0 006 Q@ 0007 5 Q@ 57 4001 | 18 07 — |
17 ThadkdWelecroe | Q0B Q00 | QOB Q02 | &£ 406 B 0@ | 11 QO — |
| 18 shipbottompaint B FaB 0 e® & %03 9 xm » a8 — \
19 mfflercazdyst | 4 402 3 402 10 206 2 =03 +02 = ||
| dbrsve | Q2 4002 | G Q02 | 08 006 057 fome | 028 +00® 02 Q0® |

As shown in table 3, the concentrations of uranium and thorium varies in several orders. That is,

the concentrations of uranium ranges from 0.00093 to 2.8 mg/g, which correspond to the range from
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0.011 to 34 Bg/g. On the other hand, the concentrations of thorium scatters in the range from 0.0025
to 67 mg/g, which correspond to the variation from 0.01 t0270 Bq/g. It should be noted that the
concentration of thorium is larger than the one of uranium. This reason likely comes from the fact
the monazite including thorium is frequently used in the consumer’s goods and the Clark number is
larger in thorium than in uranium.

It can be seen in table 4 that the radioactive concentration of daughter nuclides is approximately
equal to the ones of uranium and thorium except the result of TI-208. This agreement suggests that
the secular equilibrium holds between the uranium or thorium and daughter nuclide.

In Japanese regulation on the raw nuclear materials, the upper limits of radioactive
concentration of uranium and thorium approved in solid and liquid are 370 and 37 Bq/g, respectively.
Then, the results on the radioactive concentrations of uranium and thorium satisfy the regulation of
raw nuclear materials in Japan. However, the present data are larger than the value, 1 Bg/g, cited in
the Basic Safety Standard (BSS), which has been recommended as a basis of clearance level by
International Atomic Energy Agency (IAEA)[4]. Thus, it is important to evaluate the exposure when

the consumer’s goods are italicized in the daily living life.

3.2 Evaluation of exposure

When the exposure is theoretically calculated during the utilization of consumer’s good, it is
necessary to certify the reliability of calculated value. Then, both experimentally measured and
calculated values were compared with each other in the water bath shown in.fig.2. The exposure

rates were measured at the distance of 16, 32, 64,85 and 90 cm from the radiation source, and then

Fig.2 A schematic diagram of water bath for the comparison between the measured and

calculated values
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were compared with the calculated values. Fig.3 shows the comparison between both measured
and calculated results. As shown in this figure, both data agree with each other, and it can be
found that the calculation of exposure by “MCNP-4C” code was reliable.

10 L T T T T 3
- O 4

~
N 1d 3 0 e
» B
= 8 O Calculated value
@ 10'F 4
R
=
=
2 ®
"g 10‘2 :’“ —j
® i 3
e
2 : o .
8. o0k @ Measured value ]
l':'j : 0 3

10-4 1 s 1 s 1 L | L |

0 20 40 60 80 100

Distance from source (¢cm)

Fig.3 Comparison between the measured and caleulated values
After certifying the reliability of calculation, the annual exposures were calculated when
the bedclothes, underwear, hot spring source used at home and wall sheet are used under the

conditions described in table 2. the results obtained are shown table 5.

Table 5 Calculated results of annual exposures

NO INORM Radiation |Exposure Results
goods source Scenario (1 Svly)
|
a |Bedclothes |0:210xI50cm |8h/d 110
U:210x100cm
b |Underwear |26.6cm ¢ |24h/d 220
65cm h
¢ |Hotspring |11x21 cm |30m/d 110
source plane At 10cm
d |Wall sheet |270x450c |8h/d 10
plane At 30cm
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In the connection with the radiation protection in environment, there are some kinds of
guidelines. In Japan, the exposure of people living around the nuclear facility is limited to be below
1 mSv/y except the exposure due to natural radiation, based on the ICRP recommendation [5].
Recently, EU radiation protection committee has recommended a value of 300 u Sv/y as the
exposure limit due to NORM goods [6].

As can be seen in table 5, the annual exposures in four cases are in the range from 10 to 220
u Sv/y. These values are larger than 10 p Sv/y, which has been recommended as a guideline of
clearance level by IAEA, but are smaller than the 1 mSv/y and 300 u Sv/y described above.

4. Conclusion

Twenty kinds of consumer’s goods containing NORM were collected, based on various
information sources. The radioactive concentration were measured by ICP-MS and Ge(Li)
semiconductor detector, and the annual exposure were evaluated in four cases of daily living life
based on the measured results by a computer code, MCNP-4C. The radioactive concentrations of
uranium ranged from 0.011 to 34 Bg/g. On the other hand, the radioactive concentrations of
thorium scatters in the range from 0.01 t0270 Bq/g. The annual exposure due to the utilization of
NORM goods in the daily living life ranged from 10 to 220 u Sv/y. They wee smaller than 300 n
Sv/y, which has been recommended as the exposure limit due to NORM goods by EU radiation

protection committee.
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4.2 Hot Spring and Radioactivity
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2-1 IRR OBIR

WERITFH OB EA A 2 USRS UG % i HEF S O D R LIT > - RICHEAE LTz
XD, FALIK 46 BER S - BETHLZEBAOKRMTERTEL TN,
KA IIEIREZ R L, #iR~mho TROFEARSH D, TOBFEO—DIEATIZEEND Y
v, MUDL, HBEMED ) U LEOREMBIHHETRE DR FEREIC > TRETHT X
—HB.

— HFHERNE ) b OBOBEIBITOXILIES), OER - e, QOHIENE), OTHo iz %@
S TEAT 28 (ME#iE) FCkoTw2. o TRROIBIFO—IIZHEROAIRMH & i
RICEEN L RABEETRICHE L TWB E WS, MERFEAE LSRRI TEAaDFIZRT X
BT TR b ) U LEHHELROBRERAT RN X —BIIPRDREVEABEON TN 5.

22, REOBHERK?
BRAMEFFTCTERELTL 37000, #iICHDBENE PLEICR S, #ETHERR LY,
5lo8RY, EME, kb, HE, B, Mm%, TotmoFRRICE 2T SN 60, BB, K/
DENBEBAELDE. 25 LEEENE FHOARE) HRRO LRI LHEDORWERK L2 5.
ZOENEPHEBRIZBEET S L, ZROBRZEIHIERREFEBORBLREZTHEIHES.
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OBz, BRO L LRBICEROBIR L 2> WAt TEY 7, MY TLAED
AR T U A, T RV SENREKIZERELIZY, BRAKOBENICL > TEXNARLELT
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2-3. BIR DK
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ATEREAR NI FICIRZE L, BURIIEWIT TN S, BRI E > TioORnaRE 2@ > T
ERL, BRELUTEBLUIER, BRAKFO MY FTL (T, FRH 126 F) 2RLHHITLY
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HF AR DOHEEEENHEE L TV OBEREOHBUTHB A E LHTLERHD.
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HTZ ERBRFEEOCEMNE LS. BOENBEZEL T FUBLERTHZ EEHEIALHLN
TV, MREIZH T 72/NLROKREDIKSRERIE D b EREWIE ONLE 23K D 5 HiEiT i < &
APER TRz,

32 y ik

1950 £ DKIZ Nal(TDRRHHERIZ L B y BRANZ b 2 MY —NA[GEICe D &, T N2 EEH
EETICT Fr e A—1T8% LTV REBAERDO *Bi ©y# 1.76MeV OFHAIZTRbh 5 X
ol BEEICLDBREEITERZERSGEOND L LTEHEE S, KEIZHIER
LIREIZHRIEL, DMPEBRTRAX—DE VAR y H TI2.61MeV), “Bi(1.76MeV),
OK(1.46MeVYED 3 IREA1EIE L L= RBHE ORAT A E - 7= Y.

WNTZOD 3 EREO—KT v HREBEIRBOEEOEFRICHAIL, FOEAHRITIHREHIZE
AEZBESLWOHIBESBKRAREIND E, TAVA, bFHF, I3—uo v/ XEORVWER R TiE
B EA~Y 3 77— IR E THE M 2P > VRENVDWL=THR—r (NYKR—) I2X
D, BRBHEORIBITONA LS5 ol Y. L LHEORKRSELL, HENMIICED
AENETHHAHBECEE SR E AV —R— v VR — U TORERER N O FOH
Ebrs.
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4. REKFPOHIEE
41 ZV7 A5

BAEOZ U AIEORESIIE L, 1915 F3F < FEPERIEE S 2 ZEICTIIT S 7z [The
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4.3 Natural Radioactivity Distribution Images

and Their Practical Uses
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The general publics do not well know that natural radioactive substances are
contained in all natural materials including foods. We obtained the images of natural
radioactivity distributions in vegetables, meat, stones, or ornaments by exposing them
on the Imaging Plate developed by Fuji Photo Film Co. Ltd. in a lead shielding box for
about one month. We made brochures named “Natural Radiations through Eyes” or
“Environmental Radiations through Figures”, etc. which include the images mentioned
above. We sometimes give lectures and experiments on radiations or energy to the
middle or high school students using the brochures. After the lectures, most of the
students say that the images are effective to realize the presence of natural

radioactivity even in our bodies.
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Fig.4 Natural radioactivity distribution images of pork, banana, ginger
(left side) and leaves (right side)
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Fig.5 Left: ornaments, glass ware, pottery ware. Right: glasses
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Fig.6 Left: photograph of a piece of granite. Right: Radioactivity distribution

image of the granite.
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Fig. 7 Brochures containing natural radioactivity images. Left: “Natural
radiations looking through eyes”. Right: “Environmental natural

radiations understanding through figures”
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4.4 Radon variations in an active landslide zone from Himalaya: A
preliminary study
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Abstract
The radon concentration was measured in soil and water samples from an active

landslide zone in the Garhwal Himalaya. The landslide is compound in nature i.e. slump
in the crown portion and debris slide in the lower part. The measured radon
concentration varies from 3.1 to 18.3 Bg/l in water whereas in soil/debris samples it
varies from 2.3 to 12.2 kBg/m®. The crown portion (upper portion) show higher radon
values in comparison to distal portion. The higher radon concentration in crown portion
may be because of the failure plane of landslide associated with high fracturing and
crushing whereas, increased porosity of debris of slide does not allow radon to
accumulate in soil and water in the lower portion.

Introduction:

Radon is omnipresent radioactive gas and used as a natural tracer in hydrology,
geology and geophysics. Dynamic phenomena occurring in the rock mass due to
earthquake, volcanic activities, tremors, rock blasting and landslide may be related to
outbursts of gas and changing radon concentration (Trique 1999; Wysocka 1999; Kies
et al., 2002). Schmid and Wiegand, 1998 have suggested that due to traffic vibration the
topmost soil layers lose radon to the atmosphere and as a result the upward migration
increased. High radon concentration is generally considered with uranium deposits or
with highly sheared fault/thrust zone (Choubey and Ramola, 1997; Purtscheller et al.,
1995; Steele et al., 1982).

The investigations in Himalayan region shows that the concentrations of radon
in soil and groundwater are largely controlled by the tectonic processes, types of rocks
and geohydrological characteristics of the rock mass (Choubey et.al., 1999, 2001). The
Himalayan area is prone to landslides due to geodynamic processes, which have been
considered as a source of radon (Partscheller et. al., 1995). The indoor measurement in
Koefels landslide (Tyrol, Austria) shows high concentration of radon in houses located
on old landslide deposits (Ennemoser et.al,, 1994). However, more study is needed to
find out the relationship between radon emanation in soil and water with landslide
activities. The use of radon as a precursor of landslides is also yet to be investigated in
details.

The aim of this study is to analyze the radon characteristics of soil and water in

an active landslide zone in relation to its applicability in the study of geological
disasters. Keeping in view this, radon was measured in the soil and spring water in and
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around an active landslide zone located along Pindar River between Hirmani and Mathera
villages in the Chamoli District of Uttaranchal, India. The relationship between landslide
activity and observed radon concentration in soil and spring water is reported in this paper.

Radon Measurement Technique:

The radon was measured in water (spring and seepage) and soil/ debris in an active
landslide zone. About 750 ml of water sample was taken in radon-tight reagent bottle of 1
litre capacity connected in a close circuit with a ZnS coated detection chamber through a
hand operated rubber pump and a glass bulb containing CaCl, to absorb the moisture (Fig.
1b).

liALFsLIcllo

oil gas Air pump Detecfor - Electronic
probe scintillation Unit counter
| \'
(a) E
Power supply

(b)

Counting system

Fig. 1 (a) Block diagram of close circuit technique for radon measurements in soil, (b)
Apparatus for the measurement of radon in water.

Air was then circulated in close circuit for a period of ten minutes till the radon forms
a uniform mixture with the air and the resulting alpha activity was recorded. The detector
was then isolated by clamping both the ends and observations were taken after four hours. A
time gap of four hours is necessary to allow alpha emitting daughters of radon, RaA and RaC,
to come in equilibrium with their own daughters. Resulting counts were then converted in
Bq/1 by using an appropriate calibration factor (Choubey et al., 2000).
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For soil gas radon measurement, auger holes each 50 cm in depth and 6 cm in
diameter were left covered for 24 hours so that the amount of radon and thoron became
stable. The soil-gas probe was fixed in the auger hole and formed an airtight
compartment (Ghosh and Bhalla, 1981). The rubber pump, soil-gas probe and alpha
detector were connected in a close circuit (Fig. 1a).

Air was circulated through a ZnS coated chamber for a period of ten minutes till
the radon formed a uniform mixture with the air. The detector ends are clamped and
counts are recorded after a time gap of four hours. The resulting number of the alpha
counts is then converted into Bq/m3 by using the calibration factor 1 count/min = 66.30
Bg/m3, determined by Choubey et al. (2000) under similar conditions.

Gneissic rock samples close to the landslide zone were also analyzed for their
trace elements, including uranium using the sequential X-ray spectrometer (Siemens
SRS-3000).

Results and Discussion

The landslide is located on the left bank of the Pindar river in Chamoli district of
Garhwal Himalaya. The slide is compound one i.e. slump in the upper portion and slide
in middle part of the slide. The slide consists of three parts: crown portion (slide scar
area consist of fractured and jointed freshly exposed rock mass), the middle slide mass
and foe portion having accumulated slide debris (Fig. 2). The radon concentration was
measured in waters of spring and seepages and from soil of the crown, middle portion
and toe portion of the slide. The main rock mass consist predominantly of schist and
alternating bands of gneiss of the Saryu formation of Almora Group of Precambrian age
(Valdiya, 1980). The rocks exposed in the scar area are highly fractured, jointed and
sheared. The intensity of fracturing in landslide zone differs from place to place but
was high in upper portion of the slide.

The observed radon concentrations in soil and groundwater of the land slide
zone are given in Table 1. Soil gas and groundwater radon concentrations were found to
vary from 2.3 Bg/m’ to 12.2 Bg/m’ and 3.1 Bg/l to 18.3 Bq/l, respectively (Table 1). It
was observed that for both the cases radon concentration is higher in crown area and
lower in the toe area of the landslide.

The most important pre-requisite for high radon concentrations in soil air and
water are uranium and radium contents, permeability of the soil or rock and the
possibility for high emanation rates, determined by certain moisture content as one of
the most important factors (Gundersen et al., 1992). Nearly all these factors are closely
related with deformations. Since landslide are localized phenomenon and no fault has
been recorded with in the landslide zone other possible sources for the enhanced radon
in crown area are need to consider. Surbeck (1992) related radon distribution in rock
slides to permeabilties but not as source. The other landslides which have shown high
radon concentration are those of Langtang Himal of Nepal and Koefal slide of Tyrol
(Austria). The present slide show somewhat similarity to the above slides. Though,
radon concentrations are far below the values reported in these slide but the present
slide show enhanced radon towards crown portion.  The high degree of fracturing in
the crown portion near the base of the slide scar where possibilities of emanation and
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circulation pathways are best exist result in relatively high radon towards slide scar in
crown portion. According to Putscheller (1995) the material of the landslide meet all
the prerequisites for an elevated emanating power and diffusion coefficient by their
heavy fracturing and crushing down to grain and sub grain size, resulting in an increase
of active surface porosity.
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Figure 2. Map of the landslide zone showing geomorphic features and location of the
samples for radon measurement. (open circle=water, solid circle= soil samples)

Table 1. Radon concentration in soil and water in the land slide area

Sample No. | Location of sample in | Radon

slide area
Soil samples kBg/m’
SL1,2,3.4,4a,5, Crown area 10.3,9.1,12.2,

(upper portion of slide) | 11.7,4.7,12.1
SL6,7,8,9,10,11,12 Toe area (lower portion | 2.8,2.3,6.3,

of slide) 5.7,10.5
Water samples Bq/l
SW7, 8 Crown area 15.3,18.3

(upper portion of slide)
SW 4,5,6 Middle portion of slide | 8.1,9.8,8.4
SW 1,2 Toe area (lower portion | 18.3,3.1

of slide




JAERI-Conf 2005-001

The recorded high value of radon in crown area (slide scar) of the present slide
is mainly because of the steeply dipping crosscutting and partly open joints which
provide good permeabilities and circulation pathways for soil air.  Therefore, the
highest radon emanations in the landslide zone occur within landslide scar area where
strongly fractured gneisses and schist are exposed. The contribution of radon due to
presence of uranium/radium in the debris material is almost negligible. This is reflected
in the geochemical analysis of gneisses rocks which are present close to the landslide
zone. The uranium concentration varied from 1.8 to maximum of 3.9 ppm. The
minimum, maximum and average values of trace elements are given in Table 2.

The low concentration of radon both in soil and water in the toe portion of the
landslide may be due to the high porosity and permeability of the debris material, which
does not allow radon to accumulate in the soil and water. Wu et al., 2003 observed that
the permeability/porosity of the subsurface material and fracture network plays an
important role in escape of radon to the atmosphere.

Table 2. Trace element data of rock samples (all values in ppm)

Elements Minimum Maximum Average
Co 9.0 21.0 13.9
Ni 18.0 65.0 34.6
Cu 16.0 39.0 28.8
Zn 59.0 89.0 74.7
Ga 7.0 16.8 12.7
Pb 17.3 34.7 24.5
Th 7.9 22.1 14.2
Rb 78.0 219.0 133.0
U 1.8 3.9 2.9
Sr 33.0 104.0 71.6
Y 18.4 42.1 333
Zr 99.0 351.0 218.9
Nb 4.8 16.3 11.5

The preliminary results of the radon measurement in an active landslide zone
from the Lesser Himalayan region suggests that the enhance radon concentration in the
landslide zone may be indicative of instability of the slope. Possibly the landslide scar
and failure plane of an active landslide may be the source of enhanced emanation of
radon in an active landslide zone (Figure 2). The enhanced radon emanation is because
of the high active surface area and circulation pathways due to fracturing and crushing
of rocks near the landslide scar. However in the toe portion increased porosity of the
colluvial debris increased the diffusion of radon in the atmosphere and thus resulting in
low radon concentration. However, more measurements from other active landslide
would confirm the above inference.

The continuous monitoring of radon in the landslide prone area may also be
helpful to predict the occurrence of landslides in the area. Keeping in view the active
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nature of Garhwal Himalayas, the measurement of radon in soil and groundwater will be
helpful to locate the landslide prone areas and thus to minimize the risk to the local

habitants.
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4.5 Cosmic rays in space
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ABSTRACT

Cosmos is a mysterious space by which many researchers are fascinated for many years. But,
going into space means that we will receive extra exposure due to existence of cosmic rays. Cosmic
rays are mainly composed of highly energetic protons. It was born in the last stage of stellar life.
Understanding of cosmos will certainly bring right understanding of radiation energy, or energy
itself. As no one could see the very early stage of cosmic rays, there is only a speculation. But it is
better to speculate something based on certain side evidences, than to give up the whole. Such
attitude shall be welcomed in the space researches.

Anyway, cosmic rays were bom in the last explosion of a star, which is called as Super Nova. After
cosmic rays are emitted from the Super Nova, it will reach to the human surroundings. To indicate
its intensity, special unit of “dose rate” is used. When a man climbs a mountain, cosmic ray
intensity surely increases. It doubles as he goes up every 1500m elevation. It was ascertained by our
own measurements. Then what happens when he goes up more? At aviation altitude, where
airplanes fly, the dose rate will be increased up to 100times the high mountain cases. And what is
expected when he goes up further more, up to space orbit altitude? In this case, the dose rate
increases up to 10times the airplane cases.

Geomagnetism affects the dose rate very much. As primary cosmic ray particles are charged
particles, they cannot do well with existence of the magnetic field. In effect, cosmic rays can
penetrate into the polar atmosphere along geomagnetic lines of forces which stand almost vertical,
but penetration of low energy cosmic rays will be banned when they intend to penetrate crossing
the geomagnetic lines of forces in equatorial region. Therefore, exposure due to cosmic rays will
become large in polar region, while it remains small in equatorial region. In effect, airplanes which
fly over the pole will receive larger dose than to fly over the equator.
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Only, we have to know that the cosmos has its own lifetime. In other words, lifetime of cosmos is
finite. After all, at least human beings are concemned, we cannot ignore this.
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4.6 Utilization of Technology Relevant to Radiation and Isotope

in the Archaeological Research

B EHFITRT DB R ORALA BT DG H

Nobuaki Matsuoka and Hidehisa Kawamura
RS, I FA
Kyushu Environmental Evaluation Association

MBREEHRER

Abstract

Many kinds of scientific technology have been used in the archaeological research. Especially
the methodologies relevant to radiation and isotope have contributed to archaeology, giving a lot of
scientific information. Among these methodologies, the radiocarbon dating, proposed by Willard
Libby, has the greatest contribution since 1950. In Japan some scientists introduced this dating
method immediately after Libby’s proposal. As the result, the start of the Jomon period, in which
the rope pattern was applied for decoration of earthenware, was reconsidered to be about 10,000
years ago. Yoshimasa Takashima mastered this technique and did the dendrochronological study at
University of Washington, Seattle, from 1960 to 1961. After that he started the radiocarbon dating
in Kyushu University, Fukuoka. First he employed the proportional gas counter to measure C,
requiring the complicated and time-consuming preparation of sample. When he restarted the radio-
carbon dating with the authors in 1994 at Kyushu Environmental Evaluation Association (KEEA),
he adopted the liquid scintillation counting method combined with the benzene synthesis from
sample. Because this method is so convenient, many laboratories have adopted it as the conven-
tional method in Japan. Since 1994, almost 100 samples have been treated every year in KEEA by
this method. However this requires considerably much amount of sample, for example 20g in the
case of wood. So that, in case of only small amount of sample can be obtained or a valuable sample
is subjected to measurement, this method cannot be applicable. To resolve this problem, the accel-
erator mass spectrometer (AMS) has been used widely. In this method the atoms of "*C are counted
directly, getting the high sensitivity and requiring very small amount of sample (order of mg). Re-
cently, in KEEA, the radiocarbon dating using AMS was started under the cooperation with Center
for Applied Isotope Studies (CAIS), University of Georgia.

Another work of KEEA is the measurement of lead isotope ratios in the archaeological and en-
vironmental research. The lead isotope ratios, 2’Pb/**Pb and 2**Pb/?%Pb, give useful information
to understand the place or age in which an archaeological relic was produced. For example, as the
lead isotope ratios are changeable depending on the difference of lead mine, it becomes possible to

estimate the origin of relic containing lead as a component. Especially the origin of ancient bronze
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mirror can be estimated by this method. The lead isotope ratios are measured by ICP-MS easily. In
addition, the source estimation of lead pollution in the environment can be done in the same man-

ner.

1. Introduction

Although archaeology is classified into Table 1 Scientific technologies applied in archaeology
z Relation with

the category of cultural or social science, Purpose Scienfific technologies . jiation and isotope
. . v g Dating Radiocarbon dating related
many scientific technologies are applied Thermoluminescence dating related
. . . . . . Electron spin r e datin related
for mvestigation in this field. ESpeCla”y Estimation of relic Measurement of lead isotope B related

} . producing center  Chemical unalysis

in recent years, new technologies have X-ray fluorescence analysis related
Neutron activation analysis related

been introduced into the archaeological “Appraisal of tech-

: . X-eray transmission related
. - nigue and material
research one after another, and participa- y-ray transmission related
. . . . . Appraisal of red Chemical analysis
tion of scientists has been lncreasmgly pigment X-ray fluorescence analysis related
. B Electron probed micro analysis related
requested. In Table 1, scientific technolo- nvestigation of life Pollen analysis
. A . . and occupation Plant opal analysis
gies, which have been introduced into the Fatty acid analysis
. N Measurement of carbon and lated
archaeology in Japan, are listed. As nifrogen isotope ratios rea

3 . Exploration of
shown in Table 1, many technologies remains

relevant to radiation and isotope, i.e. 18- Conservation of
relic and remains

Geophysical exploration
Aerial photograph

Conservation science

diocarbon dating, thermoluminescence
dating, electron spin resonance dating, activation analysis, X-ray fluorescence spectroscopy and
others, have been applied in the archaeology.

Especially the radiocarbon dating, proposed by Willard Libby (), has the greatest contribution all
over the world. For example, it was revealed by the radiocarbon dating that the monuments such as
Stonehenge were earlier than the Mycenae civilization. Also in Japan, the start of Jomon age (rope
sentence age, 10000 —400 BC), when the rope pattern was applied for decoration of earthenware,
was reconsidered to be about 12,000 years ago through the radiocarbon dating. This is several
thousands years earlier than previously believed. On the early stage of investigation, the gas
counting method was mainly used to measure radiocarbon. In the next stage, since the gas counting
method is so complicated, the liquid scintillation counting method (LSC) has been introduced and
widely used in the ‘world due to its convenient property. In recent years, however, the very high
precision is required to evaluate the accurate chronological age, and it is also required to use the
very small amount of sample for the test. For these reasons, now the accelerator mass spectroscopy
(AMS) is commonly used to measure radiocarbon &,

The naturally occurring lead has the four isotopes, 204pp, 26pp, 297ph and ***Pb. The lead isotope
ratios provide the information regarding to the producing center and age of ancient bronze relics
excavated in Japan, in particular bronze mirrors. That is, the bronze relics contain a trace amount of
lead and the lead isotope ratios are changeable depending on the difference of lead mine. Consid-
ering this property it becomes possible to estimate the producing center and age of relics. Com-
monly the lead isotope ratios are measured by the thermal ionization mass spectrometry (TI-MS) to

achieve high precision. On the other hand, the inductively coupled plasma mass spectrometry
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(ICP-MS) has come into wide use for trace analysis in the environmental research and can be used
also to measure isotope ratios with the sufficient precision. This technique also can be applied to
source estimation of environmental pollution. The lead, existing in the environment as the pollutant,
has the same isotope ratios as those of source materials. And generally the lead isotope ratios of
surrounding environmental materials are different from those of pollutants. So the source estima-
tion of lead pollution can be done easily by comparing the isotope ratios of surrounding materials,
pollutants and source materials.

Kyushu Environmental Evaluation Association (KEEA) is the research institution that has been
doing the analysis of environmental pollutants, radioactivity, isotope ratios and so on. In its activity,
there are many opportunities in which the analyses of archaeological samples are done. In this pa-
per, some examples regarding to the radiocarbon dating and the lead isotope ratios of ancient

bronze mirrors are presented.

2. Radiocarbon Dating in KEEA
2.1 Principle

Carbon has the three naturally occurring isotopes, that is, ]2C, B¢ and "C. It consists of 99% of
12C and 1% of *C, but about one partina 10" of modern carbon is "*C. Unlike '*C and B, e is

unstable and therefore radioactive, emitting f -ray with the energy of 186 keV. As shown in

Fig.1, the earth is always exposed to the primary ' K‘“”" - moron
cosmic rays. In the upper atmosphere the primary @ s
. . . . ";;0 HECTEN ~a o<
cosmic rays react with the atmospheric materials, ) l . ] \
] ) ) Production 1~ e — e °’°“'"i°"
producing the secondary cosmic rays. Neutron is PRigiTe =

one of the secondary cosmic rays and produces

the radiocarbon (”C) through the nuclear reac-

tion of 14N(n, p)MC. Carbon-14 is oxidized into
carbon dioxide (*CO,) and distributed uniformly
on the earth through circulation and mixing of

atmosphere. Furthermore “C would be distrib-

uted in hydrosphere through dissolution of car-

bon dioxide into fresh and ocean water, and in RAprmr ]

biosphere as the results of photosynthesis. Thus a Fig.1 ™C cycle in the environment
slight amount of '*C exists in our surrounding
environment.

While "*C decays with the half-life of 5730 y, it is newly produced in the upper atmosphere as
shown above. So the equilibrium between decay and production of "C has been established in the
environment. In the radiocarbon dating, it is the principal condition that the atmospheric concentra-
tion of "C (Bq/g-C) has been constant through the earth history, while actually slight variations
due to some reasons, that is, fluctuations of earth’s magnetic field strength, variations in sunspot
activity and so on, have been confirmed. In principle, there is a constant "C level in the atmos-

phere and all living organisms.
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Before 1950, the equilibrium concentration above mentioned was 226mBq/g-C in the atmos-
phere. However, artificial "¢ was produced and provided into the environment through the nuclear
weapons testing since 1945. Therefore the concentration of "C in the environment increased
abruptly after 1950. In 1963, the year of Partial Test Ban Treaty, the atmospheric concentration of
"C reached the peak of 450mBq/g-C. After 1963 the concentration level has been gradually de-
creased due to nuclear weapon test ban and mixing of the excess e through the carbon exchange
cycle. Nevertheless, the present concentration still remains in 260mBq/g-C in the atmosphere. The
phenomenon above mentioned is called “Bomb Effect”.

On the other hand, the burning of large quantities of fossil fuel such as coal, oil and natural gas
started in the 19th century. The fossil fuel laid down so long ago that its C has totally decayed
away, resulting in “Dead Carbon” that contains no “C. Accordingly carbon dioxide released
through the burning of fossil fuel dilutes the atmospheric C relative to '*C and '2C. This phe-
nomenon is called “Suess Effect”. It is sure that Suess Effect affects the atmospheric '*C since the
Industrial Revolution.

While it becomes rather comprehensive to evaluate the atmospheric 1C concentration due to
Bomb and Suess Effects, the radiocarbon dating is based on the principle that the equilibrium con-
centration of '*C is attained in the environment through the earth’s history. However, when a plant
or an animal dies, it ceases to participate in carbon exchange with the biosphere and atmosphere,
and no longer take up ¢, Therefore, if a tree would be cut off, the initial '4C concentration of Ao
would be decreased according to the half-life (T,.). The ¢ concentration of the tree after time t, A,
could be related with Aq by the following equation.

t = 1/ 1 - In(A/A) )

1 = In2/ T, )
The best estimate of Ty, is 5730y. For the historical reason, however, the Libby half-life (5568y) is
conventionally used as T), Using the Libby half-life, the equation (1) could be rewritten as fol-
lows.

t = -8033-In(A Ay 3)
This t is the radiocarbon age. The reference material, oxalic acid produced in 1950, is used to de-
termine Ay, so that the radiocarbon age is presented in the form of years BP, meaning how many
years old than 1950. In recent years, the calibration curves such as INTCAL98, are developed to
convert the radiocarbon age to the calendar age.

As is understandable from the principle, the datable materials are organic. That is, the materials,

which once formed part of the biosphere, are datable.

2.2 Measurement Method of '*C

There are two methods of measurement of C. The conventional method detects the activity of
sample, that is, B -ray emitted by the decay of 'C. In the early stage of radiocarbon dating, gas
counting method was well used to measure 3 -ray from 'C. In this method, carbon of the sample is
finally converted to gases such as carbon dioxide, acetylene and methane. These gases are intro-

duced into a proportional counter as counting gases. Recently liquid scintillation counting method
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(LSC) is well used to measure 3 -ray from "C in stead of gas counting method. In LSC, carbon of
the sample is finally converted to benzene or methanol. These are added with small amounts of
scintillator and subjected to L.SC. Gas counting method is relatively complicate rather than LSC.
Furthermore, benzene could contain relatively much more carbon as a component compared to
other organic materials, so that LSC could attain the high sensitivity of measurement of C. So
now LSC is commonly used to measure 3 -ray from "C in the radiocarbon dating. As compared

with the conventional method, accelerator mass

. Sample
spectroscopy (AMS) is a very much more recent l st o k] reaniie
technique and directly detects the number of e c0,
atoms in the samples relative to '°C and '>C atoms. Synthesis of ]ithium carbide
) o <~— Li (at 700%)
AMS has the higher sensitivity than LSC and re- 2002 + 10Li — Li2C2 + 4Li20
quires only several mg of sample to measure the L"c B + At -~ Lisg
126G 2
concentration of "C. In Japan, however, there are Synthesis of acetylane
only a few institutes that conduct AMS, and these = Hal
. . LizC2 + 2H20 — 2Li0H + CzH2
are not commercially available. C2H2
KEEA started the radiocarbon dating in 1993 Gymiesls ‘of tenzatie
) N . . N <— (Catalyst (chromium(II)-alumina pellet)
with LSC. The schematic diagram for dating is o e — o
. . . 616
shown in Fig.2. Samples subjected to the test are Breparation of (46 camt
deterged with alkaline and acid solutions. First car- <—— Scintillation cocktail
(PPO, POPOP in non-radioactive benzene)

bon dioxide is produced through combustion of or- LSC sample

ganic samples or dropping phosphoric acid to car-
Radioacrivity measurement

bonatious samples. Next carbon dioxide reacts with
lithium metal at the temperature of 700°C, produc- Fig.2 Schematic diagram of LSC for
ing lithium carbide. If elemental carbon remains, it the radiocarbon dating

reacts also with lithium metal to produce lithium carbide. After cooling down the reaction vessel,
water is added to lithium carbide to produce acetylene. Finally acetylene is trimerized to obtain
benzene using the chromium(Ill}-alumina pellet as a catalyst. Approximately 5ml of benzene is
obtained by processing several 10g of sample material. The above chemical procedure is done us-
ing the apparatus, TASK Benzene Synthesizer, developed by J.E.Noakes ®) After adding the scin-
tillator to the benzene sample at a constant ratio, the f -activity of "C is measured using the liquid
scintillation counter, Packard TRI-CARB 1050/LL. The radiocarbon age is calculated according to
the equation (3).

In recent years, AMS has been adopted in KEEA. In this case, the gas of carbon dioxide corre-
sponding to 5mg of carbon is produced from a sample and sealed into a glass ampoule. The glass
ampoule containing carbon dioxide is send to Center for Applied Isotope Studies, University of
Georgia (CAIS). In CAIS, carbon dioxide is converted to graphite and subjected to AMS.

2.3 Examples of Dating in KEEA

2.3.1 Dating of Charcoal
The remains of Shobaru is located in Fukuoka prefecture, northern part of Kyushu Island. In
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those remains, the place, where an old furnace for melting a metal once stood, was discovered in
1995. The charcoal excavated from this place was sorted out by floatation and subjected to the ra-
diocarbon dating in KEEA. The radiocarbon age was estimated by LSC to be 2220+ 170years BP,
the early stage of Yayoi age. Yayoi age (400 BC—300 AD) is the age after the rope sentence age
(Jomon age) and prior to the ancient tomb age. However, there is a suggestion that the iron artifacts
were produced in Shobaru remains. If so, this result is very epoch-making, because so far it has

been accepted in Japan that the iron manufacture was started in the later stage of Yayoi age.

2.3.2 Dating of Unearthed Fallen Tree
The remains of Isouda-D is located near the Fukuoka City. Here the fallen trees were unearthed
from 5m below ground. These trees had the marks of stoneax cutting and were dated to be

4800years BP. From these results, it was revealed that a logging field for pit dwellings was situated

here in Jomon age.

2.3.3 Dating of Carbonized Tree

The tephra is the general term of the pyroclastic material, which was emitted from the crater on
the occasion of an eruption and deposited on surface of the earth. In Japan many tephra layers are
distributed. The Aira tephra layer was formed by the eruption of Aira volcano, which was located in
the southern part of Kyushu Island, and distributed all over Japan, especially in Kyushu Island. The
carbonized tree was unearthed from the Aira tephra layer at Kagoshima prefecture, the southern
part of Kyushu Island, and dated to be 23500+ 700years BP. This result well agrees with that in-

troduced from the geological study.

2.3.4 Dating of Wooden Block

Kourokan was the guesthouse for greeting the guest from a foreign country for about 400years
from 7th century to 11th century. It was situated at the center of Fukuoka City. From these remains
many kinds of relic such as wooden blocks, pieces of charcoal, potteries and others were excavated.
These wooden blocks and pieces of charcoal were dated by LSC, and the calendar ages of 480 —
680 AD were obtained. These results seem to be contradictory to the fact of history. Taking the
wood problem into account, however, there is no contradiction. That is, generally a wooden relic

shows an earlier age than that in which it was used.

2.3.5 Dating of Underwater Remains

Imari Bay is located in the northern part of Kyushu. In 1281 AD, the Mongolian army attacked
Imari Bay. At that time many Mongolian's naval fleets were sunk to the seabed of the bay. The
main part of the anchor of a naval fleet was made of wood, and the big stones were fastened to it
with the bamboo. Recently some anchors were pulled up from the seabed, and wooden and bamboo
parts were subjected to the radiocarbon dating. In this case, the results of LSC were compared with
those of AMS, resulting in good agreement with each other (Fig.3). These results were also in good

agreement with the fact of history. So it can be concluded that not only AMS but also LSC are ap-
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plicable for dating the medieval relics. In Fi.3, the data without dendrochronological calibration are
shown. In recent years the data calibrated by the calibration curve such as the INTCAL98 “ are

requested generally. In this case, the calendar age accompanied with certain probability is given.

1281 AD
Kyushu Ei ‘i.rgm!e.ntal l
KEEA-23 ygsalljua:\[on Associatjon Y -
KEEA-24 ~—Q
8 KEEA-25 Q
S
2 ) - |
o Nagoya Un|versuty
= NUTA-5668 §— 1 —— ._f—
NUTA-5534 — @ "
NUTA-5537 — f
I
0 500 1000 1500 2000
Cal.Age (AD)

Fig. 3 Comparison between LSC and AMS in radio-

carbon dating

Sample : Anchor materials pulled up from the seabed
of Imari Bay

KEEA  : Results of LSC caried on at KEEA

NUTA : Results of AMS carried on at Nagoya Univ.

*Each column of KEEA and NUTA shows the results for

the same sample as each other.

3. Source Estimation of Lead Using Lead Isotope Ratios
3.1 Principle

In nature, there are 4 stable isotopes of lead, 204pp, 2%pb, 27Pb and 2°*Pb. Among these, three
isotopes except “**Pb are the final products of natural radioactive decay chains of 'y, P20 and
22Th, So, if uranium and thorium coexist with lead in a material, three isotopes of lead increase in
quantity with time, resulting in the change of lead isotope ratios such as 206pb/2%pb, 27Pb/2%pb,
208pp2%ph. The lead isotope ratios are changing with time in a material containing lead, uranium
and thorium at once. That is, lead isotope ratios of a certain lead ore are different from those of
others depending on the geological and geochemical histories of individual materials. This can be
said not only on ore samples, but also on other archaeological and environmental materials. Cum-
ming and Richard studied the lead isotope ratios of earth materials, and proposed the theory of
growth curve of isotope ratios ©). On the basis of their theory, geo-chronological information of
rock samples can be obtained by measuring lead isotope ratios. According to the theory of Cum-
ming and Richard, materials having relatively low isotope ratios of 27pp2%pb and ***Pb2°°Pb are
defined as “more radiogenic”, whereas materials with relatively high isotope ratios are defined as
“less radiogenic”.

So far, lead isotope ratios have been used for dating of ore and rock samples. However, lead that
we encounter in our environment has peculiar isotope ratios, and we can obtain some environ-

mental or archaeological information by measuring lead isotope ratios. Mukai et al. characterized
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the sources of lead in the urban air of Asia using lead isotope ratios, and revealed that the exhaust
gas of automobile affects the urban airs of Bangkok and Jakarta seriously © They also revealed
that the airs of Korean and Chinese cities have been affected from coal combustion power plants,
and the air of Japanese city has been affected from refuse incineration factories. Sturges and
Harrison investigated the cross-border air pollution between USA and Canada using lead isotope
ratios ). They measured the lead isotope ratios of gasoline in Canada and USA, and of materials

emitted from smelters in Canada.

As to archaeology, in Japan the measure- 2.20 |
ment of lead isotope ratios has been applied ' //)
to estimate the producing center of an an- “;f 13 —
cient bronze mirror. That is, an ancient g\ 87
bronze mirror contains copper, tin and lead 0;8 = CA)v

S

as the major component. So it becomes pos- B 9 05
sible to estimate the producing center of
mirror through measuring the lead isotope 2

ratios. Mabuchi and Tominaga reviewed the 0.8 0.8 084 0.8 0.8 09

® The 201py, /206py,

Fig.4 Lead isotope ratio range of the
ancient bronze mirror excavated
in Japan

. Galene produced in Japan

: Mirror produced in Chine of Eastern Han dynasty
. Mirror produced in China of Western Han dynasty

methodology and scientific base
bronze mirrors excavated from Japanese
ruins were produced mainly in China of
West Han dynasty, China of East Han dy-

[ R=~ g

nasty and Japan. Plotting the data on the
lead isotope ratio diagram, it would be esti-

mated where the samples were produced (Fig.4).

3.2 Measurement Method of Lead Isotope Ratios

As the archaeological sample material, a few 10mg of rust was taken from an ancient bronze
mirror. As the sample for the environmental research, fifty mg of coal, 100mg of bottom ash,
100mg of soil, 300mg of dried agricultural product and a filter accompanied with SPM were sub-
jected to analysis, respectively. Each sample was taken into a Teflon vessel specially designed for
microwave decomposition @ followed by addition of appropriate amount of deionized water and 3
to 4ml of nitric acid. In addition, a few ml of hydrofluoric acid, perchloric acid or hydrogen perox-
ide was added depending on the compositional situation of sample. The important point is to make
a blank sample, to which same kinds and same amounts of reagents are added as well as a true
sample. After addition of reagents, the tightly sealed Teflon vessel was placed in a microwave oven
for kitchen use and the sample material was heated intermittently(5min X 3times) at the power
corresponding to almost S0W/sample. After microwave decomposition, the sample was filtered
with the filter paper (ADVANTEC 5C). The filtrate was taken into a volumetric flask and was
adjusted to 25 or 50ml with deionized water. This solution was introduced into ICP/MS for
measurement of lead isotope ratios. In ICP/MS measurement, true and blank samples were
measured simultaneously, and the net ion-counts of individual isotopes were calculated by

subtracting the counts of blank sample from those of true sample. From the net counts of individual
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sample from those of true sample. From the net counts of individual isotopes, 27pp/ 2%pb and

2%p/2%py ratios were calculated, and these data were normalized to SRM-PB-981 by measuring

the reference material simultaneously.

3.3 Application to the Archaeological and Environmental Studies in KEEA

3.3.1 Producing Center Estimation of Ancient Bronze Mirrors

In Japan there are many old tombs built in the an-
cient tomb age, and sometimes the ancient bronze
mirrors are excavated from these tombs. The archae-
ologists have the great interest in the producing center
of these, because it is much important for archaeo-
logical considering where the mirrors were produced.

The Maebaru City is located in the west of the Fu-
kuoka City. In this city there are many ancient tombs
built in the ancient tomb age. Two ancient bronze
mirrors excavated from this city were subjected to the
analysis of lead isotope ratios (Fig.5). From the ana-
lytical results, the raw materials of two ancient mirrors
were considered to have originated either in China of

Eastern Han dynasty, or the Korean peninsula.

3.3.2 Source Estimation of Environmental Pollution

Coal combustion power plants release pollutants, such as sulfur oxide (SOx), nitrogen oxide

2.16

2.15
2.14
2.13
2.12
2.1
2.10
2.09

ZOBPb/ 206 Pb

| L B BN R

2.08

0.83

0.84 0.8 0.86

207 Pb /206 Pb

0.87

0.88

Fig.5 Lead isotope ratios of the ancient
bronze mirrors excavated from the
Maebaru City, Fukuoka Prefecture

An error bar shows the 20 region.
O: mirror from Higashi-Makata No. 1 mound tomb

@: mirror from Tateishi No.1 mound tomb

(NOy), suspended particulate matter (SPM) and gaseous materials, into the environment. Therefore,

it is necessary to monitor these pollutants in the surrounding environment of plant. In Japan, many

monitoring stations are arranged around a power plant to monitor SOy, NOx and SPM continuously,

and furthermore metal elements in air, soil and plants are measured periodically. However, many

artificial and natural sources of pollution, such as incineration factories and volcanoes, exist in the

surrounding environment of power

plant. In this situation, it is very diffi-

cult to estimate the influence of power 0 /’ less radiogesly
plant exactly using 215 —____ @ *
inform-ation only on concentrations of £
pollutants. ;3_ k1Y Mman )

Lead is the useful and important in- h e} s Z's’.‘,’i'.‘“““"
dicator for the environmental monitor- il 7@ / 2izrwlmm product
ing of coal combustion power plant, 300 aoe Fliogenic
and fortunately has four stable isotopes. 080 em2 034 207?1[::2:“ L

Therefore, it enables us to do the envi-

ronmental evaluation using isotope ra-

Fig.6 Lead isotope ratios of coal, bottom ash ,
soil, SPM and agricultural products
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tios. So this technique was applied to evaluate the environmental impact of Reihoku coal combus-
tion power station, located in the middle part of Kyushu Island. That is, the samples of coal, bottom
ash, soil, suspended particulate matter (SPM) and agricultural product were collected in the sur-
rounding area of station, and were subjected to the analysis of lead isotope ratios "'?. From the re-
sults shown in Fig.6, it was revealed that there is no environmental influence of the power station

as far as lead pollution is concerned.

4. Conclusions

At the present, many techniques and equipments, relevant to radiation and isotope, are essential
for the human life. These have contributed to the developments of industry, agriculture, medicine
and others since the end of 19th century. Especially the nuclear power became the main energy
source in the later half of 20th century, and is thought to be essential for the sustainable develop-
ment of the mankind in future. In addition, the nuclear power generation is needed to some extent
to prevent the increase of carbon dioxide in the atmosphere.

Considering the fact above mentioned, people should have the correct knowledge about radiation,
radioactivity, isotope and nuclear. So it would become more important to educate people, especially
young people, in these fields. In the archaeological and environmental science, many techniques,
which are relevant to radiation, radioactivity and nuclear, have been used. From the viewpoint of
radiation education, it would be very effective to teach about these theories, methodologies and

results.
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4.7 Charms of Radiation Research

Mitio Inokuti

Argonne National Laboratory, Argonne, Illinois 60439, U. S. A.

e-mail: Inokuti@anl.gov

Abstract

Most of my professional efforts over nearly five decades have been devoted to radiation
research, that is, studies of the physical, chemical, and biological actions of high-energy
radiation on matter. (By the term “high-energy radiation” I mean here x rays, y rays,
neutrons, and charged particles of high enough energies to produce ionization in matter. I
exclude visible light, infrared waves, microwaves, and sound waves.) Charms of radiation
research lie in its interdisciplinary character; although my training was in basic physics, the
scope of my interest has gradually increased to cover many other areas, to my deep
satisfaction. High-energy radiation is an important component of the universe, and of our
environment. It often provides an effective avenue for characterizing matter and
understanding its behavior. Near Earth’s surface this radiation is normally present in
exceptionally low quantity, and yet it plays a significant role in some atmospheric
phenomena such as auroras, and also in the evolution of life. The recent advent of various
devices for producing high-energy radiation has opened up the possibility of many
applications, including medical and industrial uses. I have worked on some aspects of
those uses. At every opportunity to address a broad audience I try to convey a sense of
intellectual fun, together with some of the elements of the basic science involved. A goal
of radiation education might be to make the word “radiation” as common and familiar as

words such as “fire” and “electricity” through increased usage.

® Work supported by the U. S. Department of Energy, Office of Nuclear Physics,
under Contract No. W-31-109-Eng-38.
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1. Prologue

In August 1945, when World War II ended with the defeat of Japan, I was a sixth
grader of a Tokyo elementary school but was living safely in Nikko, a mountain resort 120
km north, owing to the “student evacuation” as a precaution against air raids. A few days
earlier the atomic bombs had been dropped at Hiroshima and Nagasaki, and shortly
thereafter a science teacher told us students about the science and technology related to
the atomic bomb. The lecture, shorter than an hour, made a profound impression and gave
me lasting stimulation; I wanted to learn much more about the topic. I am still studying a
part of this topic.

The first technical book I ever read through in English, in 1948, was the Smyth Report
[1]. It was the first official document published about the atomic bombs, and thus was
translated into many languages, and indeed was excellently written. In this book I first saw
the name of Argonne Laboratory, without a hunch that later I would work in the
successor laboratory for longer than forty years, until today.

My specific interest in radiation and its interactions with matter was aroused by the
Fukuryumaru (Lucky Dragon) incident, which occurred after the test of a thermonuclear
device (named Bravo) in 1954 at the Bikini Atoll. The crew of a Japanese fishing boat was
exposed to considerable radiation, and a member died shortly after returning to Japan. At
the same time I began to learn about the beneficial use of x rays in medical diagnosis and
therapy and was even more intrigued by this. Since then I have maintained a desire to learn
about radiation interactions with matter and to contribute something to the mcrease of
knowledge about them.

The charms of radiation science lie in its variety and diversity. High-energy radiation
and its actions on matter are related to studies of elementary particles, nuclei, atoms,
molecules, plasmas, and condensed matter, as well as accelerators, other radiation sources,
and related instrumentation, within the discipline of physics. Some aspects of high-energy
radiation belong to various branches of chemistry: physical, organic, inorganic, synthetic,
and analytical chemistry. Other aspects fit into biology, medicine, environmental sciences,
and some branches of engineering. Therefore, radiation science is a good area of study for
someone, like me, whose range of interest is broad. Radiation science is a potpourri of

different fields, and yet it represents an intellectual synthesis of encyclopedic knowledge.
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Some areas of science originated in physics and eventually settled as a branch of
engineering, as exemplified by mechanical engineering and electrical engineering. The
twenty-first century may see radiation engineering as a similarly established discipline.

Let me discuss some topics selected to illustrate various aspects of radiation science.

2. Effects of radiation on synthetic polymers

As a graduate student at the University of Tokyo I studied the topic in title. The
practical importance of this field does not seem to be as widely appreciated, as it should be
in my view. Let me discuss an example that shows the importance.

A commonly available sample of polyethylene consists of large molecules (technically
called polymers), each of which is a linear string and consists of many units (technically
called monomers) of chemical structure -CH,-. Irradiation of polyethylene with high-
energy radiation such as x rays or y rays produces a new chemical bond between
neighboring molecules. A chemical bond thus produced is technically called a cross-link,
and the process of its formation cross-linking. The cross-linking process accounts for a
substantial fraction of the total energy absorbed from radiation, and in this sense it is a
main result of radiation action.

After sufficient exposure to radiation, enough cross-links are formed to connect
polyethylene molecules into a three-dimensional network (technically called a gel). Then,
the sample becomes extremely strong and resistant both mechanically and chemically. This
phenomenon led to many industrial applications. One application has to do with the
cooling of the engine of an automobile with water. Till the late1960s I often witnessed the
loss of cooling water, leading to overheating of the engine and eventually to disabling of
the automobile. This occurred as a result of degradation of rubber tubes and pipes because
of oxidation, which is inevitable after repeated changes of temperature and in constant
contact with oxygen in air. Young people probably do not know this kind of automobile
failure, because it has been completely eliminated by the use of irradiated, cross-linked
polyethylene in the water-cooling system.

Interestingly this eminently practical application began in Japan, years after its scientific
basis had been discovered by Arthur Charlesby [2, 3] in the U. K. and by Malcolm Dole
[4] in the U. S., independently of each other. This history is similar to that of the transistor
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and its application to radios and other common devices, and it illustrates different kinds of
strengths of different countries.

Effects of radiation on polymers in general depend on the molecular species, their
configuration, and other characteristics, and therefore these effects offer a rich field of
research still to be pursued [5, 6]. Wishing to learn more about the topic, I became an
associate of Dole at Northwestern University in 1962, and thus began my life in the U. S.

Gradually my scientific interest went deeper and deeper.

3. Electronic excitation and ionization of molecules

Gases such as air, liquids such as water or gasoline, and solids such as synthetic
polymers or biological cells are made of molecules and therefore are technically called
molecular substances. Most of them are electrical insulators. The action of high-energy
radiation on these substances begins with disturbances of the motion of electrons, which
are the main agents of chemical binding between atoms and hence are crucial to molecular
structure. Most of the energy of radiation is expended in changing the motion of electrons,
because they are the lightest constituents of matter, indeed much lighter than atomic nuclei.
As a consequence, electrons may be raised to an orbit of higher energy but still be bound
in an atom or molecule; technically we call this event electronic excitation. Alternatively,
electrons may be pushed out of an atom or molecule and thus liberated to move far away;
technically we call this event ionization, because what remains behind will be a positive ion.
An ion is a charged atom or molecule. The radiation that causes ions to form is called
ionizing radiation.

As a novice in science I wanted to understand fully all the microscopic processes
sketched above, but I had no appreciation of the vastness and depth of the subject area. It
encompasses electronic structures of atoms, molecules, and their assembly into liquids and
solids, as well as collision phenomena. After nearly five decades I continue my study with

no prospect of an end.
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4. Two teachers I had in Chicago

I was fortune to become associated with two masters of physics and chemistry related
to radiation, U. Fano and R. L. Platzman. One of the benefits of studying any field of
science is to be acquainted with persons of high intellectual ability and devotion.

Fano came from Italy and was trained in Rome by Enrico Fermi, one of the greatest
physicists of the twentieth century. Fano contributed much to various areas of theoretical
physics [7, 8]. I learned from him the basics of radiation’s interactions with matter, first
from his papers during my student days in Tokyo and later from numerous conversations
in Chicago. He taught me many things. However, I remain most impressed with his
statement to the following effect: “When we do something in an applied field like radiation
science, we must still maintain intellectual standards high enough to command respect by a
basic scientist.” The truth of this idea has been becoming clearer and clearer to me, as |
see more and more of mediocre work in applied sciences.

Platzman was an American, trained first at Chicago by James Franck, one of the
greatest chemists of the twentieth century, and later in Copenhagen by Niels Bohr, and
grew to be a pioneer in theoretical radiation chemistry [9]. Platzman invented several
notions seminal to later developments. In 1963 he hired me as co-worker at Argonne. He
taught me much, including several ways to study electronic excitation of molecules,
including the use of synchrotron radiation, which is now realized in numerous institutions
throughout the world.

The best known of Platzman’s accomplishments is the 1952 prediction of the hydrated
electron. In liquid water under irradiation, ionization occurs abundantly; in other words,
many electrons are liberated and move into the water medium, leaving positive ions behind.
To discuss what happens to these electrons, we need to recall a property of the water
molecule: the outermost electrons in the molecule tend to be closer to the oxygen atom
than to either of the two hydrogen atoms. Therefore, when seen from far out, the
molecule looks like a dipole, namely, a line segment with one end positively charged and
the other end negatively charged. We express the strength of the dipole by the electric
dipole moment, defined as the product of the line length and the magnitude of the charge
at either end. Thus, we say that the water molecule has an electric dipole moment. Indeed,

many characteristics of water are attributable to the large dipole moment. Molecules in
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water at room temperature are moving around, are vibrating internally, and most
importantly, are rotating or changing the orientation of their dipoles, all as a consequence
of thermal motion. If several neighboring dipoles happen to be directed to a central region,
then, to an approaching electron, this region appears like a fixed positive charge. Thus, the
electron is drawn and might be attached to this region if it loses some of its excess energy.
Once the electron stays in the region for a while, then the arrangements of molecular
orientations and hence diploes become more favorable for trapping the electron. Platzman
called an electron thus trapped in water the hydrated electron and reasoned that it ought
to survive long enough to permit spectroscopic detection and also to act as a readily
identifiable species in chemical reactions.

In 1962, Hart and Boag [10, 11] observed the absorption spectrum of the hydrated
electron. Shortly thereafter I witnessed a conversation among Platzman, Boag, and Hart,
sharing the jubilation of the great discovery. Indeed, this discovery is perhaps the most
important contribution of radiation chemistry to chemistry in general. Similar states of
electrons occurring in many dielectric liquids, such as ammonia and alcohols, are called

solvated electrons. They act as a reducing species.

5. Effects of radiation on water

Chemical reactions initiated ionizing radiation are important subjects of study in two
respects. First, many nuclear reactors use water as coolant. Second, water is the major
constituent of the biological cell.

Pioneers in nuclear engineering such as Eugene Wigner were justifiably concerned
about the effects of radiation on materials they considered using in reactors. Water is
certainly one of such materials, because it is available at low cost, and it contains hydrogen
atoms, which are most efficient as a neutron moderator. One may naively imagine that
hydrogen molecules (H,) and oxygen molecules (O,) would be produced from water
(H,O) under irradiation, leading to the production of hydrogen and oxygen gases. If this
occurred, then gas bubbles would emerge from the water coolant in a running reactor and
give rise to high gas pressure in the reactor containment, posing a nasty engineering

problem, as well as a potential for explosion.
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Naturally, studies on chemical changes of water and other materials caused by radiation
began early in the Manhattan Project. These studies were soon established as a field of
research called radiation chemistry, and continue today. It was quickly found that only
small amounts of gas come out of water under irradiation. More strikingly, irradiated
water rebuilds itself almost completely after a period that is short but long enough to
permit numerous collisions between molecules. During this period, diverse chemical
reactions occur among hydrated electrons, hydroxyl radicals (OH), and other intermediate
species produced by irradiation. Full explanation of all this [12] is highly technical, but it is
noteworthy that common molecular substances are usually incapable of reforming
themselves after irradiation. For example, irradiation of oil or gasoline leads to very
appreciable production of hydrogen, methane, and other gases. As an exception, carbon
dioxide CO; in gas or liquid is effective in reforming itself after irradiation, and is
radiation-resistant.

As for radiation effects on the biological cell, it is important to appreciate that water
dominates in the absorption of energy from radiation. Moreover, the atomic composition
(more importantly, the electron density) of proteins and other constituent molecules in a
cell differs only slightly from that of water; therefore, it is not a bad approximation to
consider pure water in place of a cell, as far as energy absorption is concerned. Thus, a
part of radiation effects on a cell must stem from energy absorption by water; in other
words, hydroxyl radicals and other chemical species are produced from water and react
with biomolecules, leading to some radiation effects. These are called indirect effects.
Alternatively, some of radiation effects are attributable to energy absorption by proteins,
histones, DNA, and other molecules in a cell. These are called direct effects. Most of
experts in radiation biology believe that no consideration based on either indirect or direct
effects alone can be complete; in other words, these two pathways are comparable in

importance. We will return to radiation biology in Section 8.

6. Radiation effects on metals
One of the charms of radiation research lies in the great differences in radiation effects
on different kinds of matter. Metals behave radically differently from molecular substances

such as water and polymers, for example, for reasons to be sketched below.
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Most of the electrons in a piece of metal are tightly bound to an atomic nucleus. These
electrons move around in the immediate vicinity of the nucleus (technically called inner
shells) and play little role in determining atomic structure and material properties. Only a
modest number of electrons moving far from any atomic nuclei are decisive for atomic
structure and material properties related to electricity, magnetism, and optics. These are
called conduction electrons because they cause electric conduction. Ionizing radiation
gives some energy to all of the electrons in matter, and roughly speaking similarly to each
of them. Most of the energy given to the electrons degrades rapidly into a large number of
quanta of atomic vibration (technically called phonons) and then to thermal energy,
without causing irreversible displacements of atoms from their normal positions in the
crystalline structure; thus, radiation heats the metal to some extent but causes little
changes in material properties.

To observe effects of radiation on metal, one must do something special. One way is to
cause a huge amount of X rays or y rays to be absorbed. Another way is to use protons, o
particles, or heavier ions of low speeds, comparable to the speeds of conduction electrons
or lower; such slow particles hardly excite electrons, but they give energy to atoms to set
them in motion, leading to an appreciable probability of irreversible displacements of
atoms and hence to appreciable changes in material properties. Finally, neutrons cause
atomic displacements directly, or indirectly through the generation of moving ions.
Consequently, considerations of radiation effects on reactor materials usually focus on
neutrons, heavy ions, and particles resulting from recoil of them [13].

In a personal conversation near the end of his life, I asked Charlesby, one of the
discoverers of the cross-linking of polyethylene I mentioned in Section 2, how he made the
discovery. His reply was in effect the following. In1949, when he was new at Atomic
Energy Research Establishment at Harwell, his assignment was to study effects of
radiation on major materials used in nuclear reactors, especially, structurally important
metals. Earlier studies had shown that metals are not highly sensitive to radiation, but his
task was to determine the extent of radiation effects. quantitatively. For months he tried to
measure changes in properties such as electrical conductivity, heat conductivity, and
elastic modulus, but in vain. The changes resulting from a moderate period of irradiation in

a Harwell reactor were so minute that measuring devices conventional at that time gave no
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reliable results; thus, he felt that the task was both boring and frustrating. Then, on a walk
in the city of Oxford, near Harwell, an idea struck him; he saw cheap wristwatches on sale
at a store and bought many of them. The wristwatches then, unlike electronic ones today,
ran with the unwinding of steel springs. He wound all of the watches fully, set them at the
correct time, and put them in the Harwell reactor. He took them out successively after
fixed periods of time, and read the time; he found changes of the time readings,
appreciable enough to be observed at good precision and also closely proportional to the
period of irradiation. He was able to convert the observed results to changes in elastic
modulus and other mechanical properties of steel, and he managed to write a report. This
anecdote shows his mastery of experimental physics in perceiving a huge enhancement of
the sensitivity of measurements by the use of wristwatches.

This experience drove Charlesby to look for a material that would show effects of
radiation more easily. Having irradiated many kinds of materials at hand, he was fortunate

to hit upon polyethylene, that is, a novel material at that time.

7. Measurement of radiation
In telling the story of wristwatch irradiation by Charlesby (Section 6), I mentioned an

effect (changes of the time reading) occurring in proportion to the time of irradiation. Let
us consider this point at some depth. For simplicity, let us assume that the power of a
reactor stays the same. This means that the energy produced per unit time interval is
constant, as is the number of nuclear-fission processes per unit time interval and also the
number of secondary charged particles produced per unit time interval. We are tempted to
say that a wristwatch in the reactor receives a constant “amount of radiation” per unit time
interval. What does the “amount of radiation” mean? The wristwatch in the reactor is
bombarded by particles of different kinds and different kinetic energies. We may choose to
observe some quantity as an indicator of radiation action on matter. Which quantity is the
most suitable? Pioneers of radiation science a century ago stumbled over this problem.

We now use as an index the energy of radiation absorbed by matter of unit mass, called
absorbed dose. The unit of this quantity is the gray or joule/kilogram. With abbreviations,
we write 1 Gy =1 J/kg. We apply the idea of absorbed dose to any kind of radiation and

to any kind of matter. This notion certainly reflects some empirical knowledge. According
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to measurements, cross-links in polyethylene, atomic displacements in a metal, charge
carriers in a semiconductor, and ions in a gas are all produced in numbers closely
proportional to the absorbed dose, under certain conditions. It is not simple to describe the
conditions completely, but they always include an upper limit for the absorbed dose and
hence for the number of product species. Typically, the number of product species departs
from the proportionality to the absorbed dose when the latter is very high.

Can we derive from theory the proportionality of the number of product species to the
absorbed dose? I have tried to solve this question. However, my answer is not very simple,
and it certainly is too technical to explain here [14]. All I can say here is that the
proportionality is only approximate and is subject to several rather restrictive assumptions
about microscopic processes involved. Consequently, we see that the use of the absorbed
dose is not unequivocally dictated by science but is in essence a stipulation adopted for
convenience.

Despite the above qualification, experimental and theoretical studies on the absorption
of radiation energy by matter form a branch of radiation science called dosimetry, which is
important in many practical contexts in medicine, industry, and law, and therefore is
pursued by many workers. Current studies in dosimetry concern ever more kinds of
available radiation and also quantities far more detailed than the absorbed dose [14].

The goal of the International Commission on Radiation Units and Measurements
(ICRU) is to provide, starting with the absorbed dose, international standards concerning
quantities related to radiation, techniques for their measurement and calculation, data
necessary for such tasks, reporting of results, and applications to medicine, industry, and
research in other fields. The ICRU was formed in 1925 to address needs of medical
radiologists. I have been a member since 1985. The main job of the ICRU is to select from
the broad topical area of radiation measurements a timely theme suitable for a report, to
find standards of knowledge and judgment reflecting an international consensus, and to
publish a report describing the standards. For this purpose, scientists best qualified to
prepare a manuscript are appointed to form a report committee. After work for several
years, the report committee submits a manuscript to the Commission. Most often the
manuscript is revised after the Commission’s deliberations and is eventually adopted for

issue as a report. So far 71 reports have been produced and made available to the public.
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Since 2001 I have been serving as the Scientific Editor, and have worked on the final
stages for Report Nos. 65-71. For a full account of the ICRU activities, I recommend the

web site at www.icru.org, which includes an electronic journal entitled JCRU News.

8. Biological effects of radiation

Following up Section 5, I now briefly discuss biology. The cell of soft tissue consists of
many kinds of molecules and has a hierarchical structure of many levels. According to
most experts, biological effects stem from changes in molecular bonds and structure in
DNA (deoxyribonucleic acid) in the cell nucleus, leading to perturbations of normal
functions. Biological effects include the cell death, mutation or transformation of genes,
and malfunctions or diseases of organs. Carcinogenesis, the most notable of the effects, is
attributable to a failure of healthy cell replication and programmed cell death (technically
called apoptosis). However, the cell contains many components other than DNA such as
histones, other proteins, and molecules forming cell membranes. Radiation must cause a
great deal of physical and chemical change in those components; consequences of these
changes remain little studied, as far as I know.

In contrast, radiation-induced changes in DNA have been studied extensively.
Molecules of DNA in a cell are present as the well-known double-helix structure, which is
different from many synthetic polymers. Thus, scientists working on this topic distinguish
between single-strand breaks and double-strand breaks and tell us that the latter kind of
breaks should lead to more severe consequences than the former kind. It has been also
well established that a majority of the breaks or damages of DNA are detected by enzymes
and immunity agents and are repaired; no similar provision is present in inanimate matter.

Another remarkable aspect is that the amount of a biological effect is usually not
proportional to the absorbed dose, even when the absorbed dose is small. Often the
amount of an effect appears to consist of two parts, one of which is proportional to the
absorbed dose and the other to the square of the absorbed dose. What does this mean?
First, one reason for the departure of the amount of some effect from proportionality is
physical and is related to the non-uniformity of energy absorption over a scale (about a
micrometer or less) that happens to be comparable to the scale of microscopic structures

of constituents of the cell. Second, a biological effect we observe is often not a response
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of a single molecule or even a single cell, but is a coordinated response of a system of cells,
as has recently been recognized increasingly clearly [15].

Even the first (that is, physical) reason alone points to notable consequences. One is
that the amount of an effect for a given absorbed dose depends on kinds and kinetic
energies of particles of radiation, because we know from physics that the spatial
distribution of energy absorption in matter is different for different kinds and kinetic
energies of particles. Another consequence is that the relation between the absorbed dose
and its effect depends on how the intensity of radiation varies with time.

To kill half of the cells in a specific culture might require an absorbed dose of 2.0 Gy
when we use x rays, but only 0.8 Gy when we use neutrons. It is customary to consider x
rays as standard and to express the above finding by saying that the relative biological
effectiveness for neutrons is 2.0/0.8 = 2.5.

In medicine and legal regulations, one uses operational quantities called dose equivalent
or equivalent dose, that is, the product of the absorbed dose and a modifying factor. The
value of this dimensionless modifying factor is determined through analysis of data starting
with the relative biological effectiveness and the kind and kinetic energy of every particle
making up the radiation under consideration. The unit for the operational quantities can be
J/kg, but a special name sievert (abbreviated as Sv) is recommended to emphasize the
distinction from gray. The limit of exposure of a person of the general population is] mSv
/y. The limit of exposure of a radiation worker is 20 mSv/y, on the average, over five
years.

Examples of some larger values are as follows. A member of a crew on an international
space station normally receives about 1 mSv/d, chiefly due to energetic protons from the
Sun and cosmic rays. A large explosion on the surface of the Sun, called a solar flare,
increases the exposure by nearly a factor of 10. A standard goal for killing cancer cells in
therapy is 60 Sv. Exposure of 100 Sv over the whole body is fatal. (Note that thermal
energy of 100 J/kg delivered to a human body will raise the temperature by 0.024 °C
only.)

It is important to set standards for exposures of humans and the environment.
Considerations necessary for this purpose, called radiation protection, extend far beyond

natural science and include elements of economics, law, and decision-making strategy.

— 281 —



JAERI-Conf 2005-001

One issue often discussed in this connection 1s whether the risk of an adverse effect
increases in proportion to the absorbed dose when it is very small or whether it is
negligible up to some value (called a threshold) of the absorbed dose. Questions of this
kind are difficult to answer when considered from the point of view of pure science;
indeed, they are not precise enough to permit a clear-cut scientific answer. An answer to a
question of this kind cannot be inconsistent with the scientific knowledge within its current
limitations, but usually involves a decision or a policy related to the management in a
broad sense.

The International Commission on Radiological Protection (ICRP) is responsible for
issuing recommendations related to radiation protection. The ICRP and the ICRU
maintain cooperative relations; often the ICRP raises issues to be considered, and the

ICRU provides a scientific basis for considerations necessary to resolve the issues.

9. Role of physics in radiation research and applications

The greatest contribution to human well-being among applications of radiation is
medical diagnosis by x rays. Initiated by Rontgen over a century ago, x-ray medical
imaging has now developed into the computerized tomography (CT), which represents a
feat in imaging technology. It is often said that the CT machine has saved more human
lives than any other machine. The imaging technology with ionizing radiation or with other
agents (such as ultrasonic or low-frequency electromagnetic waves) has many applications
also in materials science, mechanical and structural engineering, geosciences, astronomy,
and military technology.

In connection with diagnosis, I like to point out a wonderful advance I witnessed. The
largest contributor to the total exposure of the general public in the1960s was x rays used
for medical diagnosis. Now the largest contributor is natural radioactivity. An appreciable
reduction in human exposure was achieved by improvements in machines and detectors
such as photographic films.

A reason for the success of the imaging by radiation is that this technology is based on
firm knowledge of largely established physics. To clarify the foregoing statement and to
show the role of physics, let me present a general observation. I find it appropriate to

separate radiation-physics problems into two classes. Problems of Class I concern the fate
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of radiation after interaction with matter. Problems of Class II concern the fate of matter
after interaction with radiation. A typical problem of Class I is the degree of attenuation of
high-energy photons (that is, x rays or y rays) penetrating matter and its dependence on
the particular kind of matter. Unless the photon energy is extremely low or high, and
unless the atomic number of the matter is very high, we have reliable answers to this
problem from theory and experiment, which serve as a basis for the imaging technology.
Problems of Class I are easy to study experimentally, because one needs merely to analyze
radiation after transmission through matter. Indeed, most of the problems of Class I have
been solved in principle, apart from exceptional cases. (An example is when numerical
results of extremely high precision are required. Another is when matter is highly
inhomogeneous. )

Any problem of Class II is difficult to study, because a complete solution would require
in principle analysis of all the major product species present in irradiated matter.
Techniques available to us now do not meet this requirement. In other words, any
irradiated matter represents a new material in the sense that we do not know all the
component species, and a complete solution would mean full characterization of all these
species. In addition, any irradiated matter is not in thermal equilibrium, and therefore its
properties should be varying with time. Consequently, no complete solution of a Class II
problem has been obtained.

I have personally devoted several years to a simple-looking problem: to characterize
theoretically all the major pathways by which radiation energy is absorbed by pure
hydrogen gas and to evaluate the probability of each pathway. The solution I obtained
with the help of several co-workers turned out to be useful for some astronomers, because
pure hydrogen gas serves as a basis for some considerations about cool regions of
interstellar clouds and about the atmosphere of Jupiter.

Another Class II problem is old, well known, and much more complicated. This is to
ask in effect what happens in a Geiger counter. It contains a gas and a pair of electrodes,
and the passage of an ionizing particle causes a minute discharge that is amplified into a
current that is measurable externally. According to empirical work, it is good to use a gas
mainly made of argon, with a small amount of an alcohol, an ether, or a halogen-

containing molecule. I cannot explain why and how this gas composition is optimal.
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Finally, I wish to add an observation about the role of physics in radiation research. It is
clear from an analysis [14] that contributions of physics have been substantial and decisive
in the development of instrumentation in a broad sense, including radiation sources,
dosimetry, and methods for detecting and analyzing some particular kinds of product
species. However, contributions of physics to the elucidation of mechanisms of radiation

action on matter remain limited and tentative. This trend is likely to continue.

10. Epilogue

I hope that the foregoing discussion conveys a sense of the research I have been
participating in. Limitations of my ability and allotted space prevented me from treating a
broader range of related topics. Some of them concern radiation and radioactivity as
ubiquitous components of the environment and of the universe, as excellently surveyed by
Dragani¢, Dragani¢, and Adloff [16]. Other topics are related to nuclear power and
nuclear weapons. A recent book by Garwin and Charpak [17] presents a masterly survey

of the topics.
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