B X

550. 835. 4 : 552. 08 : 550.3/.9

Y-y RBEICLIERBEOINELESBIHIRDEFTERIZONT

—HHERCLBDELER—
2 I S - iy

On the Measurement of Rock Density and Prospecting for Heavy Metallic
Ore Deposits by Using 7-7 Logging

Response based on Diffusion Theory and Experiment:
Junji Nagar
Abstract

The consideration on two forms of gamma-gamma logging is presented in this paper. One
is a density logging of rocks, which is based on Compton scattering of gamma rays by rock elec-
trons, and the other is one type of so-called selective gamma-gamma logging, which is on the ba-
sis of photoelectric absorption of gamma rays by heavy elements in the rocks or ores.

The results of theoretical and practical investigations are summarized as follows:

1) By the theory of a single Compton scattering or the equilibrium energy spectrum, an
essential physical foundation of the density logging can be conceptually comprehensible. In the
author’s work, 1971, it is argued experimentally that dominating portions of scattering gamma
rays detected in the rock are composed of multiple scattering gamma rays. To treat of a density
logging analytically by the theory of multiple scattering, extensive quantitative treatments are
required.

In general, the physical description of the migration of gamma rays through extended
media derives from the well-known stationary-state Boltzmann transport equation. But full de-
termination of this solution is beyond possibility in general, and the diffusion theory is used as an
approximation method. Approximation methods by diffusion equations give solely the spatial
distribution in terms of the number flux of gamma ray photons and they can be easily applied to
the problem of geometry such as bore-hole. The diffusion theory on density logging was devel-
oped by the application of one group approximation method for point sources such as %Co or
137(g,

2) By applying the diffusion theory, the migration of gamma rays in infinite homoge-
neous media is expressed as the stationary-state diffusion equation.

yin— Tl?r n=— g;

where n is the density of gamma ray photon, L, the diffusion length, D, the diffusion coefficient,

Q the intensity of source. Assuming that bore-hole diameter is enough small as compared with
the source-detector spacing R, this diffusion equation can be applied for a point source in infinite
homogeneous medium and has the well known solution.
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Using this solution, the author has studied the response characteristics of gamma-gamma
density logging for formation, and the following observations are made.

The intensity of gamma rays increases with density at low densities; at high densities,
however, it decreases with density. The theoretical response curves, therefore, exhibit the maxi-
mum at some intermediate density.

The negative slope characteristics are utilized in usual gamma-gamma density logging,
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and its sensitivity to the density change depend upon the source-detector spacing and the initial
gamma ray energy.

These theoretical results are confirmed by the experimental observation, and are in agree-
ment with the semi-empirical data given by Y. P. Bulashevich.

3) The diffusion equation is applied to treat of the scattering of gamma rays from a
point source located on the axis of symmetry of the two media, with different densities, separated
by. a cylindrical boundary. Numerical results for a water-filled hole are compared with the em-
pirical results, and good agreements are obtained. The density variation corresponding to the
bore-hole diameter can be readily determined by a set of empirical calibration curves. From the
view of accuracy, merits and demerits for 8Co, ¥7Cs are discussed. The three-media problem is
also treated on the media consisting of three concentric cylinders. This is the simplest geomet-
rical representation which yields information on the effects of drilling fluid invasion and of
cement covering bore-hole wall. Some numerical results are given.

4) The diffusion equation is also applied to the scattering of gamma rays from a point
source located on the axis of single cylinder of infinite length and finite radius. T'o take into ac-
count the escape of gamma ray photons from the surface, a concept of. the extrapolation distance
is utilized. Numerical results of intensity of gamma rayson the axis are obtained. It gives the
effective penetrating volume and accordingly, dimension of artificial bore-hole models for
estimating empirical calibration curves. In this case, the effect of bore-hole must be essentially
taken into account, so two concentric cylinders are considered and the solution in the axis of
symmetry is obtained, however, there are no numerical results.

5) In the case that a plane boundary separates semi-infinite homogeneous media with
different densities and gamma ray source traverses this boundary perpendicularly, the responses
are calculated. This geometry corresponds with that the bedding planes of sedimentary rocks
are penetrated at right angle by the bore-hole.

Measured density on traverse line is generally somewhat different from the mean density
of two media which occupy between source and detector, but the situation of the boundary can
be almost exactly determined.

Theoretical response curves are calculated on traversing perpendicularly a medium with
two parallel plane boundaries between two semi-infinite homogeneous media. This corresponds
with, for example, coal seam or tuff in thick formations.

6) The accuracy of a gamma-gamma density logging depends on several factors. Main
factors for the measurement errors are the statistic of nuclear decay of source and the difference
of conditions between the calibration and measurement in fields.

Empirical calibration curves for bore-holes with various diameters are accomplished in
the laboratory. From these calibration curves, standard deviations of density measurements are
obtained semi-empirically.

7) The dependence of intensity of gamma rays on the density decreases with enlarge-
ment of the bore-hole diameter, and the directional probe to surrounding rock is used tentatively
in order to eliminate this influence. Significant changes in the slope of the calibration curves are
theoretically obtained, and merit of this probe is also confirmed by experiment in the field.

8) In the field test, the density log can be correlated satisfactorily with the electric log,
and an acceptable agreement between density log and core measurement is found. In general,
bore-hole roughness causes considerable error. In such case, the combination of density logging,
electrical logging and caliper logging makes interpretation of density log unambiguous.

9) In the case that the heavy elements with high atomic number are contained uniform-
ly in the rocks and have no influence on the density of the rocks, the intensities in gamma-gamma
density logging are reduced by photoelectric effect.

In gamma-gamma density logging, it is generally impossible to distinguish whether the
decrease of counting rate depends on the density of rocks or admixture of heavy elements.

If heavy metallic ore deposits are assumed to be composed of rocks and low content of
heavy metal elements, the detection of the latter is facilitated by measuring the scattering gamma
rays from the low energy gamma ray sources. 75Se is used as the suitable source, and the relative.
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intensities of scattering gamma rays in the ore deposit models are calculated by the diffusion
theory and also observed experimentally in the simple artificial ore deposit models.

Results of these studies are as follows:

a) The spectra of scattering gamma rays from point sources of "Se, 8°Co, and 137Cs in
the ore deposit models are measured individually by using the scintillation detector and the mul-
tichannel pulse-height analyzer. Total intensities under each spectrum as a function of content
of heavy metal elements are compared. **Se is found to be the most sensitive to the presence of
heavy metal elements.

b) The parameter, L, and Dy, can be calculated according to Voskovoinikov’s method
in which both photoelectric absorption and Compton scattering are taken into account, and the
solutions of diffusion equations in low energy range are confirmed by experiments.

From the results of numerical calculation, it is found that the response curves are influen-
ced by the chemical composition of country rocks, density of ore deposits and source-detector
spacing.

On the other hand, the density difference of country rocks to be equivalent to the con-
tents of heavy metal elements and the limitation in applicability of gamma-gamma logging are
estimated theoretically. These investigations demonstrate that gamma-gamma logging makes it
reliable to detect heavy metal elements and in favourable conditions, even elements with medi-

um atomic number.

c) The intensity of scattering gamma rays in zinc-lead ore deposits are measured on a
laboratory model. The results of this experiment assure that gamma-gamma logging by using
75Se makes it practical to detect mineral resources such as zinc-lead deposits.
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BREQ D MRS E e BMREENIC S B L SRR
LHEHROETOn ZARNTHLbDLENS.

b D Q SRY
Vi = "D d(R) (5)

7272 L 0(R) HAMIEEEDT Dirac ® §EETH

5. TOROEITLIL BN TWS, Tibb

_ Q . e Rl
" 4zD, R

RO T HFOBEEELRD LTS, E7XbBIEIL
HORMENWROERORMHEANTLL LR TE

................................. (6)

8—(8)




T-TRBECIZEAEEOHUELESBEROBREHR 2T (FHIED)

3. bHAAMBIREOEL, HBVEIROERDILL
TR 5 SAREERIRT & 2 v, —oicik Fick
DOHBHEABRREIZh2WL, E—F TR TEROE
BABEDOFREMER/NES K BB TH 5.

T-T BERBOGA, MEOHHzRLX—2 5 2
VIR UHEL R RV F-FEBO TR E LTRET 2HE
BORBMZIAX - LN RCBLEBO N R H & &
5. —7F, BEFERE—Bz R F—0O 7Nl
TORBRATES. Lido TIOBEEE Y H S5
7%, ZZCHIER &SI es edicPET
OFERIBEOBREA L TWA “MauikE” oFke s
3%, TRbbAKETEIIVE-FERE—IELT
THELTELZS, IEFRIRTRELI DD ZAX
— (FROMPTFIAX—L1ZRAR D) 2HLLETE
EL, TRLDORFERELT R X —FHR»bHE
Bt 5 CRLERFYEBOYEE >3 £ TOR
ik, TOTRAXF-—DEFTHETSLEETS. i
FhoREHEBEOBEE > D bRO = 3 ¥ —H
RICRERNIC b5 D LELZS. Lo TEER
Bz T— 1l LTEX 5= R X —FRE,
oz x N F— L RPI= RN X - LOBOFER C B Y+

5. 81 RTHELRERBEENO SRFIC X 5 n 2 5E
TEFEERLELDTH SN, 70 To, cos 0 Iz DT
ANX—FBETOETH B,

T-T BERBEOERT 3 HERIZNX LT
RKdjon LIGEE c OFF Ll © LFDT) kKT
LD LELZTIV. FRIUTIUE 7-7 REOKE
PO HAVEnDEORMELE LTEET S,

2.2.2 Mﬁ,ﬁa}—.yo)gﬂj

Lo, Dy i3 1 RIREHN TV X 912 10, To, cos 0 %
BHT 220X TRODZZENTES., +hRbbLIE
BOFH= 30X — L FBl= 2 ¥ —icxt L CHERR
DB THELYRER LREL L > Toh b DEEEE T
BLENRTED. ZITHETHROZRNX—DOIOF
BRI & 558k (Dyapkin, 1955) iz [FREEANICHE - 2.

BFO 27 N VEEMAKTERE doe/dQ ik Klein-
Nishina DR & LTXLMbh T3, Thbh,

doe 1 2( 14cos2 @

a0 ‘rﬁ1+aavamm]( 2 )
a*(l—cos0)® \ ...

{I'F T cos® 0)[1 +a(l —cos B)] } ™

Bl HATERC X3 T RTFEEQOHE

V- Kin=—- L 5ar)
" o B ARBIRLITIVES R
l m: v EFEE
Q o S Diracod BI¥
2ome " qwne TR
Y i MEEOENHERET
T o PERE
Lo= /DTy Q: BERFRE
(P B 7B WiE) R: EE-REIFEEE
T Te: ¥ 79 54&
Do=_3L)\t'C C: _t Si)i
O BiR ¥ Tl AREITBIYRKL
0 BEDRFEOFN
~ 7 7, FrO#H B
=TT
EEo T EHRFE)
7= Sl
(Frgauiez)
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wWEREFTAE EVE 815

ZOREEMEAICETTHELETER e B2 bh 5.

Thbb,
— 92 1+ar2(h+@ n(14-2¢)
= 2mr { a2 L 142« o ]
In(1+20)  143a V...
T (1~F2a)2} (8
hy,

REL @ o o BTEEO T XX — & BT

LLIETHOZRILE—

5, €

r3: RS EFOHHMPERE (e 3BT
DEFRF)

dQ: sin #dfdep .- BELOSLEAESR 0, ¢ 1K
JEERE)

BT LEETHIZNF—a DTNt & (t+AY) ©
FORIRIEZ FE>ANICEELT 25 dp 1X(7), @)K
5}

dp = L

LiB. Tk t(=cosh) Z— 1+ 1 OFOER
Lo, BEBOZIAE—% o L, ThEEERO
TARVF—a TEEPZB L, TFVF—0BREE
KeEw

& = Ina—Ina’
€ = In[1da(l—t)] reerermmereemmmmeieenniiienanns 10
Liehdo TE DA E 13

&= [Tt +a(1-0)dp

Tiebb,
z_ 1+a 1t
= {——‘<1+2a>2 ai 20T+ 2a)?
2 __ -
L 220:726 2 In(14-24) ][n(l+20€) } ............ b

FIHWELES 70, TigEM T, 3 ERF-TRDBZ L
BTED. o #RROTH=FALF—, ar 2FPI= %
VX =, m BRRINRE LB L,

B OO U RORROURURURRI

m = [o 12

T :J"“ o e
[} ae g (13

ZZTCIRBED ZIA %0.5F53 L,
1 = 3.012 X 10%p0,
TEbENS. Fi cosh DEHIL

—_— +1
cos @ = J tdp ........................ Levieiiennineannns 14

LMo TR AX— K ic 317 % cos OFHE
cos 0 1%

cos 8 = _I_Jﬂi G2 (15
Mo Jag o
70, Toy c0s0 12X D Lo Dy 232D, SbicTHFH

Ea BPfHHECHETES.
ZDX D RERICHE- T 0Co, ¥Cs oW TEHEL
TR BN HBT A — FEE 2RITRT.

2% 9Co, ®Cs o Ly, Dy (a; : 150 KeV)
\ E (MeV) Lo [cm] D, [cm?-sec™1]
17.05 c
1.33 5 4125
0000
16. 55 c
17 2299 4.03%
1.17 = =
187G 0.66 14.07 3,62
e o0

2.2.3 HERERBEE~OHEA

7RO E BRI K 5T, BRIRE—RHE O B
REU® 5 BAKREL, EfHoBERPRIZL BT
UL 9 BAMENLT 5L, RHEECRT3 0 3L

BRTHLDLLTIVTSHA ). niFFHERRICI -
THLPRISICR, o, 04 0 ODEFER L7253,

BRI, M A X—EEE LT *Co(1.17,
1.33 MeV), 187Cs(0.66 MeV) 235 b E@IicFH ST
5, ZITERI D O iz %Zn(l.11 MeV), %Mn
(0.84 MeV), 193Ru(0.498 MeV) &z b eHE D%
L L. RBZIAE— LV o IARFEGEL 7 8
ERCRERRSOEEL S RVE I REDAIE LD
ThoT, TEBRIBVZRLT LUV KNEE L
W, L LEBRIEEIROALY bbb L MR
IO HEE T BREZ R F TRV TREVWEEE
EDBZ b CEVZRVF— LV EBREZ L
REBH L W2 R, £, HARBRT 2REFHR
5% Al L a7 b UEELRRE 0.15-0.20 MeV L ETig
EANERIL LSRR FVERLTWS, ZabkE
BLToa & 150KeV L L7z,

R,oy 25 2A—5LLic®@(=n-¢c) kp LOBERFR
PR THRINEHERESE 4, SHIRLE F41K
i R =57cm DBRE, o ik 3ER, HFIXIER
2 X 2ERENIBOBO p = 14 glom? (BT LOKE
B L TEDLTHE. hbDORBRERLDLMIHE
BB HROERAREEIRO LB Y L5,

1) BOBOOMEL 0 28 1.4-2.2g/cm® DT

(ETRBERBEIAR E 22 D, o DIRS EH TRl

IR L LT/ LR TE B,
2) RBRELRDIZONTEDHEENT 5 & < i
D, IREEEREET S,
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T-THRBECIZEFAEEOHELESBHEKOBRELR L > T (FHED)

® 1.0

0.5

R=57cm

0.1

14 1.6
%4

3) BROWHIT R X —MEL 72 B OISR
X725,

IhopLHEET B L, XX DN T HRE A
W, POROEWS v — TR HERTIEL VEEOE
T-7 BERBEEIAEONZRTTHS. L2 L, R
PE L RN CEERII & 250 T, FRT
BMFREE VR KELTHLERD Y, EBEHNT
B, ERBROTB=RIAF —REL RHTRE
DR LI BB RGHEAE £ 2 Y, BT
BEREBLRELRD (ZhBONWTOHERR R E R
2.2.58BNVTHORSB). Lel>TEDRMIIELTZ
NEDRITA—FRPRETRETHS .

7-1T BERBIIRCEIHERE LR L T 2568
ZNOTRb/MEVe L LTREBLE, WEE FRE
Sl Lie 1.2g/em® Bz BE L TRFEINT
555, LHLER BEZ O MOFEIZRBNTTI-T
HERE LS RUEEEZRALTE b IEWEREZ
Gy LIcEESELTZHARLIELEDHS. R=45
cm 3t LT p = 1.3g/em® DU OB HIBR % 5
6™ iz, %7 ¥Cs R LEBEDORICE DIEDOE

2.0

$em?

BEOMH = F 4 X — L B KA iR

&% 7 Kicxn Lz

i TR @OEETRT & & bIcE—REDBIRE [#
BALIBED © ORMABEIRLTH S, p #30.15
-0.25gfem® TR @ o Tl A Y EBRICR B, D
DBER L 72 B D 13 0Co T 0.35-0.40g/cm® T d B 28,
o BEL ZBIEONT p DENHF~BE T3, R=
45 cm DA 0.60g/ecm® DU IR EERIC B+ 585
BAEENDT, BEOPECITEL TRV, F—#
FETRRB/AELARBLINEOERERIET S 01X
ENFA~BEIT 5. Lkt o THEEI/MS W o 2HIET
BHAICEIREELSTILENDS.

2.2.4 EBRFERLOHE

BurasuevicH, ¢ al. (1962) 3L HOEELERL S
BREZOERPPEL, BFEL LT ®Co VLR
el &, BELT SORE L ARBE L OEREROEER
KTHODbL, ThMBEECHVEREZRTLHRELT
w5,

1= A%exp(*().OGpl) .............................. (19

£ CCARRIRIREES X U 5 — 7 DSTENA BRI
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WEREHFAE EBVDE H1 5

? .
1.0
05
R=32cm
R=45cm
0.1
\ R=57¢m —
L
1.4 .6 1.8 2.0 2.2 ¢hom3
w5 ¥Cs iz B MIF—IR BT X 2 iR 0 SRE R
BURT B IS, iR RINEOER TS5, & HHCXAREE REBEEORYENESEET 5

DOBEHEL T B 5 LIRS AVF -5 (0.1-0.2 MeV
PF) 2 ¥oxgst LTz, R % 32em kL7
Ba, IO X 2RSSR L Reicb &5
SR LOHBEZZ AR, H8XTI e = l4g/cm?
ZHWT ® ZLOCHEBLLTHS. Zhbd 2 oD
BHREIR I —BLTWS, —F %Co, ¥Cs #HNE
BRISEHBEERY, Zh LBk X 5 ERn
LDOWEE = Z AR, FIEEE L LT EAREREES
BERTEd TCS-102 Al v AR E OFT#d X OV ND-831 &
BRERASe =720 L. 2hboEBREMECE
WTERN, BARBLEHELELDThH-T, Fr—7
DOHAETITAT VLR« AF—VRIGHE 32 mm, NE
28mm,men)m%ﬂ¢x?!§mvvcwé.

) #I, I0KiczhbDERL R L Th 5. BurasHEVI-
cH, e al. (1962) 2 X 2R L OMICRXBIFAR—EN AL
NBEDOIHLT, ZOFREFHEEOMICIZZIOERE
DoNE. L UIEEEERIC X 5 3HER I 2 R
BERHELTWE0OIRHLT, ERTRAFEHFOE
B (EHE 4B mm) 2L FLLERTEY, £ w—7

THHHILVWSZ LEELSL L, EBELOBERITEE
WRTEIREEEZTVWE LW LS. LHOEER
ZRCANTGE, BBEHERERELZ EHEsE
BZL12.2.6KBNTDORS,

2.2.5 FHrREEE

THE CHIOETERN R FEL BR L CHRE R ER
BB OBEL 7 2R - TEXehs, R DBEEDE
ERECHEET 2EHMOL2ER (0 CANIEHE L
&) Bkon. FRREGEEITREENIORRLERD
0 T2, ERREMBREERT 2 0IcERT
BAHMEANKZ LR EDEDORYETHS. Zhik
DB, FE—E O FRROFLHER D22 2 ik K
<L, BRHEACRT 28EL T RBEXFYcffins
h3 82 RE¥E I, Lil, —EBEORZEDOR
i HEEIOERIT 2 Y EER - L TH Y, EpEO
PEIMNEVEE, REEEL TR L 7 B3 EIO
B, BRItk o TREEN, Sl OBEENIC AST
BZENRLwIFAELONRD. ZHhOLDEERKRIC
LRER E»R YoM LL, EMAEEERDSZ L
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T-TREBECLIILEHEEOHELESEEKOBEEE L > T (RHIE)

: |
K=45cm
A
g
=
=
o
S o
+
A
~
<
05
0 0.5 ’ 1.0
Yen®
EOK EBECRITOH XX — L EimAIEE i
§LO
2 / R=32Cm
I3
s
i_\ 0.1 -
>~
Fey
a
-
<
R=45cm
R=57CMm
ool . o ‘
0 0.5 1.0 1.5
s

B7E WCs i i BB IRk H IR & 5 R AR
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arbitrary unit

EBEEFT AR (BF £ 1 5)

8o R:32cm

Bulashevich’ s semi  experimental formula

Diussion theory

L L 1 |
0.5 -0 15 2.0
Y

%8 ¥EEE s » Bulashevich & iz X 5 IF& i o B

1.0
Sos
=<a.]
\ ~w -
05 ~J b~
6’6‘0 B:32cp
14 1.6 1.8 20 22 g/em?

HOW WEREHLERC LSS KoKE (“Co, —BHRME, -—--KRE)
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T-THREBEEC I EGHECDHUELESRBEKROEEKRIL>v T (FHIEZ)

10 /==
~o-
\\\\
\9 -
~OoJ
(019 \\\.\ ~
N [~
\\Y)\ -
;\ ~ y 1
7708 |R:32¢4n
.4 1.6 .8 20 2.2

g/cm?

HI0N WMEBEH L ERC X BEEMBoLER (%0, —BRIE, -—--EBRHE)

Do, Lo,-f

z
\
n
\
\
\
1
K.
1
I
+\ T

\4

|

HIK MERBEZORTOD0EE

BRI/ T E R,

& O ETHRICERICEWHERRD B E % &
%, TO8 EICHMEQOSRIRS 2R E (FLF), @ 1
DR Dt iR 1) 5 © OREOWINICHT 5 A2
EibzeRkp 3. ©OMEME TRLLYERLERALLL
BB OBEICHENIC—BT R B ERRELEH L v
&5,

BB R EREEN TR T 5 HERG)E NS
Zih, MESOMEEZFA L Lic HEEE (1, 6, 2) ©

9°n

BERACEELRN LEEET S L, HERATO
WEFERIIRD L Sk b.

n , 1 on 0%n
or?

e = e 0)

Bz bR, 727 L, Ll—gé ® Lt B,

ZOXDOME 0 TR OFEME T SO TRINERS
2V, FTRbb
1) z=d40oDrt&En=0
2)
38) r=amnbt&n=0
(4) r—0,z—0 D & & n—on,

7eiE L a 3D, n ZHERERBBLEX
LEDMRE

(
{

n(r, z) = n(r, —z)

Q e—F 1222
4Dy /1R 22
ERTLOLT B,
RUDEDE 0 LBWISFEDOME 0y L$ 5 LHR,
n = n;+n,
F, 2tk ) ERERESLEERL L, n 3EF
Ry e VEBOBELI>ThbbaEha, +hbbd

nfzﬁmuﬂmVP+ﬁ)+mnKmVN+ﬁn

Ny =

COS AZAA «everererererrreriertieiiieieiiiiiiiiieiiiieans (18
r—0 D L & BOKo@V A2+ FARE LY, Fiengk
Ry VB0 EGR» B
By = Zn%Do J:Ko(r«/m €08 AZdereerreernne 19
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BWEREFAR BVE 1%

LB, LEd-THR, BLLT

n=[TAWLevETe)
+2%D()Ko(r«/m]cos 22A0 creeereeneennns )
Brbh s,

MERIRE L BEOZM L oBERick T 3 7T O
BOBYHNiZ, SMEEOESE A5,  LEAER
BRETHIE, THEEBORRzEEEECL Y-
TZARW., ThbbEAEOERL 7 ROE2RINELE
x%. TOXORERIE, FHETOEROEY HFWiT
YU THMEREREOES 2 ED Z L8 T& 5. b LIEHALE
R L OBERBEE 2D B WViZE OHBINEVWEE,
SMREERE d RO T H EREE A & LI2GA

d = 0.6672;

TRb&Eh, BERPL TRBOIIMESh B KL TOHE
BEPRT. Lo THEOKRE SIECELY LA
FREVERRL, ZORBHRER CERSLEEER
THOWMEMTH D, T 2 CRIMEERES &= HER
WEOYEL 2 & L, RBIZHESEDDICRND
THEAEEZ ORE L EBL L,

KolavVZfe?)

-__9Q
AW = T2Vl +r2)

272D,

Ve

% 100}
Qo+
8o

70

50

HE <l (r=0) i o Tz TO T T 0 i3 HAE
ek ThbbEhs.

n Q [ e _%I:F(l) cosd zdl] --------- @)

= 47Dy z

L
Ko(avV 2 5?
F) = e i

Lt 5,

BUES LiRH A Dt L oFEME (z =R) 73, 30 cm, 40
cm, 50 cm, p # 1.8g/cm?, 2.2g/em?® » Ui34 Dt itk
i3 0%RD, ThEERRE (ERER) OHEOE
By I 2 HFIR B[P, & LTHASRTEL2, 13
BUCR Uiz, 722 L DA 0ORERIIINEIERLZ RV
HOYETHLDLLTHS., ZhbLDEPLROZ LR
HAbhicks, Thpb, %°Co izl L T ¥Cs R
FFRP LK EN. p = 18g/cm®, a =20cm Zflic L B
¥, R =30cm, 40 cm, 50 cm DL, ¥7Cs D89%,
81%, 72%icxt LT %°Co T2 Eh85%, 74%, 62%
ThY, ZOEHAPPHLNLTHD., —HEBEe BPKEL
7B L OOMMBRREL RSB, Thbb 2.2g/cm® ©
BAR U&7 ¥'Cs Ti393%, 85%, 78%, %°Co Ti
88%, 79%, 69% & 725, ¥Zad 30cm, 40cm DI

10 20

#12[ HERBEEoRTO O ofaFiE (o = 1.8g/cm?,

30 40 50 cm

0Co, ——- 187Cs)
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T-TREBECIPEFHECHUELESBEROBER 2T (hH#ED)

=

% 100

Qr

70+

50

EI3M MEREZEoHmTO P oMIR (o = 2.2g/cm?,

EVRICE ) RERBALDLNE. —FRBKELAR
BDRONTHEMBI/NESS LB ZLERPLALPTH
3.
ULDOREREPSBREOCHBEKE S TH DRI X
NME—DOREVEEEERAL, 2 oREELTHLER
B, Lieh>T, Zhizk bir> TUREREERH
MREVERT 5720 OAHBEREZ RS LA hidhe bR
. SHERORERRER 2T DICEL ZBEYBEO R
BEBEOBEL 0.01g/cm®, 7131 0%URICT 57D
CHEREREFBOBOD ARG A — 2L ONTHEL,
FEIRIR L. ZhopbliEBEITE L THREL T
HAHEEOKRESZRDIIEN TE 5, o2 1.8
HIR AHEMOLELEEBREORZE

Ap | Ap:0.0lg/cm? Apfp(%): 1.0

p 6000 137CS GOGO . 137CS
R=30| 30.2| 26.6| 27.8| 24.6

P;éﬁ R=40 | 33.4| 20.0| 30.4| 26.5
R=50| 36.0| 31.0| 32.5| 28.6

R=30| 27.2| 24.7| 250]| 219

P;ﬁﬁ R=40| 20.3| 26.3| 2.7| 2.6
R=50| 32.0| 28.1| 28.5| 25.5

B : om

30 40 50cm

80Clg, ~~--187Cs)

2.2g/em® DEFERPED 4 5 & L, FERER 001g
Jem?® PITFic+ %1z R = 30 cm, 40 cm, 50 cm {2 % L
T, %Co T1XZHZh % & 30.2 cm, 33.4 cm, 36.0 cm
ER/NBNE LTS, RFERERICBNT ¥Cs D4
ZiERORBD 266 cm, 29.0cm, 31.0cm L 3. F
B+ 3HMRZEE 1.0% 123 5 & ik Rickt UTgER
FEBRAEL T,
PLED#ERE, BN NESWEAICERCERTE
5 LTHY, Tl 7-7 BERBEIZ EBREBEH
BMOB LY LEBHCERENDOT, FEBEOHEIZE
B EBNHEishTnWaZ Ltk s,

2.2.6 FLH—HBER~DOEH

T -1 BERBORERFEOBEREE T i, LHAkD
FEPER LHEREREE L U Bdfk->T&k25, A
BBRRELRVIAIFKROBERKREL LB L o
T, RBEOHBRECKEFEEN/NS BB LIRS
CHRBTES. ZOMBRBEERBOBATOMERA Lic
BIBBLEELRREETHS 5. —RicHkoEER
HELTROBEZ REL LZOKR L LTHIBEELE
NEHET B, Leho TABERREVWEA IR v —7
DOHR, BESCsEE Licd e ) (Hearsr, e al,,
1969), & 7eHLBEIC 7w — T e e 2 THME ¥ 52 80K
B X VAHFKROEEE TERREFIELL, BREDS
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WAEBETAR EE 515

B CEMBRREShRTRER by, ERF—HLHF
RV THLFHEN TOARWILEOIIEY & 235812
Zx ) N—BREEHBELTHIELLY, BE—REHTD
EMEEEEL 0 3REBRNSLTHLERDS.
IR ORMERER T 5 OIE, BE—REEOE
B, MBEDOTRAX—REE AT A= &L LERR
BHBROBHCOWTEREZ ZH R

Cw 5 BABECHEORERICHE S { &h i LHFRD
BBEZROISLYIav—b35. ThbLIFKE
HEREWcHAEE CESN, »2o ETOFMICERI
BATWELDL L, Fu—7 ARSI E - TRET
LD LEZS. 2.2.51BT 5 MHEREEORY HF
LELFL L O IcMHEDEE 28, RROMEZFA L
LicHfimEEsE 2 5. IHKEM, BEEFLL, B
DBDODYE AT A —F%& Dy, Ly, Dy, Ly, if:%ﬁ%
pr( = 1), 0o 75 (BUK). MBI 57 HTEH
Ex n, FoBirsthg o L35, ZOHAM, F
A COILEBFERNFIZRFAROXTHODLINS.

0%n,
or?

02n,
0z2

1 ony
r or

+ +

—Ky’ny

%amam

9%n, +L dn, + 0%n,

or? r or 0z? —'ny =0

M F
Dt ni N2

DLt fr |} D2,L2,

B4R AH—HERcBT S OoFHE

2 CHE2ROETTF NCREOAAER 2N L E
RTODTHB.

RO DERTET &R

(1) ni(r,z) =y, —z), 2 Li=1,2

2 z=tfooDL&En=0,7FLi=12

(3 r=coDrFEn=0

(4) r—0,z—0 O L& ny—ny, L

Q e—mVrPEE
47D, V222
(5) Yra@k%rh:nz

ng =

(

=

) =l 5)

ZZTaRAHFOREEERDY. ELMOIXEED
BERABIIBWT T R FORNDOEE J = —D, grad n 23
UL BB LIEDVDTHS, RWOE | RO
FAERIEEOBAORM L& FAKETHS. 2R
DfEE r—co DL & L yBFed)ooo LD TR
B o Z DIEEFR LR n, 0y 1

) r=a orE Dy

on,
or

o, = [ [AdLE VT

+_2n%_D1 K, (r ¢12+n%)] cos Jzdi,
%=ﬁ@wm@ﬁﬁ@nmhu

RUDFD Ai(L), By(4) DRI & BEREMG), (62
BRWETZ LB TES. TRbLROFETHERE S
5.
A1 (W)Ig(ady) +B:1Ko(aky) = By(4)Ko(ads)
A ()DL (ak) =B DK (ady) 0 e 25
= _Bz (ADoK (ads)

zZiz

B1 = —2%]3—1> Al = 1/)~Z+f5%’ /12 = 1//12+l€%

EXXY

D, 4K, (ah) Ko(alds)
D, 4:Ko(aks)1;(ady)

—DulKo(2d) Ky (24,)
+DadsIo(ady) Ky (ads)

M = 5%

L7228 = CHRHE Dt icdsi) 3 n, ix@icisnTr =0
EBE, &bic

A = —%Dlm

LBENPZHBZ LRI > THEICKRORNTHODbER
5. Tirbb
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T-TRBECIIAGHEEONE LESREROBEEI 2V T (HHIED)

137

% Cs
QC
ATLD R = 30cm
S a=10cm
\\ = 8Cm
S i — =
\\\\ I
I a= 6Cm
T a= 5Cm
R=40cm
i\
3 \\

10 ‘\ T—] @=tocm —
~ — ] a= gem |
\\\\\ I a= 8c|m

\ —— B 7

\\\ T |

7 — ———a= 7cm
\\ |

~_ ~— a=6cm

.- |

\ I

™~ Qa=5cm

~— _ socm
ssi\\ a= IOCI'm
—— A= @Cm
\\\\\\ — - 8c|m —
\\ ~~ a=7¢cm
\\\ =
a=6cm
16" ~_
RN
a=5cm —
1.4 1.6 1.3 20 2.2 2.4 2.6 ge03

IS WCs iz k5 AH—HIBRIC BT 5 B RE
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3, HEBIAET S rfRoFmcEmE: btk 7R
—~7% (fBAES v —7) fERL, Bi BV TERRD
Fu—F LIREO W E Lk, —HEBEEGRHE X
THLIILDRER T BAES v —TOEKREE
35icR3. EE 80 mm DM ORI < IRk
Al e —T%BABRBSERZbOT, HRR—REE
FIBICEE S D X I ORAEICT — AR £+
JTH D, SRR PEBE O 52 2 ke T RIRINE L E
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#EAEHFTRAE 295 8515

60,

ap Co 137
% % R=57cm % R =spem
S50 501
P 218/a
ad=5mm d=5mm T
40T 40k ad=om pitq
P:2.194m3
£r1q g7
30 P AT 30
: Fi15 pirs
20} . ) 20F
Lot Lot
L . 1. . | ' | . . | i . v | | " ¢ Il |
10 ’ 8m 10 4 Bem
E-AR MR X5 Aplp oFBokk (20 1)
A
%o, 7
gor Cs P20 8ffai
R=45ctm %m
70r p:19
Ad = Smm
€0, 6.0 .
AP/y‘y Co PiLT
° R=45cm
501 P24 Y 50
ad=s5mm fii9 fris
40 40F
PirT
sof P15 3oF
201 20k
1ok ok
e | )
10 d ISCm 10 d ,Scm

#3-BE HEicXs Aplp oEEBoHE (20 2)
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/

CABLE TO INSTRUMENT

s

s

\\\
\

ROCK FORMATION -
=
7
T
/i//i/

STEEL SPRI&G

_s

LEAD SHIELD _—

PROBE _CASING

N

-~
-

ARV

-

FM. TUBE & PREAMPLIFIER

\

E NaI(TI)CRYSTAL

SCATTERED GAMMA-RAY

[E§~“‘ SOURCE

BORE HOLE WALL

I .
!
fea—

32mmol

|
b=— 30mm$ —

#3ISH fRAES v — T ORE

%, FHEHCHEREOHBE BT b0 L L, EOEHE
L rBEEBREREEZ 2B ZLCL T, ZoEHE
Fr—T% Y2 v— |k Lk, ZOBEASEREEL KK
FBBRIR Q.~Q %\ Dipole DZ 22 L » THERD H
% (TrrrmaN and WanL, 1962). #3625 S Pz iF
BT NFEE

n= 47CrlD [ ‘ rr:/L —= :/L]
L

n = /E—a+y? 1 = /EFa) Y
Fb0H x =0T n=0 LV ERTCRIT
BEMEEFHELTWS, BEM Dt OFERTx =0,

a—0 2B B x HEAD 1 HF DR OB | Jx| i e
T5EEZ T, Fick OILEBERIP S

. . on
1 ol =1 (—D-—>
lim| Jaol = lim| (D2

x=0

= lim[

a—0

20 1+ oo

I QEEYIRES L
lim 2aQ = Qm

a~0

72 % EEHRREDRIR Qm 2E 2 5 & x =0 itk
<
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WEREFTAR BE29% 851 5)

A

R Px.4)
R
T
/e
-5 &5 “x

M Mz (L., D)
Pb ROCK FORMATION

/
#I6 HEES v — TOBEBHESHEBOE

HEFLLTr(=R) % 30cm, 50cm &L, % S5cm
DAHFICBITZEE S v —TORELHBELTINESE
37, B8R L7e. Mo b MR X 5 IR v
—TORREBED WL LS LWHENED IS, Lk
Bo THEBRE WSS IBRFRE QuiZE LR
HIEMET e — TR ERT 5 2 L 3EERNERE AL
KRR RTRLER S,

BIOHIEER D EHAM CER LEE S r—7
LIREES e — T L SRBRREOBTH S, AHD
WEBTEHESROME (0-100 m), HEESELHED
HJE(100-186 m), WE L EADEIE (186-205 m) 25
RoTRY, FhicBEHATHS. AHicENE 77
mm, 5% 83 mm Dk — L IR BASHTEY,
THERBAE v —T LOBBIZIE LA L RN, Z0O%
By =V TOBMBRIRIKREVE WS RBIEREL S
2, PEOBERYET 58— HEREFVICETSE L0
LEZI.

YREE 111m, 138 m, 165 m, 200-205 m fHECE DI
TWB AL -2 HERBECEERE, BKE r—vv
TEBOZERR Y ERL, 103m, 210215 m O/ L
— 7L D LEZ LSRN, BES v —Ticl

BLCIRAES r — TR ERT 3 L, XV ERERETE
DRI H b h 5. —F 120-135m, 170-200 m <
X, BE v —7TRBbhARVEBIERES e —F
X o THEEZEbRLTWS,

Pko k5 R ERIEERRSEARROBR»HIF
FHEE Rz e 7 v — T DREDO NS U5 LWALERRHE
Hhhie.

3. BExxNVF—rBRCKIESRUROBEE

3.1 BxRF—rBBEERW-r-71RE

T-T BERBIAREAOIRSTRIC X BT
FUOBELTRERELT, RETBERRETSZLOT
5%, EWRPICIEREMED Pb, Hg, Sn, W, Zn &0 ET-
BEOREVERBITENBALTWBERIL, Thb
X BHEZRIEA I 7 0 K= FoL 3 —8EL 7 B
BT 2. Lizddo THRPlmIAXF—LLE S b itk
SRETBHZ LItk o TRIBEh 28EL 7 BRERER
POEVWTHRCRETSRHEBEIED 5 5. HEDRE
AOBERIZ 2RTES, E2x XX —L Lkt
BRIE 2B THFIT B, Lichi> T ©Co, ¥7Cs iz
HE L Tz 2 A F—0 S bifEn 7 BFEEAns L
BEL T BOBIREHIZNH LB LR Y, BEVWEHRD
BH L Y —BHRS L 25, AR COBRBED
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J
R=30cm

=

< ~

= S—— ]

S \\\5’\0021 enss b

5 S~ Iz +Lrope —

- ~

N ~<la

T N,

&,
~é\e\
t4 1.6 18 2.0 22 2.4 g/c,,g
T
\\
\\ R=50cm
5 N
g D
~N

~ ~

~

ﬁ ~

_{:) ~

Q ~ Co

M\ ~ e

< N }Q“D

N 4
< % %
\\?3?,
2
Ce
~
~
14 6 1.8 2.0 22 24 ?/Cﬂl,s

%37 Conventional probe (3% 5 cm)

EHOHBEERE LcHE ThEL-EFREDTH
OBHMPESR EAIEEL 2B, =R AX—, $EHEEE
L, EEEHAFRACR LB LBRE LT Se2 20
ATZ. Se ERWIEREORE R L b _EBFERE~
DOBERIC >V TRHNEZZ A%,

WhBER 7-17 REEINEDREROES 2
FVX-FEHO T ROBERET S LICEST, Z0D
BWEWTREE B U % e XS FER 2 Rk Lz
AR MVEBSEICHIE LR OBESSEEL HE
LEOL3B5L0THS, ®Se 2FRALT, £2F¥

& Collimated probe & o Hik (5°Co)

—HHRO A7 M ERRIET B Z L AERICE ©Co,
WICs B E-7BIR T - T RBEZER L2V D TH S,
3.2 IREFIVICKDEE y ROEBRHE
IOBRA T-T BERBLRERY, TRALX—0L4HE
Bicbhbzs#El r Reflgoi L LTwasoT, 14
ERFBEROMD =2 V¥ — OTR (7-7 BERBIC
B3Rz IV E— L -ULICHENS T 3) BEFRCE
BT BRPBRINENBEH RN - EZBRETHS
5. Lichio GHOIEHDOER Dy, Lo =7 b8
ALABHRONGFEEZERE L2 ThIT bR, G M.
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WERAREHT AR E29% 51 5)

J
~ R=30cm
~ ~
B
~ ~ \
~ ~
- I o

~ ~

N RN Lingt prgpe
3 ~

N

9 1z

% \)’Q‘%%A
< S

4 1.6 8 2.0 22 24 %fm®
T
N
AN
N\
AN
X R=50cm
N
N
N
N

g AN

5 Q

= S

~ AN

g

AN
~ N
Al
S~ Qow N
< 2, | R
\"@{J
&
e
N
N
4 16 18 20 22 24 %m3

%385 Conventional probe (34 5 cm) & Collimated probe & o H#k (*7Cs)

VoscoiNikov (1957) 3T kL ¥— 7 BoOBELIC L bk
SHREOHEMELRYFN L OERERD TV S,
TOHEEERT S L Dy, Ly 3kRic k- CEHETE

72iE L, kot T BROMEERE
ky : BUEL Y BRSEE R TN S B L E DY
ER
c : JEEE

e 1l FEHERRETRATRDbSL S,

ke 1
1= jklmdk .............................. &
T T T O ik a v N U ARETER, cos 0 IXMELADR
HONHEEZRT. £k BEUBEDROEL IT &
2T

f2-255ﬂm=1

k1 g¢(1—cos 6)
EHRTBLIRIESND. L o BERONE
FRMTEEERDT. Lo Tk it rp KKELER
Eh, RFEBEOREVEVERBTRZOSHEENEL R
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T-TREBCIZARREOWUE LESREKROBERIC>vT (FHIED)

M BEEVDLEHAHMBEERRE (source: ¥?Cs 10 mCi, R: 31 cm, discri level: 150 KeV,

time constant: 0.5 sec, hole dia: 85 mm)

BIcoN Tk i3/h&<i5, Dy, Ly RPEETHET~T
BERBOGALEAKE 2 FIE Tn, OHPFHETE
5. Thbb

_._Q ,»r L RY e,
= b &P (- eR) &
_ 3. Qu—k)o .

C=g TR e
([ RYTETRY ) "

JeIZ L 0 XGERE ST VROBE, RITHHFE—RHIRERE
L5,

Lol bEMARSBIKEF VR L LT, SiOr-Pb (B
AR, SiOp-Sn (BE—487), SiOyFe (WiE—8k),Ca
COy-Pb (FIRE—ER), 4510, AlOs-Sn (TERE—E5)
LORE—EBTHEREE 2, Pb, Sn, Fe 0&FRICH
THOREE L. T TEFNROEBE 0 ZBOBD

—FEiZL, »poRELFACEERATSbOLERELT
W3, 7p, e 1X G.W. GropsteIN (1957) DfEZEEA L,
BSe IL L - THHH ENBBDBDOD ¥ i > THALIC
FEL, 2hb & ZOMENEyREEL (0.136 MeV: 94
9, 0.27 MeV: 100%, 0.28 MeV: 46%, 0.40 MeV: 25
%) KIECTHE Le. AR KEEFVRITOVWT R
=30cm, p = 2.4g/cm® L LD OO LEESR
TR Ui, B SiO, it L T4 e BriR0aER
2 &5 POEMBRETFERCRELEEL, ThBEL
BRAUEELOBEEIR E L o B, T ziE 1 %D Fe,
Sn, Pb 2B+ 5RO i, fEE SiO, LB LcE
&, ETRENISY, 34%, TSLEWDT 5. HHAREDH
BERED OREE LRTHEAR LRV, £0kD
CRSERMEDILHN COREZ %R & L llESLE
E725. —HEEDEEOHEIC L - Tb BT 5
DTZDETEFINRITTR L. BEEOBEOHN0.4g
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WEREF AR (E0% 815

R=30cm
£ =2~43/cm3
100
g7 N\
% \ \ S0s 7o
W\ N
" \\\ AN
11‘3\/0 '
NN e
5

0 1 2

4 5 Fe, Pb.Sn%

%40 Pb,Sn,Fe pgH XL ©® 0%k

100

%

50

A

24 2:6

2.8 3.0

32 % m3

HAR RBEEEOEILRE? ®oEiL

fcm?® 1% Si0;-Pb %T0.5%, CaCOyPb %l 4%
Pb 2EF LIRS T3, Lahl-T BB 0%
BEBRbs5EE, Fo—BEAHEMI LTS
NIZILET 3 QOELEEE LD 2EBTHEOSERY
LoRBUERDS. Zhick - TREDEESLEE
BLIEBEOSBTROBRIBRANRE £5. FiRITXZ

hWODEREPELOELDTHLS. b 2 id BED
BEEOHEMAE 2.4-3.0g/cm® LIET 3 L, SiOy-Pb,
CaCO4-Pb, Si0,-Sn, 4S5i0, - AL,Oy-Sn OEEFNLFIT
B 5EEAROSERMNL0%, 2.4%, 5.5%, 5.6%
DT TR OB ORENPHFITE RV, Likd-T,

THLDEHERNZOBAOBRHERE LWL X 5. SiO,
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T-TREBECIZEFBEONELESBEROBEEE T (hitE=)

% o

()
100 100 |

N
\\N

% A\ ME\NN

\ W\

N W\

N ANN ey

203

Hg |(0.279 Mev) F=24
\ S‘OZ e \
R =30cm

~K=20
10 "
=2.0
P=24 2=30
p=28
SR 40
0 f 2 3 4 5 0 f 2 3 4 5
Pb2% PbY,

#4217 SiOyPb o HEIz X5 POE(L #4360 SiOy-Pb R RIK—R I EERI L 5 ©

DE 4L

100

T
7 ]
5Se  R=40cm

boo ooo Sand
50 o2 °°°°°T ooo Phi%
- oo saa 4 2%

° ®|%X X 44%

1]

0600y
0000000
° 0 ° I..°

[
° R 3
| L asnaanadbsdasarie §:1.69 9/m
a .
la 2o fole dia : 7T6mm
XREXK
° o™ x‘x °
“ wxx** %8
e A | X" °
i xe

Arbitrary Unit

Mev
Energy

#44% Sand-Pb Rle B BHIA T EA <7 b A (BIR Se)

53—( 53 )




HEHAEFAR E229% 515

BOR BAEOKEZLEMireBTROTHE

Density difference]
glecg 0.1 0.2| 0.4 0.6| 0.8
Model
SiO,-Pb 0.1 0.2] 0.5| 1.0} L5
CaCO,;-Pb 0.3 0.6 1.4| 2.4 3.8
Si0,-Sn 0.5 1.0} 2.4 5.5 —
4810, - Al,O4-Sn 0.5| 1.0O| 2.4 5.6 —
Si0,-Fe 2.0 — — — —_
unit %

-Fe ¢t Fe o¥ghnicst+ % © 0fEfER 0.15g/cm?
DEELLICHEY T 50T, 2.55g/cm® DITFOBETH
Wi Fe ORMEER LAFETHE. © 0BRSS
NS BRBRTRBEADEEDNSWELIC X VY EF

b OOEDOEFE b5, HEML THE— k¥ —
BAHT 5 °Hg(0.279 MeV) #BIH L LcBAOREE
42, IR LIz, ROBEPKRELS 2BZE2N0T, &
TRBKREL BB ILO>NTODERIKREL RS, L
TeMRoT 7-7 BERBLRABZREZKELSFBZERN
BEZ DT EEREHFO—D2THS.

3.3 HRGKRICKDHE 7 X< MVOAIE
BEL T RO R 27 b OBEEE PSe, ©Co, ¥Cs jzD
WA, o eBichRRo—@kin (PbO) 23
LI BYE, EE80cm, X 80 cm ONERERIZO®
b DEBERIGIR b U, HEW 1.69g/cm?, FLEE 76
mm, vyF U SHEE 1S, BE 2 0 Nal(T) &
AL, ZhZES 2.0mm 0FEKO MR L 5 2B

SRBRTHRORMITRAIEL 5. —F, 0, RitkoT SDbDERUEMATe—T L Lk "Se @X7 U Lx
I 10
°°°°°
° °°°o 13
. v, Cs R ~40cm
° °°° |
00°%°To, —°& oo o Sand
° 0" %o, %o coo Pb iy
5 o2 | o'. ooo “aaa v 2%
° o AAAAAAAAAAA °.° % PR ” 4%
At | AAAA % %
° = T ers - 3
a XXX 2a°%, o £:1.69 ?/Cm
a o
o © o~ *w f8n0, o 4ele dia: 76 mm
a x Xx, Ba00] o
- B x" XK;AA.Q o
al "xXAo. o,
ey ° o * *ag o
= - -
= 2 ¥ "530% oxe L
xg o ® 70
&>: * x?glo X o
N a ’(QQOO 8
+ xa oX
ey e o0 a
x
<)i ° %%Oe A
%20 %a
-]
° 040 °
! &
Oxo
o%0
oﬁg
s 0,(2
oxp
ng
° o2
x 038
0.5 x8
°x9
.Xﬁ
Xa
o 0
o 8
° oxa
o
oa
034
°
"(:
A
0.1 0.2 0.3 04 0.5 0.6 Mev 0.7
€
Energy

45K Sand-Pb Riz i3 A7 B A 27 MV (BRI ¥7Cs)
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I
60,
000 Co R=40cm s
o £:1.60g/em
10 ° #ole dia * 69mm
e J
°
0% o
° °c° °
A ° °
o AAA “ap © °
0
.A AA ° °°
s oex ~2 52
N x x e ©
x <8 o o
x x&
5 xp,° —2 [
x Xpo o Axo
° X0 o 2.0
o X er ° °
2a0 2 Ase
Xa® o a%o X-L'
a X Xxo 10
o © Ao
End 5.0 x 0
3 fxo o o
S o s,%
S Ay ‘e
x o © X
e © PY
o 2 KZ' ° x 8
s x %o © °
N %0 o 2°
3 ; "0 .
< iz
Ay X 85
A:’o 4,0
Aio° x 8
£e° a o o o Sand
a 0° A
AK."O 8 o 00 Pb |y
§:°°° xag AAA, 29
dgee NIRRT
2% g0 x 08
a%0° a
X 00
Bxoq a0
o Axgo v
AXq0
X6
b&x
o
A£§°°
ARo0
AK'o
Ko
A‘ge
ax
3
1 L 1 1 1 1 1 1 1 1
. .0
05 ! Mev
Energy

#5468 Sand-Pb Ric B 2 HWE T MR 227 v (IR °°Co)

2 F— ) h 7 AH SmCi(active dimension: 10.5 mom
¢ x12mmL) %, #7z ¥Cs, ®Co FZhZh# 5 mCi,
ImCi #FR Lz, REKKHIBFr o 2 EES
R > TRBESABE T ROV FL—va R
Xy MR E, 45, IR L . Pb 2 EERWE
& BSe L kB AR FADE— 7% 100-120 KeV £3T
CEDLNDA, P OEHFE N EMT I L bRV
WHIM 25, —F 200KeV FHEDRRT b RS
BETILCE->T, BRUREBTEY -3z
NE—DOFNFCHET 5. AT R X — R
OBEL TS Po it X 2 HBHRIEHIC X o Tb LB
LARADST 2B FRHB RO LN 3. iz 100 KeV

PTG DRRSPHEE L T35,

187Cs, 8°Co 3 ™Se |ZHBEEL TWFh LU 7 o
BEEDHRWOT, BELITBOZIALEF— AT MABE
MEWE R LTS, kbhic 200KeV DITOEKT R
F—EBETEROIP VL LB L, ZThitd bRTHEHT
FX — IR TIERAESICRPORBEIT/hEI V. Zhb
BHETS L, T R LE— OB LEN PSe 04
B Po k3 REBEHRORETHEESR LD LB L
K, =Pz AN E—BEL R BIC LR REHER
ZEBABPVOBREINEL D, ZOBRFEEITRICR
L7z, RGP R0 %DBFEOBE 7 #0&FHE 100
%iHHILLTHB. Pb 22%0D A, *Co, ¥7Cs,
"Se TETNEN 0 %DBFADTI%, 62%, S1%Lirs.
Fle 4 %DEHICE > TERFN64%, 53%, 35%ITH
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100
N
O R=40cm
\\?\ \\‘4’\ - -
\t\ \‘\\ﬂ 1T——-—e-"Co
T~ 137
~~-o__Cs
50
’75lSe
0 ! 2 3 4 5
Pb %

#47% Sand-Pb Ric B AMIR = F VX — L BE T RBE ORI H
(hole dia: 76 mm, p: 1.69g/cm?®)

PFs,. ZhEDARY MORERE»BHTD *Se
OFERIE °Co, ¥'Cs THRTI VFRBTHZZ LR
bhd. BE T BOBIRIZONWTSIOPbRETF VT
X AERE L FROKER L & il 3 LEREOF B
BUAE L, Pb1% BN TERIEORIT £ 20
FABE E UCHEBICER LR EORS Si0, ©
fisiz Ca, Fe, K ZE0 IR WRTESOTLHEEEALT
VWHEZEIREBLDOTHY, EABRPRTLLIB LD
LEZDND.

3.4 HBRIMKICKDEER

3.4.1 SiO,(EER)-Sn REFNVIC X 2 HER
HEEOEDIE T X A EHIE L ERRER L R i L, B
DEFBOEHE S BIELHUOBREERF Lz, 402>
¥ a2 QD LBFRIRDOEGIC X - T Si0-Sn =F 1% (p:
l.4g/cm?) #{EY, FZ% 42mm, R % 18cm, 38cm &
UTc 6 Oty 48R Ui, BEHERME L M L <3
FOEXBD LN EN, BERBOHE LRRICILED
PE, AHFNCHB 7 e —THEOREREEEXD L
EROBER»RD LHETE 5.
EHLRFAILETFVREME > T, Se D *°Cs, *Co
O TRz ZAX—1 0V, R, HERIL Sn 0F
BHROBERE EBRICRD, ZheEORIGR L. #
Bl =¥ —1 % 30KeV L3435, BW-PbZ D

%

100
N

LN
N\ ~
N T~
X S
\\\\ R: 18cm
50 \\\
\\‘41‘~
R:38cm
0 1 2 3 4
Sn%
248 SiO-Sn Ric BT ZLEBER L ERIT X3
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T-TRBECISPEAGHEEOUELESREROBERL >v T (FHIED)

1%
100
A\ S % 1
o\\a‘ 30Kev. \ﬂ\?ﬂ)@_o
\\ — \
o0 \n\\q 100KeV o
u\ \o\ 3 ~——a_ 100keV.
ey ] N
a > ~
e -
\°\ ~ e 150 Kev
100 ke o— | >~ kS
o TS —— JSﬂc oL 30 ke @
3 Y 3 e She
3 \ S o
N o R R S
> N S~ 100 ke
2 N AN TTe- ol i00keT
2 <
) \\
< Q \o\\ e
N N mmemol_ o 50k
\\ 5,&;-0 *\§~‘
AN Bt SN 112 SN
\\
o
T~ - - 100KeT
10
1
° 0 / 2 3
N Sﬁ%
\\
N
>l lo0kev,
s L 1 : ' '
0 i 2 3 0 2 3
Sn %
Sn %
#49K SiO,-Sn Rz BT B3 RF I AF—L e I 0BEKR
(hole dia: 42 mm, p: 1.40g/cm?, R = 18 cm, ——--R = 38 cm)

BAITZ bhie X 5 ITEEL 7 BBRE DI FIL SSe i
EMBELREL, LehioT Sn o HRHNTHS
Z BB —RERFIzEIALF-LNVEELTS
& Sn BHRO HEINC L b 72 5 BEL 7 SRBAEE OB RIL
INEL 2D, ERRBREL ZoBE, BOENKRE
A2 BEMTERAERSRE L - 5.
%Se, 17Cs, 99Co DRRT RN F — LUl EFNER
30 KeV, 100 KeV, 150 KeV iz 8E+hi¥, B7Cs, #Co
k> THBEBMO /hSWE LR bbb —F Sn
DBARBSelc k- THREN B, —fRIZZh b OHEE
Rz Lo TPl LB RENGERIC L B LONEERE
X300 sBREHRTE S, *Co, ¥Cs DA
ORPZZIANF -V _NEELRELTD L, L UVZE
MR HBIRTE 5.
3.4.2 8p - BHSNGRPRAEENC X 5 EER
SERMRID RBRIZAESL D, REBOBEDOHEMC X 58
L 7 BREE WD B EBREICE B T, R L e Rd (1.53
g/cm?), 1B - 7/b (1.72g/cm?®), & (1.86g/cms), B L A7) b
DEAY 2.11g/cm®) X BMEEITo1c. RiCE-T
W (1.72g/cm®) 2L LT Pb, Zn PR ESHEESS

Mz THEITREE, »OROBEE HICARE (1.72g/cm?)
o X 9 ic L THEBISIRE/ERI L, "Se, ®Co, B7Csiz
X BWEET-72. ZOBREEORRLE. (Pb+
Zn) R 2%DHE, “Co, B'Cs TIIRPEIL BRTRMD
BDO12%, 68%IHPT 5. —F5 Se DHFAITKIA0%IC
Wh+n. E7z, Pb+Zn) 234 %ickis L ©Co, ¥Cs
TRIBDRDI5%, 48%Iz, Se I2 X BHA1FH20%I
BOT5. 2hbDZ mnb BSe kaeh, EHOR
HOBFLERZ ERERNICLHAL Mo T,

L BbH DI

T-TBERBE BxARAX—-THREZRAV2EN
SRBRTHRICHT S 7-7 RBEL W TEALOEE R
i & LA DRETEAT o 72,

7T BEBRBIIGIEES b LAREICES £ TE
KERERTYER, ZOEGBIMFERITWNEEk+H47k
ERTVWARY, KHIX T 7 EFRICHT 2855 ER
DHHEGEUE 7-7 BERBCEB L, REHRZBER
Xt LEBRRHEEL T2, S5 IER LOEMEI
SWTHRHENZ 272D DEHZOBERA L VW 2Dt
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MERERAG ENVE 5815

1%
& ~ o
Tl +Z7) 9
ob B S~ 0 2 4 * 87L /-
] L hole dia.: 42mm
i R : 3tem
“““ Demsity
I — (Pb+Zn)e
50~
L \':i
1 1 1
1.5 1.6 2.3 24 9/
Density

$£0H HEEEL (Pb+Zn) SHRIC X 3 5HHRELO KB

EPFETHRITHIREL, TORBERERL KT 52
LETR L. EfefldEMic k> TAL BRECFEE
TR O EMEICBHERESRGOBRIZ o W THL
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