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Study on dose estimation for low energy photons
By

Nobuteru Nariyama

Abstract

Recently, the use of low energy photons from ultraviolet to several tens of keV has been extensively
increased in synchrotron radiation and free electron laser facilities, where the beam is almost completely
parallel and the intense photon sources several orders higher than that of conventional x-ray machines
are available. In this context, the development of dose evaluation for low energy photons has been crucial
for radiation protection, medical application such as coronary angiography, and heat stress in optical
devices of the beam filters and monochromators. From this point, in this study the validity of a theory
used for dose evaluation was examined for low energy photons, dosimeter responses of thermoluminescent
dosimeters (TLDs) were measured using monoenergetic photons from synchrotron radiation, and
furthermore by applying those results to dose measurements the dose estimation techniques were
improved.

Cavity theory which is used for the estimation of the dosimeter response is fundamentally
necessary for photon dose measurements. For the examination of the validity, the responses of LiF
TLDs sandwiched between two Teflon, aluminum, copper and gold foils were measured for 30 to 200
keV x rays from a conventional x-ray machine and compared with the calculated based on the theory.
The result showed that the discrepancies were 48% for gold, while 15% for the other media. By using
a Monte Carlo transport code ITS, the response in gold was found to depend largely on the accuracy of
the weighting factors used in the theory even for low energy photons because of the large influence of
the secondary electrons from the medium to the TLD dose. The result clarified that the criteria whether
a cavity was large or small were related to the degree of the influence of the electrons from the medium
to the TLD dose, not the degree of the attenuation of the electron fluence in the TLD. For the dosimeter
response, noticing that the electrons incident on the TLD are all absorbed in that for the low energy
photons, another calculation method was proposed using energy transmission and reflection
coefficients. The response calculated with the method agreed with the measured even for gold.

To establish the monitoring technique for the intense source of synchrotron radiation, doses measured
with a parallel-plate free-air ionization chamber were compared with those with a total absorption
microcalorimeter for 10-40 keV monoenergetic photons from synchrotron radiation. As a result, the
agreement was obtained within 3% so that the accuracy of the chamber as a monitor was confirmed.
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For the measurement of the response characteristic of TLDs for low energy photons, LiF, Li:B.O5:
Cu, BeO and CaSO.:Tm TLDs were irradiated with 10-40 keV monoenergetic photons from synchrotron
radiation. The glow curves were recorded using a thermoluminescence (TL) reader developed with a linear
heating of 0.5-5°Cs with an accuracy of 2% and by integrating the area the energy and dose responses
were obtained. As a result, the energy responses were found not to agree with the calculated: the
measured values weve larger by 6% for LiF, 70% for BeO and 8-24% for CaSO.:Tm, and smaller by 8-
20% for Li;B.0;:Cu. Moreover, it was shown that the linear region depended on photon energy: that
extends to 0.5 Gy for ®Co gamma rays and 1 Gy for 40 keV x rays for CaSO.::Tm. For Li:B:O7:Cu,
the linearity extends over 650 Gy for ®Co gamma rays, while 300 Gy for 10 keV x rays. On the other
hand, LiF and BeO exhibited the linearity to 5 Gy and 2.6 Gy, respectively, independent of photon energy.
Furthermore, except for Li.B.0O+:Cu, supralinearity was observed that the dose response increases above
the linear region, where the maximum dose response decreased with photon energy from *Co gamma
rays to 30 and 10 keV x rays. Calculations of LET (Linear Energy Transfer) for photons showed that
the LET value increased with decreasing photon energy, which suggested that the dependence of supralinearity
on photon energy and the disagreement between the energy response and the cavity theory were attributed
to LET effect.

Using the 1iF and Li.B:O.:Cu TLDs, absorbed doses were measured in a tissue-equivalent 30-cm
cubic phantom irradiated with 10 and 30 keV monoenergetic photons from synchrotron radiation. Owing
to the effect of linear polarization, dose dependence on azimuthal angle around the beam axis was
observed with a factor of 3.5 at maximum. The measured doses agreed with the calculated with a Monte
Carlotransport code EGS4: the validity of the code and photon cross section data PHOTX was confirmed
for dose calculations in the low energy region.

Using the EGS4 code, the depth doses at 0.07, 0.02-0.10 mm and 10 mm in ICRU 4- and 10-element
phantoms were calculated for 1.5 to 50 keV photons. The dose at 0.02-0.10 mm depth has been recommended
as the estimated depth for the stochastic effect of skin in ICRP Publication 60. The calculated result
showed that the depth dose at 0.07 mm and 0.02-0.10 mm became maximum at 3 to 4 keV, below which
the dose decreases owing to photon attenuation. On the other hand, between the sphere and slab geometry
no large discrepancies were observed, that is, the slab geometry is better owing to the simplicity. As a
result, it became clear that below 10 keV the depth dose at 0.02-0.10 mm in slab was a practical index
of effective dose defined in ICRP Publication 60 instead of the 10 mm depth dose.

From the results, it is concluded that an application method of cavity theory and response characteristics
of the TLDs were clarified for low energy photons: technique for the dose estimation was developed and
the accuracy was improved. Moreover, the dose conversion factors were provided below 10 keV, which
proposed guidelines for the point of view of radiation protection for the low energy photons.
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HEE#EZRDOCYLTRAN, combinatory geometry™ @
ACCEPT 21 — F SR E 15, ITSZ — Fld. Berger
ESeltzeric & » TRARINIETRAN® 2 &I L T
Wik, Exxv¥F-0BTF, KTFEmEcHET %
COBFPERENTVS, THbLE, RFHRcH
WTi3. KBHRY, BETEENREER L2V 7
b UBER. v ) —BELP. T L TETRERSE
Bahd, F, HEEEHRE. TIGER 7 — ¥ TRKH,
SEEEX . TIGERP 2 — FTRL, MELEHEMEXAR,
ZLTA—V=2BFMNVIal—r3h3, BFHE
T, FHEEMEHEO O, H4x 0BELER > OTR
13 ¢ . Gaudsmitt-Saunderson D L BEHEER? = §
WTWL 2 OEELE E & B TEHE T % condensed
historyBi® BHV O TW 3, REH . Ex x
NEF—BFHRICBVT, LV/NSHTEESICHEA
TE., HEAOHRATVWETMolieDEH® L0 F
NTWVWBE®, =X V¥-iE. SFEEMIEE® %



HOWTHE s, BFOx VEF—BKIE, 55
DFO PO T Y v ITEND, By b AT ZEINF—
PP - BB F0 2 vF—ElL. 208BFHHE
BB > T—EDHETZRINVF—ERS LRELT
HEINh3, 51t FBUEETERA v ¥ 2 2fd
P> THBFORTF v FIHEELBWLS To s>
LENTW3, EEOI— FIZEGS4® 8850, &b
SILLBEEDBHBH, TITRK, LXEBLUZN
PFozixv¥—0BTHEZHET 2HESHD,
LpdZES L& 2 VvEF —BFOERESEEL b,

s

g L e 30keV

L T e

QO L ST e e — ———— 60

5103§ A ——E T

8 S 200

S e Cu

g 1

"3 10-4k Teflon 200keV

k2] g 40

g / 150

g L 80 ]

[:‘ 10_50 ! L ) 015 ] 1 | I i |
t/R

@ Lol L LT T T T

g | gzEIEEESSESSESssto- Tookey 200 ]

S 4n3 Au

e = 4

tloz 3

& - 30keV ]

o eV ]

q -

.2 4 60

@ 1074k 200

é 10 : 100 3

Z Al

<]

[-: -5 | L ) ) I ) 1 I ) ] 1

107 0.5 I

t/R

2.3 EFAFICHT BT = R v F - BB
i#h I3 BT CSDATRIZR THIE L L B &

%22 HWBEOES

Energy Thickness (mm)
(keV) Teflon Al Cu Au
200 0.2 0.1 0.05 0.01
160 0.13 0.1 0.03 0.01
80 0.05 0.1 0.005 0.001
49 0. 05 0.1 0.005 0.001
32 0.01 0.002 0.00025

IRRBERBIZEA RS $35EE 2 5 (CEMI0E) biFiRE 13

ZOETENLPPITSOFEZR W,

Fa—FTEHELLF 7oy, TV =9, i,
SHEICRT 5 2V F —FRFEHE, BT R VF -
IetiE g 2 BT OCSDA GEEEHGELL) TIE THE
ftLiBEsEEbiT, B23IKRT, 770 vDfk
HIIBETFREOTN%L EoE S TH#HMT %, 2% 0,
BFREDOTONL FOEXT+AE I EICE s, T
I=va, W, SIHLTH, 20ESEIREOEN
FN50%. 40%. 0B THB T EBRENT VWS, E
Mz NF—, THLE T RIVF -BBREEHER
BHTE >l ZDEXLLET—ETHET L0 b,
2RI FNBEDLLRWT EMHEES NI, FEDOSE
BT, BHAOBEOES N, TORIFAIAOES
EEICEOMBBETHEIEDBDE T,
FEOBRSDBEL BNIERE 3 1EE, BETFREEL.
ZORb D ITEEL. BB BIBHEHESEMT 5,
FD, TDOEXF, BEFFEH 7 V- v XEHER
Lo, BAERLHELIBBILEIWEL Tz, R2.21T,
HhkOBBL A VF - U TRELLBRES ZRT,
TLDRIBOE S ZFEL TH 5, 32keVXIRITHT 54
PEIIBTFREDCIRT, HEULINBES LoDL
%L‘o

2222 RFRE. HELOFETE

#2311, B OWHICB T ZXFOEHERTE
LEBTDOCSDAREL T, FHIHMTED 1 XES
A, 3IE 1 BEEERICHIET 5, £l TiE, B
FREBOIOUESH 1 BEEEL O RKEVOT, B
FEHEEBL2DICR. HIEEORFORENLR
AHTH 5, BMBEXTORER. HREAE ZHV
THEL. 20160keVT 3 % 200keVT 2 %, #D
32keVT 2 %, flllic>W TR 1B TOEEE, &
BEHFR~Y b VEEELTE, TORT PLDbH -
EHEZFANVF-DOXTORBRIBEXEETHD., &
BRI P NVDEFTIVFE— b ICEELEL

6&&?&) b f«:o

#2.3 NFIBEHTE L ETCSDARER

Energy Teflon Al Cu Au
(keV)  mfp R mfp R mfp R mfp R

200 8. 41E+0” 5.40E-2 8.18E+0 5.80E-2 6.42E+0 6,81E-2 1.09E+0 9.00E-2
150 7 63E+0 3.39E-2 7.26E+0 3.66E-2 4.52E+0 4.31E-2 5.38E-1 5.78E-2
80 6.13E+0 1.18E-2 4.97E+0 1,28E-2 1.326+0 1.54E-2 4.8BE-1 2.12E-2
50 4.71C+0 5.24E-3 2.74E+0 6. T4E-3 3.85E-1 6.95E-3 1.38E-1 9.89E-3
30 2,51E+0 2.14E-3 8.97E-1 2.37E-3 9.23E-2 2.91E-3 3.63E-2 4.32E-3

*Read as 8. 41x10° (unit: g/em*)

(63)
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K-Xfico W Tk, TLDHBICRIETHRARELR
ORI L VEEL 7.
P Y (1 —exp(—.t,)) Dpip i)
DLz’F

(2.13)

Pxl3KBTHBHRMIEC 3EE&. Yel3BORNE,
- BEPOABYRORMEFRH. t«IBEES.
Durdffcires s ZLIFOBGEREME-
(Drisk) iso FFHBEEMRE L TITSTHEL 12K
LRNVF-DONFick 2LIFEREET, STEOKE.
£ m200keV T0.8%. 150keVT 2 %. $AD50, 30keV
TTRTH -7, MHET. £EH» SOLXE0ORE
HEHELIET A, 50keVT 4%, 30keVTI%TH-
720
BFOPHz i VF—DHb, BFLHILTEET
ICHIBGHRD = A NV F - EBBRENIEEE L TE
FINTVIBICHEHINES S 2 45, HIEHEHRED
FER, CoOMHEHHENEEHVWTHML 72, ICRU
Report 37?1tk 5 &, £OHFTD200keVEFITH T
BMEHENBIZEAD 2% THD., &= DNFRHEEr
BHickb, ATroBFREBEINZ T X VF -2
%ThirIEEELING., HEBEHREE LTRESH
BIRNVE—FEED002%BLUTTH 5 EELLN 5,
HEHETFIR D VTIE, FOI R NF—HEEL 3L FE—
FREEAEEILTHB L EDS, TOTLDEEAND
EEIEER LI
HFHEIE, BRTHEHLETLDESIC L > TE S N,
FTFHES & HOERE ST 5, Lo L, HFOEY
EERTE L E L TERRIFER /NSO T, HFH
BEORMERRIZEEAE L EELZ NS, BOERK
. ABEFHREFETERL L, koK & - THE
L7
1—exp(—pt, trp)
Mo lrip

(2.14)

# 2 ETLDONFHRBEREL. trnid. TLDOES T
BB, FTEOFR., 7 DfHIZ30keVT0.98, 40keV LI
ET1O0TH >tz 5. BFA~<7 FVOEFILIZE
FTERVWLY, EREROMEFZIcE TN LK
E LT

Bk, BooBKPhToHRE L LBTHTLDIZHE
LBVWEEOES Z2ELEINERESHT L, &I,
SICBL TR, FOESHNEFRELIOT - &/hs0
DT, gL LTEI SN, £FTT, BEEPLD
BT ME&EIcEZ 3BEATIGERPIc L - THEL L
LT A, BFREDOINZDEVWEZ AR, FEA
BTN b o i,

T, BHETLDEOZER . HrL0BFE2RE
x4, TLDOEEE VW SrE SRS 5, L L.

(64)

BRICABL > TZOEEZ205mEFELTH, 30
keVEBFOELSFTORIETH 516.6mE D T » &/
WOT, BERIITNTOIRNVF-TERTELLL
7o

TLDHROBEHTMHBAE—KE LT 5 &, EOTLD
FTORBEEEELTINEESRV, Z20EEVE
FZTHERIRE ¢ 3. EHRPTLDERE IS EE I
HEIh#EELEB STV ERE L. Lambert-Beer @
bzl

1 = jAmemputy) (2.15)
Mlpp

CESVWTHIEEATWAE®, 2T L L3, 1
ZThiEl., FBruEL2ET, HEOKRE. =024
m  OFERBE LN TEY, 0.38mEEI»HSHEEI%
BERETHCLICE S, BRBODEYFHINOHEAT,
TLDEERENTOHRENFLRL 2&EOEE. £
oix3 : 27T, TS LEHEMNORELT D65%
EHEDBETENbBoTWVWSE, LkdoT, BRICR
Lo THUHNEBEOREEII 4% TH B, LrL. X
HOHEREX0.9mOTLDTiTbN., L/ ToH0.9L 5
13, BEAEZEZNFTuOBERIAELEZFHLS 3, &
fon BEL7-TLDO kit £BHOTLD %A »ER
THIZELTVWAHG & 2559, EhiERE cosxt
BE., RE2ZEBLTVEL, £, EEE et
TRTEFTTRROVO T, BT LEEEEEBORE
BTUuDELEDL>TL 3, £ T HHOTLDF
BT ZEBBENRAEICEZ 5EEIT, £< THH%
BEIALL, AIEEEFCFHERTLEDL > 75,

223 TLDHIE

LiFOEL I 2 & v XMER, BLE5CGLTTR
LiFRORNGEICHEIT 5, o5 b, TOREHT
iy BINEED o l3BENV I X2y 2 OoRDBON S
Zlichb, 2T EBHEBEERZNO
“Cor MERVT, WEE{T- 7. BT FHERELZR
21z, TLD2 3mBE XD+ 70 VETIRE & B
L7, BEHER. BEHEERVWTLI4%OBETH
FEEhTW3, T, TLDRF7u v ol s
NA3BTFOEEALZI 50T, BHEKREATLDHO
FIGREICEZBR ST 3L RTERY, TRbB5,
TLDROEPERED r.o(PCo) RIROFIT L » THES
ns,

D11p = frip.1er Doy (2.16)

frip ter lEE (2.2) O BRAHABTLD. BEHRF 7o
Y OBFEDIDOETH 5, ZRRRED. 2 BH &
N0 7oy mORPEED 1. 3. "RELZE
B g 2EHEAHVT, KOX S icET 3,



W/ O)1es
Diyrp = fripes (l; /Z)TA D, @17
en air

frio, et DIEIZ. NERER" W 3ERICE D
WTEHEEN S, 25 LT, HAEOER. BIEESHE
L T0.866nC, Gy: 81, COEHEHVT, HEF
BEZICLDBULI 2+ v 2k o EBmEsh - BkiE
%, TLDHOBINAREICEH L o,

224 fEAERESR

B3 vF—fERIcBVWT S, BARNEEND
DTLFEEH®Co r BIc L 3 WIEHERUTH H T &
BHEET 5 12, BEPICBVTE0, 160, 200keVE
Ficf s B TLDIRIGREARIE Uiz, 10keVh 540keV
EFTR. Y7o ko YRRV TT TIRIThNL
6 BLINT—ET 3 LEMERALTVWEY, Az 2
F—FRIZTH. BurlinDZEREGREZEA L CBICHBN
WIAREY 720 OTLHEK . “Co 7 MRIBHIEL 5 %
PIRT—8$ 5 E2RERLK,

fOEZ. DroZ. BEz A NVF— BB 2 V¥ —
W URE® 2 U D TR L THE . BMEX <7 b
nid, FEIfERRICBVCTRETL, Sy =0 smHBIc k-
THEENTEYY, ZOEZHVWTEER T * V¥ —
WIS E AT L, DRIz, EREFK2 4TRSS
mER, BHINWZEEOTLDOERRXETH 5,
F7OYTRBLZ1ITHEM, THI=TLs, 8,
S LETFESIEATEIEE, FHHForLE—H
BT 2EE, fOBERPNELE ST,

#£94 fORIEM. BurlinB#E B & OITSHEM

Effective foxp fs firs*
Medium energy broad mono
(keV) (0 %) energy energy
Teflon 49 0.808(8. 5) 0.920 0,944 0. 985
80 1.03(7.9) 0.947 0.976 1.02
160 0. 955(2. 0) 0. 962 0. 982 0.979
200 1.00(4. 6) 0. 964 0. 945 0.971
Al 32 0.226(7.4) 0. 209 0.219 0. 220
49 0. 239 (18) 0. 252 0. 242 0. 262
80 0. 464 (4. 6) 0.444 0. 420 0. 487
160 0.845(0.62)  0.836 0. 861 0. 862
200 0.908(8. 6) 0.917 0. 880 0.927
Cu 32 0.0244(6.2) 0.0230 0.0247 0.0238
49 0. 0295 (2. 6) 0.0297 0,0334 0.0345
80 0. 0689 (13) 0.0626 0.0638 0.0678
160 0. 306 (5. 4) 0. 275 0. 298 0.333
200 0.524(14.7) 0,489 0. 462 0. 524
Au 32 0.0104(16) - 0.0105 0.0111
49 0.0151(5.7) 0.0208 0.0161 0.0162
160 0.0743(2.2) 0.105 0.0611 0.0711
200 0.115(2. 1) 0. 170 0.103 0.110

*F 220/EARY M B—x R X —FERBIC OV TEHE

IRROECIRRR LA IR BR3585E 2 5 (ERKI0ME) BrsEsRe 15

2.3 ERELEREREOLE

Bx 2 vF—fERIcB 1 2 EREBEROBRAMEEF~
B, RAEREREVWTI(D) OEEFEL/, £0D
BRIKHM K -TR. B. TRHLBIMNEBEFERICE T 58
MM OBEEE, YOS5 EHET LN EETH
3, BORBICHOVTRWVL DHOREBKLENTH
BN® T T,

exp(—BR) = 0.01 (2.18)
BERALLY®, 2T, RBCSDABFRETH v .
RFzANVF—LEL VIR AVF—% §H>BFORGE
ZRHWTLOEERD Iz, £/, R Q.11 K>\ T
. do & DFHEHELSHEILTVWEVNOT, T,
® 2.3 %2f(D) oFHEIEVWE, X Q.7 o8F
TREESglE. 4V SOoXEHVTRD I, TT T,
V. Sid. hZTNTLDEHE., ZHEEE L. 8O
MR, gOEE L T0.614mEEI, T, EEODOEH
Hicbsnwe, & Q4 kwrRL . 0REHMIEEOE
BBy b 7EOEHESREIRETH 5,
L T AT, ICRU Report 37®ic & 3 &, BFMILEE
Dy b & TENOREEIBBLUTTH S, €T T,
AR OFTEICIIERERLET RO EBERV S
h32EHEHEIEEEER VT,

BERE, 24T, ERERER. 70 v0
49keVTRERE L O 14%BRITE > TVDH, T3
=9 &, FEEDTEOMIZIONLINT—H L f2, —
H. &3, 8% 548% LRAEME DY RKEWVWE
ICIRB T ENPELPITIE - T,

24 EBYFHIOHETE

24,1 flESE

SOBEIT, EREREEEEIS—F LB, -7k
FR%#HE~5 0, B MLOBFHEERABE L
Tl BERS, HEREEFICL-TEAO6NS
WEAHIE. Tk 5 ImBERHIcKS<E
BLTVWABDLLTH S, COFMDIDICIE, ZERE
EofmEs XUBTEXHTE2 - FELToBRE
hoEVFHANVT - FEELTWSE, TIT, 2.2,
QIEEFECLITSz— FERAWTHERS Lt Lz,
wmh oz s, EvFAroEtEIcLy, & Q.
18) @ B OfEFHER L DBT OWBERIERE (BRI
5. 2F 0., MELBAOBESERICHES LW TVR
W EMBFLMITIE -t FOEMIC>VWTIHHT 3
Biic, 9. Bo— FORKRICHT 2HERELHA
NB DT - I HEOEIc o W THEYT 5, HE
E. TANF—ZARZ P UEEELLREFE— L%,
I X T NALIFTLDD 1 R ERICEE I A G &
ETIT -7 Du®ffid. EBREFUL, KFz Rz
F BB 2 V¥ - RIVREAEE L CBLEERE
2T FVTEHLTHEIZ, Bohifolz, &2

(65)
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QTRT, FFTEOHHEZER, §T1~3%Th
Bo F7RY, THIZDLDETIR, BEAELY
PINTEREEHEBES—B L. LhL, 7=
v A D80keVT 6 % #HD49, 200keVT13, 12%.
I DWW TIX160keV T18%. 200keV T10% DB & 43
Hots

242 EBETSHEICBIAEOEROER

LIFTLDZFHEIEBV T, 16%IEEHE BT S5
EWDH BT EBERBITOP > TVEOT, EEREITS
HE kA MEoEREEOHEANEELONS, %
fon BT ANVF—RBE—ABR TR NVF—-LLTIO
EEFHELLECA, B2LIRT LS, T =
7 L D80keV. HHD160, 200keV, ©D160keV iz B W
T\ 2% 516%IFE LS X B EDBER <2 b v
EELUHEBEEERE UK, 2F 0, FEIOITST—
FEERBOERIT., SER <7 b LVOFMBEI X
LRl H B, N (2.2) WiREN s LDk, fEHR
LiIFBOEEHREIcd 2 Th 5, LiIFFEIRLIF
HETRELLETEEBEFTRELICBTICKL 5K
Erois, LIFRTHRELALBTFICLIBEER., &
PR = 2V F —RINGREE AV TEET S, H—x
ANWF—LHEEZR7 bVTIREAERLTH -7,
i3, LiIFOWIERB 2 Vv E— itz h i3 ERE
LW bTh 3, filih. HEETICX BRI, &
BhoDBEFIN—Z VAL >THREENE, LH
L. Z8. HAETFOLz 3 VEF— 3B —xz 31 ¥—
LIE2A~2 FVORBITIEEALRILEDT, HEICE
BEPoxBWEEI LN, BEE S, TLDO
BEXREARBTREIOKREL, BB, LO0BTFRT
NRTTLDHICRIN ENDZ EZBZONEDLSTH B,
SHic, BEFBREE = A Vv F-RINEEERWT
HExNhB, UL, By bVicd 3@,
B—rx 3V F— g 2EL, . SicBVTIE%E
RELEB -, T, BEFESHEEOEE T %
WE—RIEERIE. T2 VF— e kE KET 2100,
BIGFR TS N EH 2 Vv F— L B o5
SNIEHT R NF—DEPRKEL B oD TH 5,
DFD, ITSIKE BB —z ZVF—-LERFEARY bV
O fEOEVE., EEREORIFICB I 2HER <2
MVICERT 2B ICERT 5 L EL 5N D, [k
T, BB EITSHEOZR ., FHMi s N/ fRiE R <=2
FORBEILHLEELZ LN, ThBBEEETFICLS
TLDFBICEEEE A2 1 LEbh 3,

243 MERHOEE

EOBIC X 2BEAEAER L 2ITSa - FEREWT,
23 OERERFEMEE ERELET - BN+
NBEW, TTMERBOEER T - FEHAVWTHE

(66)

L. ZERERCLBELHET S LI L. 0K
HiTld, dv ' ZITSTEHETZAETERA LT
5w, 22T, 295 (2.2) oD%, HEHR
HBEFIRELS T 2 VF —EDn . L BRFEEETFIC
LB FNVF—EEDATHEIL I,

D D,

f= —D—m'—+ﬁ;‘ (2.19

IhaRQID EHET 5 L,

= _ Dn.
d= D, (2.20)

57 Dcc

d = 7D, (2.21)
MHESNhE, &K (2.20) OHER, ERdICEE G &
6 CBT P s 2155 0BT OBIREE KT,
2% 0, diz. EBIEE» SOBTIC L - TEREIC
BEZo5N3BE0D, ZEREL "hEWV” fi‘%é‘&:%ﬂ?ﬁ?f
NS h MBI T 2HIcE LYV, ARfic.d &
HEICERAREOBT I L > TERRS I SN BHE
D, BRERBSKEVESGCERTRNEh{EOHIC
B, TODmedDeckEYF Ao a— FITSA M
WTEHET S itk . BEBIFMIC. d. d ©
BEB/BILHBTES, TOHRE, R2ADERNHE
BEOFEICH WA, 4 OEE & bic, F25ITTR
To EEAEDE, ITSEERBHDOHTARELR
L ot,

2.5 INEFREHOBurlinFEHE L ITSEHHEME

Energy Medium Burlin ITS

(keV) d 1-d d a
32 Cu 0.00294  0.9971 0.0021 1.00
49 Teflon 0.00722  0.9928 0.01 1. 00
Al 0.00722  0.9928 0.01 1. 00
Au 0.00722  0.9928 0.0046 1.00
80 Al 0.0163 0. 9837 0. 034 1. 00
Cu 0.0163 0. 9837 0.018 1. 00

200 Teflon 0.0745 0. 9255 0. 034 0. 983

Al 0. 0745 0. 9255 0. 039 0.983

Cu 0. 0745 0. 92556 0.074 0. 983

Au 0.07415 0. 9255 0. 038 0.983

244 BFIN—IVARSEEOFE

ITS & EREGR ORI B W CIEFREIKE B -
BRI, KX (2.18) oA, 75 b HCSDATRE
BB BHEE3g=4V,/SERELIT &L
HEVEBTEEEEIESTREY L itk s
EZO5N5, “Cor st LT, HorowitzHSLiF &
TNI=T A, SROBRMAREOEF 7 V-2 v 2 AT
YAV oERERE S - FEROWTRIR L. BF7v—



IVADENFT » PHRERBBERHERENLSC L,
oI, MEDLERIEEOFENRTFESICRE K
BITACEEHLMTLTVAY, BEEL OB IZ
BEOHHRTH 5D T, 9. ZOENOZLMETE
BT LT B8, BREERITHL Tid. TIGER
I—-FHBEVWEREFDOFYVFVTH BIZTRANZ —
F®ICk 51 EE EKRESHE s . LVW—EHE
SNTVAE®OO 2z T, 30~200keV. 400~1250
keVHFREICHLT, Triava, (. &h 560
BEEFIC L 50.38mE S TLDH OB BEAH EITS %
FAWTEHEL 7z, #RE%E, K2.4@~CicRd, Fit
EEIWBLITFTH B, THVI =9 AILDVWTIEE
PR ICHET A2 TEOEEI—FETH 3P .
£OME X3, 200, 100keVETFIH LT, TE &L L B
KET B2 &b ot £, BEOEX IEH
Bick&x REL, 73 =9 A0600keVELT. 5
D600, 400keV, £ D200keVELFIZR SN B k31T
A Q1D »poRFTIFMEMEREHNERZRL I,
Zhid, B, 2V vIIBOREENASNEF
FNF— WHEICHIKET S 05, HEPICH
HF3BFOZAINF -7 bV, BAESHbLR
WE~ HEIZIDELIEATEDTHD, B
FNF-LTBVWTR, AR BoXEB 2001
REETH 5 EBHERE NI,

245 FEOMEFRBBEICHT SRE
TN =T A, SICBVT, MEGRROERAEL
R ot bBD 5, (OEH—F L EH R~
B, dDBESENIFEIOMICEHET 5 H 2T~
kit £9. BulinO ZEREBICE S TE
fgk L, BOflowdahE & 5,
dp i+ (1=dpf;

7 (2.22)

5
S

Z T f=gfs+a’1 » B\

S _1-dp (@__l—ﬁ)éf_s
7 = + - = G 2.23)

EEFENh B, E5IT, ﬁZ 415>195ﬂ LIt XS,
Ex 3L —GARTIE 1 —de=d THBDT.

Sy gy (B )aL
I __1—|-<d 1> I 2.20

L1535, dfs/fld. WEEHICIZ. TLDNOLRIN =
FNVEF-—DIL, BEBTILL-TER 6:116%“@7%
£3, X (220 kv, TodfstHREV L,

& ida/d@ﬂ‘iga) VLM RIT BT c‘.’.ﬁubipoto
fc@dfs/f@{‘ﬁ%}trbt@# l2 5THbHo TIV3
ZY LD VTEFIE . deHSdD 24D > The

IOAECTDTEA RS 283555 2 5 (CEARI0E) FEME 17

fa LEDRIFIOBLUTICIED ., ZORER, EREE X
CHHITAEEDL- 7'2_0 ﬁﬂ@dfs/fﬂi TN =
YADEEDKREVH. ds EdDEHMNB~50%L T T
BN, fafOERRFIBUTIMSZIO5NZ, Th
LT, £0dfs fid, 50keVRIETEB L 20.6&
REL B LIOZEGLTICME A B0
ds&d@%biﬁ‘f\’fﬂ/ﬂ—FTdﬁZUZ%iﬁ&Bb Z D
R, Z2 SRRl EEE ERENSKE L MTEENC
& H3Hf bﬁ’ht& =720

T
AVLiF

—_ * 1250keV  © 200keV

0 1071 * 800 keV & 100 keV 4
DE @ 600 keV < 60 keV %
2 * 400 keV ]
> —_—

\;. 10725 5 ry Bao 3
QD ° a8 4 &
§ * + [} . Bmﬁ 1
(] + . ®

-8 * . Buo

‘g 1073 .
Q

=9

a

B 200
B Bro
10-4 . f . . I . . , .
0 0.019 0.038
Depth in LiF (cm)

H2.4@ 7rI=vrE@hoD2REFICLS
T R IVF—ETE
B (2.18) ZHVWTHELHE

Cu/LiF ® 1250keV  © 200keV
s 800keV & 100keV
® 600keV  © 60 keV E
+ 400keV  * 30keV i

Deposited energy (MeV cm?%/g)

0o 0038
Depth in LiF (cm)

B2.40) SHEP SO 2IREFIC LD = 2 NVF -
(67)
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Au/LiF ©1250keV = © 200keV

i + 800 keV & 100 keV
1077% ® 600 keV @ 50 keV
+ 400 keV * 30 keV

B -

Deposited energy (MeV cm?/g)

1074—— 17— Y €1
Depth in LiF (cm)
X2.4(c) EHHr o0 2RETFITED = 2 NVF LK

1 T T T T T T

df/f
o
=
N

~N

Pad -~
. N
’ > Ci
/ L . u
/, -~
’ \»

4 ’¢’( -
-7 Al

0.0: 0.1

Photon energy (MeV)

K25 TAI=va, . Ricxd adfsfETEME

2.5 flEOG-EHEE

251 XoBH

BHESEB ERTFESPREVYEOEE, (OfM
BINERBAOBEICKE CEE L, BurlindRX Tlaf
DEEREE L RO SNV T EdSbh -7z, Burlin
OHERIL. BTFREOEBBIEGEMAMBLREICHL
TIREL TR, &T A, M24@~(CICRT &5
2, FORERVOPD T ZIAF— 1 L TEYT
By Fhe, HEZAFOEUHMSELL TH, AR
T BOEEBEENSHEERVTES C L3RS T
BB, LI, d=4" ORI, R25MRT LI
BT LLHERENE LRBLLV, BRVPOBFDIT
BESsOERSITMLE LV, fh, EEENER

(68)

WEWESA, d 4 oEERn Iz, & (2.20).
(2.21) ODu D DEEAB T X NVF—, BRKES
WZ2WT, ITSO & 5 WEREFHE - F2H VW TEHE
LIRFhER oW &iTit 3,

ZIT. ROBRICEH L 2E D, Bz xLF—
SFicH LTI, B24icd B L5 ic, 200keVELTF T
3. BERER & UTERNICAV LTV ALIFTLD
OESEZEBPCOBFRBRTEIEBTERN,
CoBEEEHVNIE, D ED.. OEEEERFE
TRHBEPTE S, THbOE, HEREOETI,
BRIV > LAART 3 ETRTERPTRNS LS
LIET Bo Dncid HE» SR Z@EO ERICA
2B TR AVF—FOBEIGELRICELLED,
T X NF—Fl, KEFRROF-sE2H0uTZ0E%:
HETEI LIS, ZOREOEYEIEF., BETOD
I RNVF-REHFREEHOTHET A2 EMBTE S,
#2.60, ITS2 — FIZXDEFO = x V¥ —KEHRE
ZHEL#-bDTH 5, LiFITHT 2@EI3. TEAL
T0.03, 244 YAHT013EETH B, 20, LiF
WAS L7 2IRBFRHEKI0BEERH S 35,
DGEZ D30%. EDOBEF0%:EL & SicLiFflic
FEENBDT, R T %REDCBETED > AH
TEETINTHBINEND LHETES I &ITH S,
F, Decld, Tz FNVF—iCHEB T 2 VF-RIY
FHEFELLLODL, BTFOENLVFT » PHEEL
FlOfEIEPIcE L wWEELZ LGNS, L L,
FOENRT » 753, 24D OEHEEAE 1
THoTEhb, 200keVELFTREETEE LEZ
5N 3, #EM. Dmec&De DR, FNENKORKIC
K->TEHETE 3,

E, ™ Mo m)

D,.= s 2.25

m,c (tp)LlF ( )
Dc,c = Er(ﬂen /p)Lip (2.26)

Ntemy N retml@ TR NVF BB, KHEH
Ge)rirRLIFRTFOES 2K, ITSz—- FEHW
THE L DEFARBO © 2 V¥ —58., REERE.
F2TE28ITRT, CofEx (2.25). (2.26)
AL TDuec De o %2FTEL, [(DEEB, TORKR
E, RANCRT, B—z 2 W F—ZHOVTHELL
fEid, ITSEIEME 6 LA DBET—H L1, B,
ITST—Fitk 20 EMEIR. 24.1EHTZOEYHE
ZHALTVIOT, FEHEEORFLMESHER LT
LTt 3,

252 RoOBRAHEE

AHEE, 200keVEL LD Z 2V F—ITBVTH,
BEFEEBTHTLD BB LILVWRIBHTE 3,
0.38mE = OLIFTLDI 2 W TId, FO5MAIRK2.410



RARBONERSEA s SR30%5E 2 5 CERUI0E) HIFtMmeE 19

RTLIIT, TV =9 A FITH L T600keV & T,
SIT L Ti3400keVE TR E N B, £ OEFE I #2.7 ITSIc & 2 = % V¥ — FBREE
BUY BHBETOEY 3 VF - EFHE L TH 5 L300
keVTH O, 2D 2 V¥ —1ciHd ALIFHOCSDA

Photon Transmission
FIR120.395mTH 5, £DOES . BVALFOES energy
. . . N (keV) Teflon Al Cu Au
0.38mmic iFIFE LV, TOLIIT, EXz iz F¥— 12
5 — i - . 200 8.16E-5"(1)  9.40E-5(3)  4.50E~4(1) 2. 80E~3(2)
ATjEOBHEME RSB LT 5, 2101, 100 150 4.028-5(2)°  6.728-5(2)  5.27E-4(1)  2.68E-3(2)
keVir 51250keVOSEFIH L TEE L 22E S = 2 v 100 2.31E-5(3)  7.80E-5(4)  8.00E-4(3)  2.54E-3(2)
- — - " N N o 80 2.40B-5(4)  1.00E-4(4) 1.00E-3(2)  2.61E-3(2)
F-2RT, KHBTFOESHz X VF—ZIFEREBETO 60 2.856-5(4)  1.308-4(3) 1.256-3(2)  3.10E-3(2)
2 \ . e ~ T o TILAE 40 4.60E-5(3)  2.10E-4(3)  1.60E-3(2)  3.60E-3(2)
L%)‘ % Z;j; ‘t Dl/il issgf%égéhffgig 30 6.89E-5(2)  3.00E-4(3)  1.85E-3(1)  3.80E-3(2)
v hT 2 IF— \ i
@%i 2:2757‘:0)703\ @26‘(% ;50 355%?‘1*1'/4‘"“ * Read as 8.16x107° *Statistic error in %

KHEATEARNES . THO 4RSI L T
W3, #ic, LRI ICHLTE. ARBER * v
F— FBRAEELTVWEILITK 5, #2.8 ITSIT & 3 = 30+ —RURREME

XV ZFNF-OFVEBITBVT, Do, DEZE
HEGT DI, EVFT Y TOE5FEB LG

Photon Reflection
nEE SV, #2110, ITSOD . FIEMEE . XTF ":‘;’;’g Teflon Al . "
IFANF-THET A VX~ RIURBERE U EER
T. BECERU Cu KT SRORELRERS % eth w0 heio e
IREEOFE O ZE TG Ly 300keVTDe., . D10%. 400 100 3.18E-6(8) L. 55E-5(6) 3.20E-4(3)  1.65E-3(2)
VTS TS, SORRIL TIDOMELLLE 5 iaeg taln Ll 1
DEBERELLESICFOLIFRTRE LESTFIC 40 1.848-5(6)  8.80E-5(5)  8.88E-4(2)  2.60E-3(2)
J: 0 ﬁ;ﬁ_ t; ﬂ’L 5§} &%‘Z‘_ ‘,9 j’L 5 @T\ % @{E ﬂ;tLlFﬁ) 30 2. 84E-5(4) 1. 40E-4 (1) 1. 10E-3(1) 2. 90E-3 (2)
LOXFNF—BRICFIFFELWEELONS, ©9
L7, LiFORRBTRE L IKEOBF LT NTHE
BN s N BERIEZ. K2.41I0R T & i, 600keV
DFcBVWTHYILD, 2F 0. ZOHERTIE. X 2.9 = RF-FR, REGRECEAWICEHREES
ITSEHELE O b
#2.6 BTOEH, 2v4 v AHICHT 3
ITSOD x & v ¥ — EHREE
Medium Monoenergy f firs
(keV)
Medium Energy normal cos 0
(keV) incidence Al 30 0.212 0. 220
50 0. 278 0. 262
80 0. 477 0. 487
LiF 30 0.0343 0.129 150 0. 871 0. 846
50 0. 0298 0.135 200 0.945 0. 927
30 0. 0294 0. 131 Cu 30 0.0222  0.0238
50 0.0319 0. 0345
200 0.0229 0.1156 80 0. 0699 0. 0678
Cu 30 0.194 0.317 150 0. 299 0. 299
50 0. 190 0. 325 200 0.525 0.524
80 0. 199 0. 335 Au 30 0.0104 0.0111
50 0.0171 0.0162
200 0. 174 0. 306 150 0.0614 0. 0602
Au 50 0. 381 0. 470 200 0.114 0.110
200 0. 383 0. 493
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1% E (ﬂtrLiF'l‘MLiF) ‘
D  =E/[ £ z 2.27
ee 7( I >LiF (40) pir ( )

RZBFHETEBI LTS, 600keVEI ETIE. TLDH|
ek 2 ERE L LiFR» 5 OBFRTLDA: B4 5
DOTENFT » Z7RTLDRIEBVTHETE T, Do,
BELINREN B XD, R Q.21 2HVTHE
TERV, DF D, M2.6DLIFOREIZ. & (2.27)

AHATELIZOLINRVRERIANVF-ERLTVS,

#2.10 FBRBET ORI = x V¥ —F1HIE

Photon Effective electron energy (keV)
energy Medium
(keV) LiF Al Cu Au

1250 560 580 620 750
800 340 355 370 470
600 240 240 270 370
400 140 145 180 250
300 90 100 145 180
200 60 65 120 110
150 35 60 100 80
100 30 55 70 60

T T T T T T
v

1% self-absorption

oy
o
i

e

< 0.38 mm

LiF Thickness (g/cm?)
=
»
T

— |

103

Photon energy (keV)

H2.6 BEAOKF T RVF—,
LiF/E & B89 5 # FEiE

(70)

5N FraANF—IcBHETEIHRAES 3. LiF
FOEDERNICL > THE 50T, BEBRINOHRE
iz 7-CSDATRE A TR Ic L - TH E W/ ]
i3, LiIFES EAFrvd—1cBAd %8 &I
MIET 3, H2.613. R (2.14) ZHVWTEHELKL
UECWNDOEEE2ET, L. 1 HORBEPERS
NBVWES, 2OBAHRAIZE SITEN S, Dacdl
BIcRELOFRIEIEELRBWE, BEshEdiEzsz
OD ADEFEWNE LB, £L Ty Du.DEIE
BTEBEE/NSLNHBE, TLDR " AKEHZER" &
Bz, fOFERb - LB, ¥4bb, X
2.6) D&H BBz A VF-RIEROLIE 3,
5., BFORESAEL TS, T¥abbER (2.11)
DAN 1 EDF > ERELTH, "INSVER Ok
HiE. EQ KL DENNESVIEE, BT LLEHRTE
LERELIEV, TOXSIT, =R "NEW by
PREW hOEEIEBETHREOBEILHLDOTRRE
{\ Dmc&De, . DEBHIBIFICH B L WVA D, O F
V. Due/Dey THROBLER25DAf. THEEDIGE
112 %, Af o /EDfEHN, 200keVEIFOF 70, 7
WI=YADXI M neE, BRI "REW
LHMFTE B, S5 TRIFNIE. ZRE T—Bo
KEE” LigD, "PNEVWER ORAEFERERT
HIVWT EITH B,

2.6 #EH

Burlin®OZERBEHRICBWT, 7N =94, §THE.
HEFREBTFOTLDHREICRETEEN/NS Wiy,
MERRORBEICIOBE RIS L VIRELBVH, £
Tld. ZOBERKZ VD, NERMOBENEE
ThorIERPELMIC LI, FTT. BFRIHT 25
B, HEGEEERVT, fOEEET 2 v i
BOWTHEIGHET I HEERER L, COoKExE
BHHTNE, 6 BN TEYFHNVOHELRELULD
BEBONBTEARERA L, £, TLDESB X
URFx 2 vE— o4 3 EROEHEHEE - %
WE—-ZEBEIT LTR Uz, DA E LT, REHEHER

%211 ITSE = ¥ —RINVREL
BRFEEEA WD, FTEE

E, ITSIZk3 D= (uw/p)s DE, Nuw/(tp)w D- D=
{keV) D.. MeVem?*/g) De,c
1250 6. 31E-2* 3.07E-2 4, 38E-2 -

800 8. 59E-3 2. 14E-2 1. 49E-2 6. 50E-3
600 9.63E-3 1. 64E-2 6. 90E-3 9. 50E-3
400 9. 07E-3 1. 09E-2 1. 81E-3 9. 09E-3
300 7.28E-3 7.99E-3 7.178-4 7.27E-3
200 4. 79E-3 4. 97E-3 1. T4E-4 4. B0E-3

* Readas 6.31x10°2
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2RINEI < 4 7 o BEFH O EWER P = K311
R ALY — ARINE & Bt v — 1, ERE
HolRy, ZNOMEBEOTIZA-TVEIVHY S
WFHABHTH 5, EDOAE X IZIET5em X B57cm
XBEE10lemTH 5, HEEL TR, =a—bt VO
HANCESWTHED, BHAPLE € — 2 RINEFEET
OB ELTIROXERBVTW S,
P=C(dTc/dt)+h(Tc—Te) 3.0
ZCT, ClRE-2BNEOBMBR, hiZEREEKFO
BASERH, TeR3ERAOEETHD, TckDER
NEVWETE, Ted—TBRELNTWVAEDT, kR
NI E
Te—Te = (P/h)(Q—exp(—ht/C)) (3.2)
&85, ChOtmic/hsFniE, lexpht,/C)=1&
o, B A VF-QII.
Q= [ Pdt = f(T,—T)d¢ 3.3
L85, hOBERBSMPLUDREZTI T LICL-T
MBI EMNTEDS, 2V, Q. TeHFIHREICR
5% CORBMNEHBROEEEEYT A LickD
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Boh, XFzAVF¥F—RE—HOT, 20Q» 5k
THMNELND T LT3, BURNEIIE, IBEEE

L, BEREEB YD, REBEEEREE /NSO
BABZ L OMENEE NS, 2Dk, B, WHEH
Wiz,

HFiF, 2TenDEFELOumBEESOR) Yy L8
BB totB. BEIEHO L - AKX D SESIC
E»S5hsd, 20— 2RI ICBOTHRE LRI
TR VF-h, BENEBL TRENEELZ, 20
HEN%E. & 5—FHORNEDEABICE S 17 7c3EH
BTk 3 Y a—uimduc X 0 B REMGEERVW T,
B EBm L,

WIEDOIIRE LTIE, By TTHEREE o7, Th
s ERE 0Dy FTRROFBHRTFOETH/NS VI
LA, KXBLEWHEGS4 vy FAMDa— FOE
BloioBRELEZLOTH S, HEICLE L, 20X
FOERIZIUMUBLINTH 5, BOFEBETZ OEE
BREVH, BEEFRMEABEROATRIAL D EN
TW5, BES &I L 2 ETh~DEEK b
ORRICE 505, HEBZIEFREE CHBEsh, v
+—DREFBIKLUTTH20T, 20FEIE
{T001%TH 3,

WFEIZE v+ — O, B REE. ER
FEAROBREWSE, £ L TEBSMEEHI3., WFR
BiF L EiR E0ZEA0.01KLPIPICHIME L 72 5B EHR i
KOB/MEL TV B, $ER. v 7759 v FI1F0.15
uVOLVVICHIX A2 5h, ¥ —vinBuc & 3 KIE
WKk, FEEBEFIZ09 L WOEHTE0.76% DBEE
THIETE B LR LT,

Z T, EBERCHELTd B EREARERT B /20,
FOE— LABERAFEETN -7z, Si(111) Z#idn-
Sh220) 2#EFE/ 7 ox—s 2B THE[LL 10
keVh» 550keVOXF A BB A S/, E— &
HAXE, B 704 —FFIBROX-YRY » FITED
2.8x9.5~11.0x15.4nflc ZE b S ¥, BmI2L LOBIL =
FNF—%2EBBH, 35105500, XFE—L
R I AB S8,

Hi7id SEFBARLTVABER L, ABEIED
5Ly 0059 FETRS, BB, Z0E—
JHBAEBD T ALK DE, RFZRVF—
E—by 4 R, - sBNEEZEZ TRIBKEERE2
E#EVEL, KEOCBEHEMHOBELO—HPTNTES
BLNTERINAI 2R LT, £/, L0
B sBNEERWEROMICERESZIRA NG
75>o7°:o

312 BEHREXRESE
BEENREE =5 - icRERNBE TR, HEH
DRIEBEZHVALEND 5, 2T ETEHRBER

IAEEHTITSTAT RS S358% 25 (CFRRI0E) BFEMs 23

ZERBEA A EICBIR L 2P, BB OMEN £ X3,
2ERT, E— s HHAOLEIZI0mTH 5,
Bffbshic3Vi, ZERIGERIC LTHEK
0.55Gy, sDMEAFHOHRT E— £ld, 1 & Y HEA.
ZERIBRAME, BEORQUNY 25| X 4 a e
b3, £TT, BIEITELL. BIROSWINEIEE
AROWTEBAEEBIE L 7., BEHEERE 3XROR
Iz & 0 skbflo
E,=IKh(al) p'A™" (3.4)

o0 = 273.150 0T "

Is I3REANEEMME. KnldBEMIERE. al@XEE -2
. 13EBE. 0,20°C. 1KREICBTIEIE
B, TIRIRE., pBKE. AlZED - ERPILEOZES
FicB T BN FRERERT, AMEMRMEL . —i%
BHAEAEFMT 200, MBEEE{Ls ¥, AE
Bick Rz,

I'=I""+constant E,* 3.5
2T, IAEBHRMET, E-IEEHBEEERT
BB A O BHRMEL & BHE2800V O BFRE O,
10keVT0.984, 20keVT0.993 ETH » 1o, BEEF %
BB oRIcBE, EMES Imrad® £ — A8 ELT
B BHEORBEAEZRE L/, £LT. 10
~50ke VIEFICH U THjE = RIRFRIE L 7o4E R, BT
DR E IZHEOM. 28X ORBETE=4—T%
BT EERERL I,

\|, X-Ray

3.2 B HZEKERER oW
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3.2 EHNEATLDY -4 — DB
3.2.1 Randall &Wilkins®3t
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#3.1 BTLDORES L7 =—Y v I hEk #3.2 TLD®HIRIN

TLD T Size(mm) Angaling Energy (keV) LiF  Li.B40,:Cu  CaSO.:Tm
LiF 8.14  3.8x3.8%0.038 400°C, 1 h 40 0.99 .0 1. 00
Liz2Ba0::Cu 7.3 3¢ %0.09 on polyimid film 300°C, 15 min 30 0 98 1.0 0.98
Bed 7.13 1.0¢ in 1.2¢ %8 glass tube 450°C, 60 min 20 0. 96 .0 0.93
CaS04:Ta 15 3¢ %0.09 on polyimid fils  400°C, 5 min ’ ’ ’
15 0.91 0.99 0. 84
T tiascel =T, 4 10 0.75 0.9 0.60
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FRICMAE, VDA, )V REOBVLRESET
BTN, BEEREEL81.0g afTH 5,

#5.1 77 v AEETROERY

Element H C N 0 Na Mg P S K Ca Density
(g/cm’)
ICRU 45t 10.1 1L.1 2.6 76.2 1.0

ICRUIOTH#E 10.2 12.3 3.5 72.9 0.08 0.02 0.2 0.5 0.3 0.007 1.0
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& Next event surface crossing (NESX) #HiZR,
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BT, BENED SR BETFHEBHEEHEY 2]

EMEA S 2EIC. BTHICT ANE— BB A E~
ARSI AT U TRE % FTE L/, ICRP Publication
60% 3. HFOMEHEMERM W 1 EEREL TV
50T, FELRIGEEIEMERICEF LV,

Ty FANOEEOE X M) -5, FEEES
BT L LD ITHEL 2o HEEFRPIEX R



BEEL TRV, SEXBoEEc>W\WTiR, 30k
VB, BEGREB LU 3 —RIVERAE B W8
SEtEIcX ., BExREZEVICRUIOTER 7 » v + &
KBWTH1IBLUTTHE EAMER L, /2, K
FUEREICIBPHOTX 54 75 Y — %, NESX#HIS
1213, Hubbell® = % v —RIVGI DM S %\ 2,
BFREOFEBRI BV L2ERA LT, BFREE
HEEEREICNESh S & L,
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5.3 NZFHEBEEOEE (10, 15, 20 keV)
SERFERIC B T A EROBRIERRE IS T 258 %
F5ATTRT . F 2. 45&. Storm and Israel® @M
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5.4.1 HE#ER (1.5~50keV)

#£5.50%, 0.07TmmZEX &0.02~0.10nuZE S DAL 7 v —
TV AMLEDBESRER, BT 7 VP AIODWTHE
L:bDTH B, 10keVEIET, 10tE 77 ¥ P LD
BMEBRATE Y » VP 2OBEEXID 2%2511%KE
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#*5.4 Storm and Israel® & UPHOTXWiERE %

HuicRsREOHE
Energy 0.07 mm Dose ratio 10 mm Dose ratio
(keV) depth dose depth dose
(107! *Svem®) (107" *Svem®)
10 6.93 0.964 0.0729 1.14
15 3.05 0.959 0.828 1.01
20 1.76 0.967 1.04 0.981

#55 Hf7NV—x v 24700.07m,
0.02—0.10mmZE S 2

Energy Depth dose at 0.07 mm (10™* Sv cm®)
(keV) ICRU (4 elements) ICRU (10 elements)
Williams® Nelson®  This Nelson This
sphere slab work slab work

10 6.91 6. 95 7.19 7.83 7.91
15 3.04 3.16 3.18 3.39 3.561
20 1.72 1.77 1.82 1. 90 2.01
30 0.861 0. 897 0. 907 0. 962 1.01
40 0. 590 0. 623 0.635 0. 661 0. 695
50 0. 491 0. 538 0, 541 0. 550 0. 576

%5.3 10mZE S OMBOMETE L O 8

Energy Depth dose at 10 mm (107'* Sv c¢m?®)
(keV) ICRU (4 elements) ICRU (10 elements)
Williams Dimbylow” Nelson ~ This Nelson  This

sphere sphere slab work slab work

10 0.0769 0.0708 0.0673 0.0641 0.0454  0.0427

15  0.846 0. 827 0.844 0.818 0. 802 0. 784

20 1.01 1.00 1.03 1.08 1.05 .10

30 0.785 0.773 0.812 0. 829 0. 862 0. 892

40 0.614 0. 608 0.652 0. 664 0. 665 0.710

50 0.526 0.518 0. 592 0. 591 0.593 0.630

Energy Depth dose (107'* Sv cm®)
(keV) ICRU (4 elements) ICRU (10 elements)
0.07mm  0.02-0.10mm 0.07mm  0.02-0.10mm
1.5 0. 0406 2.35 0. 0430 2.45
2 3.31 12.7 3.44 12.9
3 24.6 3.9 24.4 32.0
4 28.7 31.3 29.5 32.6
5 23.7 24.8 25.1 26.2
6 18.3 18.8 19.7 20.1
8 11. 1 11.2 12. 1 12.2
10 7.19 7.91
15 3.18 3.51
20 1.82 2.01
30 0. 907 1.01
40 0. 635 0. 695
50 0. 541 0. 576

(95)



46

%56 BAI7V—zv2YiD10mESEE

Energy Depth dose at 10 mm (107*° Sv cm®)
(keV) ICRU (4 elements) ICRU (10 elements)

6 3. 24x10°° 4.55x107'°
8 8.99x107¢ 4, 21x107*
10 0. 0641 0. 0427

15 0.818 0.784

20 1. 06 1. 10

30 0. 829 0. 892

40 0. 664 0.710

50 0. 591 0. 630
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Energy Depth dose  Energy Zanki™? Energy  Yamaguchi™®
(keV)  (107'*8vem?®) (keV) (107'*Svem?®) (keV) (107**8vcm?)

10 0. 0641 10 0. 0483
15 0.818 15 0.125 17 0.103
20 1. 06

25 0. 264
30 0. 829 29.5 0. 253

35 0.324
40 0. 664

45 0.322

50 0. 591 50 0. 359
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