
1111111 IIIII 11111111111111111111111 
11556 



r· .. · 

' ,. 
~-~ 
;: 

' . 

IIILIOGRAPBIC INFOIKATION 

. ~ 

Report Mos: nona 

.. ,. 
•1.} 

2 
Pl94-1111 

8 
• 
2 

Title: External Exposure to Radionuclides in Air, Water, and Soil. Expoaure-to-Doao .· 

c;;iiicients for General Application, lased on the 1987 Federal Radiation 

Protection Guidance. 

!!!.£!: 1993 

Authors: E. F. EckeraaD, aad J. C. Ryaan. 

Perfo~ina Or&anization: Oak lid&• Rational Lab., TN. 

Perfo~inc Oraanization Report No1: EPA/482/R-93/881 

Sponsorins Oraani;ation: *Environaantal Protection Agency, Washin&ton, DC. Office 

of Air and Radiation. 

Typo of Report and Period Covered: Federal guidance rapt. no. 12. 

Suppl .. eatary Notes: Sponsored by Environ•ental Protection Agency~ Washinaton, DC. 

Office of Air and ladiatioa. · 

NTIS Field/Group Codes: 571, S'E, 771, 77E, 77F, 77G, 55£ 

Price: PC. All/MF At3 

Availability: Available froa the National Technical Inforaation Service, 
Spriaafiol4, YA. 22161 

!labor of Puaa: 241p 

Eo~r41: *ladioactivo isotopes, *Exposure, *Enviroaaental aonitorina, *Doaaao, 

*iift,, Cooectration(Coapotition), Tiuues (Bioloay), Water pollution, Ataospheric 

cbeaistr,r, LaDd pollution, Tiasues(liolo&Y), Photoa., Clouds(Mataorolo1J), Soila, 

Patb of pollutants, latiaatoa, Risk aaaessaeat, Safety, ar ... strahluna, Skin 

cancer, llath .. tical aodola, Exte.:mal, Radioactivity decay, Ora••· 

Abstract: Tbo report tabulates dose coefficients for external exposure to photona 

aad electnns eaitted by radionucUdes diltributed i.n ai.r, vater, and soU. Do•• 
coofficioatl for oxteraal exposure relate the do••• to or&an• and tisaues of tbo 
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PREFACE 

... ~ ...... 
Fedcnl mdiation protection auidancc is developed by the Administrator of tbc 

Environmental PlotectiOD AJCDCY as part of his or her responsibility, under Executive Order 

10831, to "... ldvise the President with respect to radiation matters, dinctly or indirectly 

affeetiDg beaJtb, including guidance for all Federal aaencies in the formulation of radiation 

standards and in the establishment and execution of prosrams of coopcralion with States." The 

purpose of Federal guidance is to provide a common framework to ensure that tbe regulation 

of exposure to ionizing radiation is carried out in a consistent and adequately protective manner. 

This Federal guidance report is the third of a series designed to provide technical 

information usefUl in implementing radiation protection programs. It is OlD' hope that it will 

help ensure tblt regulation of exposure to radiation is carried out in a consistent ~ that 

makes use of_~.:.best available information for .~1 conc:e:ntnldons of radioisotopes in 
. "' . . ' . . 

enviroameatal· .media to dose in bumm populations due to exu:mal radiadoa. The dose 
~ . . . .. •, : . . ,. \. .· '~' . ' . . '.:·~ 

c:odlicicats .. ia- this ~ . are . intended for use by Fedaal apeies bavina repJatory 
...... • ... . .• , .... ··-; •. •. ~·: . . • ...t ... i • . • 

. rapoasi'bilides ..• for . ~ of members. of the pubUc _. and/or .. worlcers, .such u die 
. - . ' . ._ ~ ...... , ....... ,r;; ... ·"" ... l· •. ·-..;.!", ....... ~t: 

Environmental -PIOUICCioa Ageocy, the Nuclear Jteaulatory Commissiop, and Oc:cupmOnll 
. . . . . ; ... - . . .. , . :.: . . . 

Hcaltb md ¥ity Administration, as well u by those Federal apncies __ with responsibilities 
. • . •• •••• • ~ •• \. . • • . • • • .·;. • • • ~ ; .•• ~· -t 

R1lred to tbe}D~~~!>~~ o~-~ ,their ~tracto~ openti~: ~as ~t.~eat 

of Eacqy ~ the ~ent of De~ We also encourap their use by State aod local 

autborities. ~ .. ... . . . -· 
Exposure to external radiation from contaminated soil, which is a central focus of the 

calculations Gal'liod out to produce this report, is a particularly timely subject. Tbe Nation is 

at the beJinDing of pedaaps tbe largest cleanup operation in its history, at the large c:ollection 

of sites involved in the development of nuclear weapons and commercial nuclear power during 

the past half century. An accutatc assessment of this exposwe pathway is essential to the 

decisions that will be required to regulate, manap, and verify this cleanup. 

The principal dose quantity, effi=crivc dose equivalent, has been calculated with the 

weightina ficton used in Federal Guidance Report N~. 11, which were those recommended in 

Radiation ProtedioD Guidance to Federal Agencies for Occupational Exposure (EPA. 1987). 
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New estimates of radiation risk to the mpns and tissues have been published siac:e tile 

(UNSCEAR. 1988; NAS, 1990) and updated weighting factors have been recommended by the 

lntcmational Commission on bdiological Protection (ICRP, 1991). However, new weiPdDI 
W:tors have not yet been adopted for use in the United States and would require a number of 

adj~en1S to existing regulations. AI the tqJOrt notes, for most radionuc:lides lbae "'

coefficients are not very sensitive to the choice of weighting &ctors. We are reriewin& aew 

weighting factors, as well as EPA's own estimates of organ-specific risk factors, and,.,. will 

propose changes in the weighting factors as soon as it appears necessary and rasoaable ID clo 

~. ·At that time, we will also publish revised versions of this report and of Fedenl GuidiDDe 

Report No. t 1. 

The tables in this report are also available as computer files so that they may be men 

easily used in programs for assessing dose. We are simultaneously making the llbles fix' 

internal exposure contained in Federal Guidance Report No. I I available in the same fonnlr. 

Instructions for obtaining both of these sets of computer files may be found ar tbe back of dais 

report. 

We graaefiaJJy ackuowledge tbe work of the authors, Keith F. Eckerman llld Jefliey C. 

Ryman, without whose outsblnding con1n1rut1ons over the past several decades tables such a 

1bese would not exist. This project was made possible through joint fimdillg tiom dne Fedal 

apDCiCIS: the Department of Energy (DOE), the Nuclcar Regulatory Commission (NRC), ..a 
die Environmen1al Protection Agency~ We appreciate tho coDsistent support of 1be DOE ad 

NRC project officers, C. Welty lnd N. Vuma, and S. YarJiv and R. Meek. respec:dwly. 

tbrougbout the lengthy tam of this Work. We also are indebted to H. Beet. s: Y. C... 
C. M. Eisellhauer, P. Jacob, G. D. Kerr,· D. C. Kocher, and C. B. Nelson for their fec:lmical 

JWiewi. The report has beeo clarified and strensthcned through their efforts. We would , 
appreciate being informed of any errors or sugg~ons for improvements so m.t tbae may be 

talcea into account in future editions. Comments should be addressed to AIIID C. B. 

Richardson, Deputy Director for Federal Guidance, Criteria and Standards Division (6602J). 

U.S. Environmental Protection Agency, Washington, DC 20460. 

/11:/P f.c,yc 
~.Oge,D~ 
Office of Radiation and Indoor Air 
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; L INTRODUCI'lON 

1bis report tabulates dose coefficients for extemal exposure to photons and electrons 

emitted by radlaouelides dislnOuted in air, 'Mler., llld soil. It is intended to be a companion to 

Federal Guidance Report No. 11 (Eckerman et al., 1988), which tabubacl dose c:oefficieou for 

the committed dose equivalent to tissues of tho body per uuit activity of inhaled or iD&esred 

radioDuclides. Tho dose cocftkicn1s for exposure to cxtema1 nsdi~ 'praented here Ire 

intended for the use of Federal agencies in c:alc:uladng tbo dose equiv- to orpns and tissues 

oftbe body, as were tbose in Federal Guidance Report No. 11. Note ·dJ8t tho dose coefficients 

for air submersion in this report update those given in Federal Guidance Report No. 11. 

These dose coefficients arc based on pmriously developed doiUnetric methodologies, 

but include the results of new c:alculations of the energy and angular distributions of the 

radiations incident upon the body and the trausport of these radi.OOUS within the body. 

Particular etrort was devoted to expanding the intonnltion .wtable ~ dJo assesiiueDt of lbe 

radiation .,.- fiom radionuclides disln'buted 1m ·or below lbe surfiice ·or1he arouocL Delu1s of 

the~ calc:ulldoas and 'or c:banps &om previous work are prllrnted in Section n a 
f ' 

in tbe appeDclic:es. 

Dose coefficiCidl for extcma1 exposure ..- tbe doses to orpil . ..S tissues oftbo body 
.. ~ 

. . .. . 

to tbe conc:enU'Itians of ndioouc:lides in enviromllental media. Since ~e·tadimons arise OUISide 

tbe body.this is referred to u external exposure. This shuation is hf ... ast to the intake of 
. . • •· ... ;: . . ....... , .,..t.i\..·.;.l1l,; ;: ~·-·: ,!·.. . . ~.:. ~~.:-:'; .... •· '. . ... ... :"·!r·.-!~ ! .. ~ ,...: U:.<~j!JJ;..;.~.-11·'"-~~~~·p· .. ",. , ... ·. 

adioaudides by _inllllltion or ipaestioa, where tbo l'ldiations aro ~ inside'1be body. 'Ill 
· ··""'~r 't· .... , a;·, ·· · · : .. • ··:.":f.~~~'(.) •·.--~~• 1j • .· . .-,:o:<~f{l· L. ."''··' 

either ciieu~DstaDce, 1be dosimetric quantities of interest are lbe ~.doses aec:cived by the 
., . . .... ... ..... . .... ~ ~ •·. ',. . . . :· --:'": \ : . .., . ·•. ~ .... . . . . 

more nadi~itive orpas and tissues of tbe body. For external -~ the kinds of 

~~ ot concem are those sufficiently ~- to traverse ~: ~ tissues of the 

body and deposit ionizing energy in radiosensitive organs and tissues. Penetrating radiations 

arc limi1ecl, 'to photons.. including bremsstrahluus. and electrons. The radiation dose depends 

strongly on the temporal and spatial distribution of the radionuclic:le to which a human is 

exposed. The modes considered here for external exposure are: 

- submersion in a contaminated atmospheric cloud, i.e., 1\f su~ion. 

- immersion in contaminated water, i.e., water immersion, and 

- exposure to contamination on or in the pound, i.e., ground exposure. 

1 
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Eatimldion of the close to tissues of the body fiom radilciou aiued by u llbitlll) 

distn'butioa of a radionuclide in an environmental mediwn is a extremely diftic:all 

~~ task. Tberefore, it bu ·beCome· common practice to consider simplified 8 

...t.W eXposure pometries; i.e"9 the J'ldionuclide concentration in the medl11111, seen hiD ... 
. .. ~:.:. ... . . . 

~ of IIi cxjJosed iadividUaJ, is uniform end eft'ectively infinite or lillni-infinire in -. 

In~,~,~. send·iafiaite source region is usumed for submetlioa in COIIIIIIIialtecl 8ir 

(;i~{«t iid saydei; 1974) · and a infinite sour1:e region is assumed for ilnmcrsbl iD 

··~~ ·Wiblr ad exposures to contaminated soil (Kocher, 1911). Evea for simpiUW 

·~:calc:ulatiOD oftbeefter&Y and agular dism'butions ofradillioas incideat oalbe body 

aiMi. ·.e .nnspe,n of radillioa 'widain tbe body is a demandins compulltioaal problem. 

· i<tt one assumes a infinite or semi•infinite souree resion with a uniform concentlllicll 

· C(t) of a radionuclide It time t, then the dose equivalent in tissue r: H,., c:an be exprased • 

H.,. .. h.,. Jc<r> dt , 
(I) 

. ~ II, deilotes the time--independent dose coefficient for cxtemaJ exposure. 1be ~ 

< ·I, r+~'tbe dOse to tissue T of the body J*.. unit time--integraled exposuae, exprased ill 

:·tc:rrJJrofthetlnfe.brtegrat«l concDIII'rllion ofiM radionuclidE, tblt is, h, is~ as 

•· (2) ... 

- .: ...... 
::.;·:i.i.A:-."~~··!.i! ~-'. ~;. . ..;:"';~:.~~ !.,. ~; rt.:~i:-... ':":":.· ... ~ . . .. "'~ .. ,..- .. . · -- .... ~ . .. 

~~~i!J~~~~~~~~~-tbe~_,close.~.in~r.
· ... ~:- ~~:~-l)~'~t~-~~~i~ ~~~~-~~~-~~-~~ ... 
· '· ...... ;!lr'DCjt:tbe fnlwif'liMoUS dose r8le, is the quliitity Of interest, Md thUs 1he time ialilpl 

.··.: ,,. ,,_~-.~-. ·. :·~·;··~•.t .. ~;;,_: .. :·:. ... '"'.1'"' •. ·,. '.·· . . .:·: .· •. , •. ' ·.- - ...... , 

of~. ~tnltion ~ust bi eVa~..-.. Note tblt liiait$ of integrltioo luive·DOt beeD specified 
• ·':·.-' "l·~;_!. .: . ·- . . ·:-"* .. •, •.·. :. ;'"" • . . .... ·. . . . 

_ ia Eqa.. (I-) pet .(2) -~• they depend upon the ~ of the dose quantity H,. For CXIIDple, 

· if H,.~JI to·~t the close associated With a single year of exposure then the integt.aion in 
• .··,";:i- :···. . : 

:- Eq. .(!>. ~ range ftom t, to t, + 1 years, where r, is the year ot interest..· However, if it were 

to ~:.1he dolle associated with a particular practice. e.g •• annUal emissions &om a facllif¥, 

dM..:'lh. :ift .. might ranp over many years as the emitted radionuclide persists in 1be 

env&Om..e& Dependins on the ~ or the application it may be lllvdtaaeous to view the 

....... ·va)ue ofthe·coefti~ient h, as either the instantaneous ~rate per unit conc:cubatioD 

or a d.~ per unit time-irJtepated conc:eucaation. In this report we follow the laaer present:ldoa. 
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The dose coefficient hr for a specific radionuclide is uniquely detennined by the type, 

intensity, and energy of the emitted radiations, the mode of exposure. and the anatomical 

variables that govern the energy deposition in organ or tissue T. The dose coefficient 

• 
6. z 
7 
9 
:B 

incorporates the transport of emitted radiations in the environment. their subsequent transport 9 

in the body, and estimation of the deposition of ionizing energy in the tissues of the body. 

Calculations of dose coefficients, as pcrfonned for this report, involve three major steps: 

(1) computation of the energy and angular distributions of the radiations 

incident on the body for a range of initial energies of monoenergetic sources 

distributed in environmental media of interest; 

(2) evaluation of the transport and energy deposition in organs and tissues of 

the body of the incident radiations, characterized above in terms of their energy 

and angular distributions, for C3(;h of the initial energies considered; and 

(3) calculation of the organ or tissue dose for specific radionuclides, 

considering the energies and intensities of the radiations emitted during nuclear 

uansfonnations of those nuclides. 

The result of tbc tim two steps is a set of dose coefficients for monoenergetic so~ of photon 

or elcc:aon · radiatioas. The last step simply sc:ales these coefficients to the emissions of the 

radionuclides of intcrat. 

A number of reportS have tabulated dose coefficients for external irradiation of the body 

from radionuclides distributed in the environment (Poston and Snyder, 1974; Dillman, 1974; 

O'Brien and Sanna. 1978; Koblinger and Nagy, 1985; Jacob et al., 1986, 1988a, 1988b; Kocher, 

1981, 1983; DOE, 1988; Saito et al., 1990; Chen, 1991; Pctoussi ct al., 1991). Because of 

limitations in computational methods or available information, some of these eft'otts have used 

oversimplified assumptions regarding the exposure conditions. for example, tbc radiations 

incident upon the body have often been assumed to be unifonnly distn'buted in angle (an 

isorropic field) or to be incident perpendicular to the body surface while the body is unifonnly 

rowed about its vertical axis (a rotational exposure). Variations in the intensity of the 

radiations with height above the ground frequently have been ignored in assessing the dose from 

radionuclides on or below the ground surface. In addition. bremsstrahlung has generally been 

ignored. despite the fact that for many radionudides (e.g., pure beta emitters), it is the only 

source of radiation sufficiently penetrating in nature to result in a dose to underlying tissues of 

the body. In this report, we have attempted to address each of these aspects of the problem 

without the use of simplifying assumptions that would significantly alter the results. 
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. ~Cs are we'iihted sums 'or the' doses to radiosensitive tissues of the body. The efl'ecdw 

. dose equivalent H,.:. and the c~ doH E, are· defined u: 

(3a) 

(3111) 

where Hr is the mean dose cquivalcut to organ or tissue T, the wr are a specific set ofweilbdal 
facmrs. aad the w~ are a set of weipting factors not specified as pan of the definidoa of E. 
aad can tlke ay assigned values. Thus, the effective dose equivalent can be inraprered 11 a 
pll'ticular example of the eft'ective dose. Values for Wr and the current recommendldcms of die 
.ICRP for w~ are shown in Table U.l. The factors wr and w~ correspond to the fractioaal 
c:cmcn1Jution of organ or tissue T to the total risk of stochastic health eft'ects when the anile 1 

body is unifonnly inadiated. As seen in Table U.l, the weighting factors cunmdy 
, ~ by the ICRP to compute the effi:ctive ~ explicitly consider a grater DUDJber .) 
of cq1111 IDd tistues' of the body. In addition the two sets of weighting factors dift'er iD die · 

• ~~ -t{1-(,::. ·~-=i :\· .... ' ~ ...... "':"" .. ' . . 
......, dill the dose to tissues not explicitly idemified (the remainder) is evaluared. · Of a men 
fimdiii~W"III Dature, it should be DOCed that 1he meuures of health debimeat used to derive die 

.·lj,,:J i·!"!t:~t:-.~ rr~- ... ;·: .. ..,... .. ·_ ~·- ...... •.···;·i ~,~ .... _.,.~-::,,.,:-.. -~~- . -- · . . -
... two 'lltl . of ~ahdna · tldori a·· cfifreftGt. The w.:igbtinj riCtors for'1he efrectivo cbe 
_., ~~' ~~--~ ~tb:1;aeb&l.-'in'.nii'!oftbe risk' of &tal caftcers .. heredi1lly 
:;~~,;~d.e ·tbi ~ ·.-~t •i.i the··~ ··or the ~Y recommeDcled ractaa for 

'''!, ·.~ .. l·.~~:jf~< ···:·':i'~,ti . ·-: ~~ ·.;, --~· ..... "'f~ :~. ·:, ..•.• ;· J •. • • • • • • e:trecdW· dose, tb8' heiltia' detiimeut is ~ by a weigbtina of the risks for bolla ...... 
. , •· ~ -~ ·,Ca'Dc:as, )...e 'rist'~t~'defial over all fiiture. pnemtioDs, ·aacltbe Rlitift 

• :: .;:.:.··" ~~~~~ ,· .~: • '· >. ···:-:;~;(," .. _,_.:-- ' ·~·, . . loA ~life expectacy, JiveD a filii cancer or a severe genetic disorder. · · 
~ . ' 

Since DO decision ha biDeD made.. at the time of this report, oa chanps in weightins 
~· for use in the United States. the tabulations by radionuclide of the dose coefficients ia 
this report are bued on the weighting factors specified for the eft'cctive dose equivalent 
qulbtity, the quantity used in Fec;leral Guidance Report No. 11 (Eckerman et al., 1911). 
HoweVer, the effective dose, computed with the weighting factors currently recommended by 
the ·rcRP, is included in many of the preliminary tabulations and discussions. The results 
indicite .that for many radionuclides of practical significance, for the exposme geomdries 

· considaed ~~ the differences are small - on the order of a few permit. However, in some 
cues the differences can be larp. so that specification of the w, is an important considenldoa. 
Zanld et al. (1992) have also investigated these differences for various external il'nldiation 

I I 
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geometries and a few key !ldiC?.D~C~ ad ~ similar conclusions. 

The coefficient relltiag ~e dose !9uivalcnt Hr in organ or tissue T to the time integral 

of the nuclide's co~trarion iJI.the environment is denoted by hr- The notation and tabulation 

of the dose coeftieicnts presented in this report follow the conventions and fonnat of Federal 

Guidance Report No. 11. The radionuclide tabulations include the coefficients for the goUlds, 

breast. lung. red manow, bone surface, thyroid, and remainder, followed by that for the 

eft'cctive dose equivalent. The coefficient for the remainder group is the average of tbe doses 

to each of the five tissues comprising the n:mainder and thus wr • 0.3 is applied to this 

numerical value to compute the effective dose equivalent. Although skin is excluded &om the 

eft'cctive dose equivalent, we have included it in the tabulations since it frequently is the most 

highly irradiated tissue for external exposure. 

., .... 

,. 

Table n.t. Tissue Weighting Factors According to ICRP (1977, 1991). 

Weighting Factors 

Organ/Tissue w7 (JCRP 26) w~ (ICRP 60) 

Beast .. -. 
. ·-

ColOil 

. RedManvw 

Lunp ... _ . 

Stomach 

UriMij. Blldder· · 
·-

Liver 

EsOphagus 

Thyroid 

Bone Surface 

Skin 

Remainder 

0.2S 

0.15 

0.12 

0.12 

0.03 

0.03 

0.301 

0.20 

o.os 
0.12 

0.12 

0.12 

0.12 

o.os 
o.os 
o.os 
o.os 
0.01 

O.ot 

o.osu 

1 The value 0.30 is applied to the avcrqc dose among die five ~maining organs or tissues 

receiving the biahat dose, exc:ludlna tbe skitl. lens or die eye, and die exuemilics. 

1 The remainder is composed of lbc ·followia& tissues llld otpM: adrenals. brain. small 

intestine, upper larp inleSiine. ldcln:cy, mUS4:1c, ~ spleca, thymUs, and uterus. 

, The •aluc 0.05 Is appW to 1be afti'IP dose lO tile mnaibdcr tisS\IC &J'UUP. However, if a 

member of die rcmaillder recciftS a dOie iii QCtSI of the hi&Msl dose In any of lhe twelve 

orpns (C); whic:lt weipdnaliu:lors ue specUied, a weiabliD& factor or 0.025 is applied to 

lbiC orpa ud a weilldinl rae. of 0.015 is appllecl eo lbe averaae dose iii the rut or dae 

remainder. 

.. 
~·· ., ' 
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Orpa dOleS from moaoeaeqedc ea'riroameaDI p•om• IOIU'i:el· 

The calculation of orpn doSes. from1 &radiation of the human body by pboroa emialn 

distributed in the environment requin:S the solution of a cOmplex radillion 1n1nJpor1 pnJblem. 

It is impractical to solve this problem for the precise spectrum: of photons emiaed by aala 

~uclide of interest. Therefore, organ doses· were computed for moaoenerptie pbGC1M1 

soun:es 'ai ~lve ·enqies fiom 0.01 to s.o MeV. The results of these c:alculllions,.... .._ 

used t0 derive the dose coefficients in Tables m.t through m.7, lakin& into account tbe dellilld 

pbocon spectrum of each radionuclide. The followin& pages describe tbe mecbods used ID ... 
compute organ dose coefficients for those monoenergetic sources. 

Previous estimates of submersion dose (Poston and Snyder, 1974; O'Brien llld s-. 
1978; Eckerman et al .• 1980; Kocher. 1981. 1983; DOE, 1988) were based on Monte Carlo 

calculations with (1) poor statistics for some organ doses (due to the limitations of early 

computer systems) or (2) minor errors in sampling the radiation field. It should be DOled tblc 

Saito et at. (1990) have recently published a compilation of organ doses due to air submersioa 

based on modern Monte Carlo methods that appears to overcome these limitations. 

The semiual work of Beck and de Planque (1968) on dose due to COidaminad soU. 

while accurately reflectina the radiation field, was limited to calculation of air dose for ea&qia .. 
betweca 0.25 and 2.25 MeV, although the data were lala' used to aenerate a tabul8lioD of air 

exposurw .. ~ for a number of nuclides (Beck, 1980). The next pnCI'Itioa of calculacioas 

(ICocber, 1981, 1983; DOE, 1988; KoCher and Sjoreen, 198S) produced useftll dose esd!!l., 

for many nuclides, but was limited by simplifyina assumptions reprdin& the eneray and IDpllr 

clcpcndeDce of the radiation field (assumed to be equivalent to tbat for ~'--~on) and tbe
of the poiat kemc1 mctbod for characterizina the field strength. More recent efForts (WillilaDI 

et a1.. 1985; Kob1inpr and Nagy, 1985; Jacob et al., 1986, 19811, 1988b; S~ et al., 1990; 

P«oussi et at., 1991) bave used relatively sophisticated methods for anaJyziDg tbe eneru. 
anplar. and spatial dependence of the radiation field and computina organ doses for bo1h 

malhematical and CT -derived phantoms of various ages. These data are primarily for plaae 

sources at or near the air-around interface. or for naturaJiy-occwring radionuclides distributed 

to effectively infinite depth in the soil. The calculations of Chen (1991) include volume soun:es 

of many thicknesses as well as plane sources at the interface. but are only for effective dose 

equivalent based upon rotational normal beam exposure (JCRP, 1987). 

The computational methods used in this wodt were chosen to &ive ID accuraae 

chancterizadon or the energy and angular dependence of the radiation field incident on the 

body, since dose to the body is very sensitive to the direction of incident radiation. and also to 

' I 
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ov4Rame other limitations of earlier c:aJcuJatioos. OrpD doses were computed for 25 orpns 

in Ul adult hermaphrodite p~tom (Cristy and Eckennan, 1987). The mathematical phantom 

wu modified, as described in Appendix B, to include the esophagus, a tissue given Ill explicit 

weipting factor in the cu.mmt effective dose formulation of the ICRP (1991). and to improve 

the modelina of tbo neck aad thyroid. 

Geaeral desc:ripdoa or die calculadou 

Estimatina organ dose in a human phantom exposed to radiation ftom an external source 

consists of calculating an effect of interest in a geomeaicaJly complex object located in an 

otherwise geomeaically simple (one- or cwo-dimcn.siooal) system. This process is 

mathematically described by the time-independent neu1Jal-particle Boltzmann transport equation: 

where 

v-o~<r.E,o>. 11cr.£>(1<r.E.ii> .. 
f dE' f dO' JL,<T.E'-E.o'-ii> •<r:E'.O') + scr.E,li) , 

(4) 

. 
•<r.E.O)dEdQ - augular fluenc:e at position r with CDCIJY in dE abOut E and 

dim:tion in solid ansi• dO about direction a ~ 
_ _l'(r,EJ •linear attenuation coefficient at position ;, • energy E; 

l'.<r.E'-£,01-0)dEdO • the probability ~unit path lenstb thatapattf~,With initialencraY £' 

and direction o' wall uncferso • scaaaina ~JlisioD 8!_point ; met 

cmcrge with eDe1JY in dE about E and in dQ about Q; IDd 

S(T,E,O)dEdO =number of source panicles anitted at position ; with eliaaf in dE 

about £ and direction m d6 about 0. 

Equation (4) is conveniently written in operator notation u 

(S) 

where p represents position, energy, and direction phase space. 

After the solution to Eq. (4) is obtained. the organ dose is c:omputed from the following 

integral: 

where 

(6) 

Hr ,. the effect of interest. i.e.,the orpn dose; 

PT • phase space of tissue or orpn T; and 

R(p) • the respcmse tunction, i.e., the contribution to HT due to unit angular fluence. 
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.. ·;·j . -~· . ~. --~. ; : ..... -. ·.i .• ··; ·:·. .;·· .. r.:t..i •:\.' ,._ .. ... . . . . . c , •• ' " . . Ia priaciple, Eqs. (S) 1nd (6) ~can- be .OiVed diilcidy usfili Monte 'c.IO ........,., . .' .. 2Jt:_.·.·. . . .·.- -~--- ,:.._;;·:~-. ~.;. .. ~:- \ ..-.'. .• .-~ • ' • l_ • hl;:e-~_;s.;,\j :::;.r. .. :. ~ . ·. ... .. -· .· ~ . ~··· :' ...... ' .. - •{ •.: .... ... ·,'i,~ .. , H~e,r. ~ cliNcC appn_. iavolves a_combinad'?ft otdeep ~ (i.~ hasport1lniiiJII ·.::!·.:\'!.-~..,., •.... ;;:_ .... _~,.. .... ;. . :~: .. ~~--~-t~o.~·\ ,;_,..;~ ~t':-''t .• ·~ -· : - • . · ... •.;. . ;::--miily ni-. he paths of air . and/or ioil) and ·complex aeometty (the humaa pllliii!IID). 
'C#~ oi this ~ ·~ d.fuse. ~f ~histicated variance Nduction ~~j~ · o~., ·!ht: ~ Jtati#jcaJ nature of the Monte Carlo method.' Often,' the fm~ 
•. ot phase space n Wldersampled.. and · dJe eft'ect of intemt · is ................... 
(~~and Stevens, 1~). To av~id th~ difficulties associated wltb adirecl Moaleai.o • ',.,'',~~ .. <-~\~~~~\~·,;.1_.';, ·: +\ • '. • ' • ...,,, ' ··~·'. ' ' ' • ,: r ~. •• • • ;. ·:" · so~ • the solution is· brOken into two steps, usins an. important pro~ of die hlllpM 

·,[··::' .. 
•... '" .: . J.n a problem involving distn'buted radiation sources and an eft'ect on a...- (the 01J111 
· d~j;'~· ~~el .ising a cl~ ~ sutrounding.tbe .1arJet can be Postulated to admare d.e 

:- : -~·}~·:cj~ surfice 5uiimmdil1g the ~~ i~ eqUivalent). One can 8Jso cons~· a~ 
.. ';,~)';~. ~~ich the' tlqet ~net,. its' sunoun4ih8· ~ium are the same, but. on the • side :'of r. . . . 

~ 

In the second mOdel, an ·ara'iource -
stre:ngth. per unit iJd ., -~. ·.· · · ~-~ 



11 

radiation field due to a unit source stm1gth was performed by methods appropriate to the kind 

of source, as described later. Then. an equivalent source was constructed on a cylindrical 

surface surrounding the phantom, and the osiaii"doses resulting from this source were computed 

for all cases by the Monte Carlo method. also described later. The two steps of the caleulation 

are illustrated in Figs. U.l and U.2 for the case of a contaminated soil source (an isotropic plane 

source at depth ds). 

Description of the enviroameatal sources 

The source for the submersion dose calculations is a semi-infinite cloud containing a 

uniformly-distributed monocnersetic photon emitter of unit strength (1 Bq m'') surrounding a 

human phantom standing on the soil at the air-ground interface. The air composition, given in 

Table 11.2. is for conditions of 400/o relative humidity, a pressure of 760 mm Hg, a temperature 

of 20 °C, and a density of 1.2 kg m·3• The dose coefficients for submersion can be readily 

scaled to account for a different air density. 

Table ll.2. Air Composition 

Element Mass Fraction 

H 0.00064 

c 0.00014 

N 0.75086 

0 0.23555 

Ar 0.01281 

Total 1.00000 

The soun:e for the contaminated soil c:alculations is an infinite isotropic plane soun:e 

of monoenergetic photons of unit SCRngth (1 Bq m"1
), located at the air-pound interface or at 

a spec:ified depth in the soil. Again, a human phantom is standing on the soil at the air-pound 

interface. As noted later, the organ dose due to a source in the soil that is uniformly distributed 

ft'om the surface to a specified depth may be readily computed from the doses due to a series 

of plane sources at different depths. The air composition is the same as for the submersion dose 

calculations (see Table 11.2). The assumed soil composition is given in Table U.3, and is that 

for a typical silty soil (Jacob et al., 1986) containing 30% water and 200!. air by volume. The 

soil densi&y was taken to be 1.6 x 10' kg m·'. It should be noted that the radiation field above 

1he air-ground interface can. in some circumstances, be scaled to account for differences in soil 

i/1 

6 z ., 
9 a 
• 
1 
2 
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Fia. D.l. Calculation of radiation field due to a contaminated ground plane. on a cylinder 
surroundina the phantom location. 

n 

Fia. D.2. Calculation of organ dose &om an anaular cunent source on the cylinder 
surroundina the phantom. 
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density (Beck and de Pllllque, 1961; Chen. 1991). While the ~;.field above dae.;,.. 

·lfO'Pld ·in~ is relalively insensitive 10 soil COIJlposition for a p~:.~ source (BeCk 

·IJid de P~ 1968), this is not ttue for distributed sources within the 19~1, as we.._ show. 

Table U.3. Soil Com~sition 

Element Mass Fraction 

H 0.021 

c 0.016 

0 0.577 

AI 0.050 

Si 0.271 

K 0.013 

Ca 0.041 

Fe 0.011 •' 

Total 1.000 

·~·;r"~! 
J~:::i~sff.Y· ~·J.o x.· to\: . 

. ,. ' . . :;.~ .. • . ( ' . 

-iS·~ short that ·•· ·'. 

:·~,o~/ 
beil~tt\b\lt. •ihl~ the increase over- · 
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Oiven this approximation, the radiation field may be computed as dw due to 111 infia.ill 
cloud source of a monoenergetic photon emitter. In this case, the ti'IIISpOit equation (4) ~ 
its dependence on spatial position and angle, and may be written, for IC8tta'ecl pbotons, • 
(Dillman, 1970, 1974) 

where 

/(E') .. p(E1 )cY(E1
) .. K(E',£0 ) + f1~/(E)K(E1,E)dE ('7) 

p(E') =the linear attenuation coefficient of air at encrsy £'; 
f(E')d£1 "" the number of photons per initial photon with energy in d£1 about E'; ad 
K(E1,EJ = the probability per unit energy that a photon of initial energy E, will sc:aar 

and give rise to a photon of energy E'. 
The scattered photon tluence is just 

»(£) = Sy X/(£) 
'I' )1(£) ' 

(8) 

where Sv is the source strength per unit volume. The uncollided fluence is easily shown· tO be 

• Sv • <Eo>=- . 
1'(£0) 

(9) 

An updated version of the PHOFLUX computer program, developed by Dillman (1974) to solve 
Ibis Volterra-type integJal equation, was used to compute the energy specb'Vm of sc:aaaal 
photons in an infinite cloud source as well as the intensity of uncollided photons. Pbocoelcclric 
mel pair production cross section data were taken &om ENDFIB-V (Roussin et aJ., 1983). 
Klein-N"IIhina scatterina cross sections were computed analytically. The resultinl enerar 
spectrum &om a 100 keV source is shown in Fia. D.J. The discontinuity seen in 1be fipnt 
occurs at tbe minimum possible energy to which an initial photon may scatter. The sliafJt bump 
conespoacls to the minimum possible energy for a twice-scattered initial photon. 

Tlte radiation field from an infinite water source 

In this case, no approximation to the source is necessary, and Eq. (7) above is directly 
applicable. The PHOFLUX program with ENDFIB-V cross sections was also used here to 
c:ompute the energy spectrum of photons in an infinite water source. The rcsultina enerv 
specuum &om a 100 keV source is presented in Fig. 11:4. 

' I 
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De ndladoa fteld hm eoatamlufed 108 IODI'CII 

In this case, the solution to the 1r1nsp01t equation (4) is a fimctioa of only one lpllial 
and one anplar variable. It can tJe · .m· tiom Eq. (4) that the transpon equation is liaelr willa 
~ to the source tenD S(T,E,O). Therefore, the fluenc:e •<T.£,0) due to an isocropic 
infinice source uniformly distributed over a finite depth in the soil may be determined by 
supelpOSition of the ftuence for a series of iso1ropic infinite pllae sources in soil. 

The radiation field due to isotropic infinite plane sources at twelve eneraies &am 0.01 
to 5.0 MeV was computed for source depths ofO, 0.04, 0.2, 1.0, 2.5, and 4.0 mean he pillll 
in soil (specified at the source energy). These depths were chosen to &cilibll'e • ICC&de 
intepltioa during the determination of the dose coefficients for sources amifonnly cliscribuled 
over specified depths. The uncollided angular photon fluence was computed analydcaJJy. A 
~. energy·, and angular-dependent first collision source was generated from the uncollided 
anplar fJuence and the cross sections for scattering from the so~ enerar into a series of 
ener&Y. groups. The scattered photon Ouence due to the first--collision source was compaad 
using. the one-dimensional multigroup discrete ordinates method (Bell and GJasstoae, 1970). 
sev.ty·enerJY poups between S.l and 0.00865 MeV were used. The sroup bouadaries.W.. 
selec:Ud to satis1)t two criteria:. (I) a reiltfveJY iultr'cJW .. poop wu. preseDt ~ ~ each soun:e ~<· . ,•·.~·. ; . . . . . ~·· • _,. • 4 .... eaeray'lof in'biftst. and (2) photons scattering fi'om any group could sc:atter to at least two ocbct 
Jr0UP1fo A iubset of the 70 groups was used for each soun:e energy. 11ae highest eaeray poup 
.WIS jUst .lf-.t poup c:Oiitiining'die'soufce, .mdtbe. iowest PoUP was tblt COil1aining lbe low-.. . ' . ' ... T'"'l:. ,· "' ~ ~ •. ' 
eaerl)' -curoft, ctecamined by A, + 14, where A, is the Compton wavelength (eledroo rest 1111a 
enei8Y ~ by photon enC!IJY) at the SOW"Ce energy. Since, bY conslrv.tion of enerJY ad 
moll-._ ~-maximum clump in Compton wavele:oafh is 2 for asia~ scatter, aiCJw.eDer&y ·: . ·. . . 
~c:otOft'PIJft..,_ing to 1

6 + 14 ensures 1hlt a minimum of sevaa scattai is coosidaed. Beck 
..kt •. ,lalaqile (1968) stale that a low-energy eutoff of A, + 13.2 included over 99% of tlae ··.- . · .. .. --: .. ·. ;;_· 

~~heel in their air-dose calculations. except for the combination of vety high soan:e 
~~~ very large interface-to-detector distances, which is not of interest here. The oaJy 
u~on tO our use of the low-energy cutoff was for the I 0 keV sources, in which case only 
6 pupS were used. At this energy, mosr photons are immediately absorbed. due to the hip 
photoele,iCtric cross section, and the St;attered photon fluence decreases quite rapidly with 
decreasiftl energy. 

In i.ll calculations, the thickness of the air medium was tine mean &ee paths (ar cbe 
soun:e ~). Photons scattered in the atmosphere at a height grater dJin three mean fiec 
. ~- Jriusc have aaveled a minimum of six mean he paths fh)m the source plane to reach die t .,. . • 

pbantona' location, and therefore cannot make a significant contn'butioa to organ dose. For 1he 

' I 



piiDe sources at depths of 0,..0.04,.. 0,2..;.aod ::1.0 ~can .ftcc paths, the thickness of the soil 
. .. . . . .. 

medium wu taken as ~ mean: h_c paths. (at the _soun:e energy). For the soun:es at deptbs 

of 2.5 and 4 mean he paths, the soil tbicbcsses were taken as 3.5 and S mean free paths, 

respectively. As in the_~ of~. photons scattered at depths beyond the lower soil boUDdary 

would bav4t _to· travel a minimum of six mean free paths from the source plane to reach me 

pbmtom location, and thus make no significant contribution to orpn dose. 

In transpon problems involving an isotropic plane source. the angular fluence has a 

singularity at the soun:e plane for diJectioos parallel to the plane (Fano et al~ 19S9) which 

cannot be accommodated by the distme ordina1a formulation used here, and which can also 

cause ptOblems when the Monte Carlo method is used. To avoid tbe numerical problems 

associated with the singularity. the uncollidcd angular fluen<:e is computed analytically. Then, 

a first-collision soun:e; i.e.. a distributed sourte based on the spatial, energy, and angular 

distribution of photons produced by the fim collision of soun:e photons, is calculated from the 

analytic uncollidcd angular flucnce. In photon transpon, a collision which leads to secondary 

photons can include pair production as well as Compton sc:atter. The first-collision soun:e, 

averapd over the spatial. mesh cells of.tbc. discrete. ordinates formulation, is ..a.· to be the 
. . .· . . ::· .. -·· ..... . 

SOID"CC tam in the transport equation. which ~ .~tved. for. the angula'. tl~ce of sadtaed 
.. . . . . . .... ~. ~ . . .. 

photons.: Cell-averaged angullr .fitst-coDision;SO~;.bave no singu)lrities, even in ceDs 

adjlccut:to!tbe soun:e plane.~ji sbouid.also.~:D~ ~·~-~-.~~·..;:·tl~~---~ a·: 
• • .J •. • • •• • • • ... ..... o4.fF.. :If:;~~- ' . ·" . . . • .. -:_.-. .... 

singular component at the source plane, and, at sh~-.~~~-~;:~ ~~~,~ 

componcatS of large mapitude in diJections nearly parallel to tbe plane. . It bas ~ 

danonstlmd (Ryman, 1979) that disc:n:rl: ordiDatcs. calculations for the scaatezed t1uence due 
.,., ....... .... -· ..... ~ .... ···- ~-.. --

to a first-collision source must usc manplar .m~ ~id. ~ scve:al directio..S ~ pnJieJ 
. .. . __ ,::· .. ~ ... " , ~. - ;.. . ......... ;- -· . ' 

to tbe source plaae. Failure to do so will &ive.risc to scalar flucnces 1bat are deplessecl or 
·- . "'-·'. . . . . 

enhanced iD a physically unrc:alisti~ manner in iqions ncar the source. It is also well bowD 

(Bell aad Glasatone, 1970) that for plane geometries. the tluencc ncar an in1erface is bcalr 

represented when the anauJar quadratun: directions are chosen from a double..P" Gauss 

quadrature set. Therefore, a DP 15 q~ set with 32 directions was selected for these 

c:alculations. 
A discrere ordinates solution of the transpon equation in which the cross sections are 

represented by truncated Legendre polynomial expansions c:an give rise to physically unrealistic 

ocptive angular fluences, due to the negative oscillations in the cross section expansioas. 1bis 

problem is wone for highly anisotropic sources. nmow energy groups, and highly anisotropic 

ICder, e.s-, Compton scatter of photons. Scvetal studies have demonstrated (Odom aad Shultis, 

1976; Mi'kols and Shultis, 1977; Ryman, 1979) that this problem may be eHminated by the use 
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of~ eXact~' cross section .• ~~on,' f~e.; .use of a discnlrl ........ llllfrk ..... 
. ··r.:~_-7 .:.i·--i:-~ ··~.~ :,.: .•·· ··,; 4~1,,.-;""r""' .. ·, ,. ..... ,. thaD a polfilomial repraentadoa. rn· dais wort, 1 one-dimensional muJdpuap dilcnce 01•• 'II 
~-;(I(S4St>, ctev&,opec~ by 0ne ord.e IUdiors (Ryman, 1979), 'Wbidl - ............. 
.. 1- ~-;~·: ~~-~-· 

. 

JqNP.J~oradon of poup-to..poup lrlnSfer cross seCtions, was used to pedbna die n6doa &ld 
~-~J,' rh.: ~ hnsfer ClOSS sections, Wiueb iacladed CampiGa (KIIID
N"asbiDa) stdelias ,.~ die proctuctiO.. of aDDihilldon · ~ WIND .~ ,... 
~~:'froa. :the~ ofBilas and LisJrthill (1968, 1971, 19721. ·atm). Tlltlpllill_. 
• ~ .&:-*' the Son Wll tailored to eaCh problem to easuro that (1) acplive ..... ._. •. . .tt.;(.., .. : -~:.. . 

wer.~:~::.Fiea.t.ec~ a a result of 1 too-Coarse mesh sp~eina, ·IDCI · (2) the ....... fhiaiCe W 
~ .WitJa respect to mesh size. 

>':. 'I'he:-=.ncy of the solutions was cbecked by comparing the eaeqy llld apllr 
depeadeuce oftbe air kerm1 (i.e., tllMe to ail:) I m above a J.2S MeV pflae sourw at the air· 
~ bnaf'ace with tbe calculations of Beclt and de Planque (1968) llld With the calc:ullidoal 
.~~eats Biven in the Sbieldins Benclunart Problems RpOrt <Gamet. 1961). ~ 
~-~-~in both cases. . · ·< Ttle~iopllr ~ of the air kama one meter above the .....,._. iuter&ce it 
sh,f,~~~~P4i'ru~·Ji.~ for 100 keV sources atvariou5 clcPchs. ThiDiuety-dej. aqle · ;-~:::: -~~-,: tt::~.~- · · ·t!trr."':~·•·"·--~- -~.· .; ... , .. · - ..... · -- · • . . · . ~·~'tO ftdliirioD ~ ~ the horizoa. In these fi~ ODe sbould 11018 the aelldft 

. · ~'Jrtb':t~;F~i.if~.~~ com '· Is of the temia'IDd1be'cblu ·~-in· tile . T~/ . ··.· .. . pooeu ~ 
-'~~~~~:-' ... · - .:;;,.--,·r~ t'-

'-.'.lllid. combfned version of the. -~Sinal ALGAM (Wamer aad;~. 1961) IIIII : ...... ,_ ~~~ ·.:~--;~ ~-:· ::' ! . .... ; . . .... : . . . . . -:, ..• ;:. :· . : ........ ·: .. ,_:· ···' 

B~<WI {Vflftler. 1913)codM incoipotadDstheCristy phantom series'(~llld Ec:bnua, 
t9'11)i· A.s cl!i*:n'bed. in Apperidbt B, a modified verSion: of the adult ~he phaulao 
~ ~ tbr tbii wort.' Orpu doses in .\LGAMP are estimated by ~ ~ depositioa 

. iD ~~ ..... ·e1tcept stelecaJ tissues. A tollision~ity tluence e!itim ... for die .._ is 
~.,,..::,·with -~ conversion &cton tor 8Ctive marnrN ·. iucl bone surr.:e 

.· ~-:' l914; Ecbnnln and Cristy, 1984; Ken- ~d Edcennan, 1915, 1917) to esdm• ... ,., .... orpas. 
\ : :~•.·· 
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Calculations were performed for t'!~lve monoenergetic sources ranJing from 0.01 to 5.0 
. ,, .~. . 

~eV. These were c::uried out using a cosine current source, whicb comsponds to an isotropic 
"' . . . . . .. . . ~ . 

tluence, sampled unifonnly on the curved and end surfaces of a cylinder surrounding the 

phantom. Ten million histories were sampled for each calc:ulation. The organ doses from the 

monoenergetic. soun:cs incident on the phantom were folded with the spectra generated by the 

PHOFLUX code for the air submersion and water immersion sources and nonnalized to unit 

source strength to produce the fmal organ dose coefficients for monoenergetic soun:es in 

contaminated air and water, presented in Tables n.4 and n.s. The coefficients include those 

for eftCctive dose equivalent (he), effective dose (e) using the ICRP 60 weighting factors, and 

air kcrma {kAJa) or water kenna (kw"m ). Note that air kenna and water kenna are doses to air 

and water, not to tissue fi'cc in air or water. Since the dose coefficients are inversely 

proportional to the density of the soun:c medium, scaJing to a different density is 

straightforward. 

Orpa dose from contaminated son 
The uncollldcd and scattcr:d angular fluenccs from an isotropic plane source 9f radiation 

wae computed as a function of CDeJ'IY, angle, and height above the air-ground interface as 

~'bed ~er. ~ tl~ence ~ w.ae usod to ~nstruct an ~gu&ir ~.~ .. on a 

cyliDdcr sunoundiug the phantom ~ a fimction of ~~on. energy, and polar .anal'? .• It may be 

n01ecld..t ~angular -~t is ji~~ by.!h~-~~~ip.j(T,£,0} ~ o_:_4~(r:E;Q) ~ere4 
..... • "'·····-··· . • : • '· . • ••. . • • ••.• J -- .• • ·~ ••• ::.. ,.._ .... 1.; .•... _.tf\.J. • t.lf· 

is tbe o~ normal to the surface. For the top and bottom surfaces of the cylinder, 

the construdi~ of the angular current sOun:o is ~bvious, since 0 · 4 is just the absolute _value 

of the polar angle used in the discrete ordinates c:alculations. On the side of the c:Yt&acka-, a. 4 

is not an angle used in the calculations ... Saito et &1. (1990). developed two approximations for 

lbe relationship between the angular tluenc:c and the current, but no approximation is necessary. 

The angular fluenc:c is isotropic with ~ to an azimuthal angle about the nonnal to the 

soun:e plane, due to the symmetry of the one-dimensional radiation field, so the angular current, 

as a function of polar angle, c:an be computed analytically from the angular fluence data. 

A calculation of organ doses was performed using ALGAMP (Ryman and Eckennan, 

1993) for each of the 72 combinations of source energy and plane source dcptb, sampling the 

photon cnerJY, analc. and position from cumulative distribution fUnctions corresponding to the 

111plar current sources described above. As for the calculations for isotropic sources in air and 

Mia', ten million histories were aenerated for each ~culation. Since the disc:rete ordinates 

calculations were perfonned for a first-collision source aencratcd by a unit strength plane 

source. the organ dose coefficients are computed directly by the Monte Carlo calculations; no 
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funher aonnilfzanon· is needed: For 'th; ·io,'~tt~ 20 keV soun:es (primarily It 10 b\'l. a .. • .• -·· •.•• , ••• t"•f;•·· ,,.......... • ••• , 

feW of the orpn dose c:oefficieDts m cstimlted to be zero, siDc:e low-enetCY phoroas .. -. ... .... 
very penetrating. and ~all orpns (e.g., ovaries) are often missed by those fi:w pholloal wfalcla 
do penetrate th~ body to ~· :cteptb .. For a few orpns, the coefticiems ot VMildoa ....,. • 
lqe that their do~ coe~ wm: judSecr to be unreliable. The dose coefticientl b thole . ·. ... - t: .• ·-·· ;~ . 
organs wero also set to zero.· However. the procedure descnDed below lor infearllliac orp1 
~ coefficf~u~rcw plane _sources over source depth to obtain dose coet1ic:ients ftlr volanle 
sources involves the logarithm of the dose coefficients; therefore, dose coefticiems camac .. 
zero. Even had there been no numerical difficulties, the prudent ippi'OICh wu to asip 
n~ values to all dose coefficients. Therefore, in the tabulations for monoeuerpcic --. 
the zero values were Rplacc:d by values fiom a log-log extrapolation a a fimction of soarce 
energy. The dependence of the organ dose coefficients on energy shows this to be a 
conservative approach. As a pmc:tical matter, the values of the-dose coefficienr:s obaiaed by 
extrapOlation are so small, compared to the dose coefficients for the other orpns, that they have 
no observed influence on the coefficients for effective dose equivalent. 

· The organ doSe cOefficienr:s for isotropic plane sources 11 the six source depdJs • wa 
inrepated; oW.:rioUiie '¥ to COiDJ,Uae o.p,·:!cfoS8· COdlicients for unibmly dislribufed •...•. 1., ..... ·- - ... ,.. . ·•. ' . . . _,. . . vblume Sources fulving thicknesses of J, S, and IS cin, aitd for an e1fectively··infina 101Ri1 
(4 ni~'. ~~Piths lbic:k~: Jf~;cE.~> is th~·dose~~fficient (Sv pel- Bq sin-«) for iiaaO T filr a piaM ~-~at~ Eand'depd.'~,~~-fiee-~), theft the cioSe~~C. ..... ·\1 ;·.·.·~ •··•.t ~..,· .··-•- ''f{" f~("t.t'",•"-1 ~ ~; "' · •• J• "'·'' I '·•''·'·'· • • · •' • • (Sv pei Bq-s m~ for a volmnetric source extenifing &om the air-ground interface 10 deplb L ·(~fi~" jUst , . ·- ' .\ . . -.. :. .. :~: .. ): : 

~ •.. r . : ,; ~· . . • ... . ·.-.. : _._ .. 

.·.-~p . 

... -· ~ ........ , ~ (E) 1 !.,..._ .. ,. (., ) • • .... J.I. II. • - Cl"5"11 ·....,-r 
r~ 0 T.r -. .. ·-;>. ~ : • • . : . I' . . 

(II) 

where it. is the linear attenuation coefficient for soil at enes'IY E. lbe dose coefficients far acb 
orain ·~,<E.~) at the six source depths were interpolated on a fine grid using a Joa-linar 
Hermite cubic spline (Fritsch and Carlson, 1980). The interpolated data were then numeric:ally 
integJated. The organ dose coefficients are presented in Tables U.6 through U.ll for plane 
sources _at the six source depths. and in Tables U.l2 through U.IS for the four volumcuic 
so\li'ceS. The coefficienr:s for the plane sources do not need to be scaled for difrenlat soil 
densities, since depths an: in mean free paths. Coefficients for a source with finite lbic:laaess 
expressed in em cannot be scaled. Coefficients for a ~rce with finite thic:kness expaessed in 
mean tftle paths are inversely proportional to soil density, as shown by Chen (1991). 11 .. 
those for an infinitely thick source. 
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r.a t.t. .. Jlbot.GD •n•qy , ... , ) 

1.01-02 1.51·02 2.01•02 ' ,.OI•Oi . S.OI·Oi 7,01·02 1.01•01 2.01·01 5.01•01 1.01tGO . I.OitOO 5.01t00 
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1.4181•21 7.1011·20 4.21SI·11 1.0UJ·lt l.'tall-11 1.7411·15 1.0821·15 7.2051-U 1.8UI•14 4.0441•14 1.7811-U 2.4111•13 

1.0141•11 2.7111•17 1.1111•11 l.1SII·1S 5.1221·15 1.1111•15 1.4321·14 2.2111•14 4.15SE·14 7.21SE•14 1.3151•13 1.5101•13 

1.0121•24 1.7111•20 3,4111•11 1•5021·11 1.1311·15 2.1551·15 4.0101·15 1.2701·15 2.4751·14 5.2211·14 1.1011•13 2.1311•13 

5.0111-11 1,5171·17 2.3251-lt 7.7lll·11 2.1051·15 3.3tll·15 5.1111·15 1.0711·14 1.1711·14 5.5021·14 1.1411·13 2.1141•13 
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1.0031·11 1.4711·17 t.434J•I7 1.127Z·11 1.4001·15 2.5071·15 4.014!·15 1.1011·15 2.2711·14 4.7141·14 1.0111-11 1.7171·11 
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1.0141·13 1.552&·11 3.1101•11 4.0101•11 1.4001•11 1.4131•15 2.7111·15 1.7011·15 1.7341•14 4.155&•14 1.1101•14 2.5fll•13 
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t•l• 11.1. Oqa DDae (U, tH .. • ... J) tt. • ..__..1•~•• ft.. Saune •~ &Ia &ir.--.1 lat.ufaca 

r..tt.hd phot.on enun (MaY) 

1.01-02 1.51·02 2.01•02 ~.01•02 · 5.01•02 7.01•02 1.01-01 2.01•01 5.01•01 1.01t00 2.01•00 5.01t00 

1.1311•20 1.3711·11 1.1001·11 1.1211•11 ~.0131•17 4.1051·17 7.4781·17 1.8341•11 4.1871·11 1.4071~11 1.4101•15 3.4111-15 

1.1111·10 5.7151•11 2.4541-17 1.3151•17 1.0741•11 2.5201·11 2.1281·18 3.7471·11 7.2531•11 1.2121-15 2.2701-15 4.7271•15 

1.7181•25 1.4221·21 1.5051•11 7.1551•11 3.3111•17 5.1751·17 7.1111·17 1.8111•11 4.4421·11 1.7711•11 1.8271·15 3.4571·15 

1.0881-11 1.3141•17 3.0221•17 4.111B•17 5.7241•17 1.1001•17 1.313B•17 l.ISOI·11 4.1111•11 1.5701·11 1.7471-15 3.7011•15 

4.1551·24 8.4581·21 2.1371·20 1.1141•11 1.3351•17 4.2411·17 1.1121-17 1.5011·11 4.0111•11 1.0201·11 1.5011·15 3.3331·15 

.. . f. • ~ · .... 

1.5871·21 1.0451·11 2.0571·11 1.4011·17 3.1271·17 5.7221·17 1.3211-17 1.7311·11 4.4331-11 1.1111·11 1.1451·15 s.SI31·l5 

1.0211·23 4.5751•21 3.4801•11 1.7411·11 3.0231•17 5.0441•17 7.8471·17 1.8311·18 4.3211·11 1.7351•11 1.1831•15 3.5621•15 

1.1111-24 5.1211·21 5.3411-11 1.1121•11 8.3111•17 5.3341•17 1.0101·17 1.8171•11 4.4131·11 1.7181·11 1.874£·15 3.5111-15 

7.3011•22 2.7111•20 3,7011•11 1.1101•11 1.1141•17 5.2251•17·7.1511·17 1.8801·11 4.4781·11 1.1001·11 1.700E·l5 3.5101·15 

2.4451•21 4.7311•20 3.1131•11·7.5271•11 1.1151•17 4.1531•17 1.117&·17 1.5831·11 4.2411·18 1.2531•11 1.513&·15 3.3331•11 

. •· , t I "! i . -·~.<. 1. ~ t :t •; f • .:- & 

3.2751-21 1.1S21·11·1.3tai;il 1.0111~17·1:5111•17 5.4131·17 1.135&·17 1.8731·18 4.3821-11 1.7411·16 1.1211-1s 3.4781·ts 

7.1141·21 3.0111•11 4.1141•11 2.0108-17 4.1111•17 5.7111·17 1.3121·17 1.7211·16 4.4741•11 1.1881·18 1.818£·15 3.5821·15 

1.7811·22 J.IOOI•ZO 1.7451•11 1.3131•17 3.1211~17 5.1011•17 8.3881·17 1.7341·11 4.4571•18 1.1841·11 1.8141·15 3.5111·15 

1.3171·21 1.1111·20 1.0741·11 1.7101·17 4.4551•17 1.2171·17 1.181£·17 1.1281·18 4.7321·18 8.2071·11 1.7251·15 3.6311·15 

1.1511·11 7.1181·11 1.7521·17 J.Zitl-17 4.1181·17 1.511£·17 1.3261·17 1.1121·16 5.1121·16 8.8111·16 1.1311·15 3.7101·15 

. . ~ ; ... 

1.3331·11 5.1011•11 1.3221•11'5.0511•11 2.7431•17 5.18GI•17 7.4181·17 1.8511-18 4.7341·18 1.3371·18 1.5711·15 3,8731·15 

4.873£•23 3.2121•21 1.1331•20 4,8301•11 2.7111•17 4.1431·17 7.4021•17 1.5121·11 4.0871·18 1.2151•18 1.5151·15 3.1381·15 

3.0721·20 1.5311•11 3.1471•11 1.2431•17 3.3121•17 5.3531•17 1.327&·17 1.118£·11 4.7711•18 1.4141•11 1.7771·15 3,7151·15 

5.0461•17 1.7111·17 1.7111-17 7.5451•17 1.1311·17 7.1121-17 1.0771·11 2.1711·11 5.1171-18 1.1331·15 2.0151·15 4.0101•15 

6.3111·23 1.1111·20 1.0111•11 1.3311•17 1.1711·17 5.1441-17 1.4131•17 1.7521•16 4.4121•16 8.1421·18 1.6411·15 3.1511·15 

' 
3.5171·11.1.2411·11 I.SIII•17 4:4111•17 5.1721•17 1.1171•17 1.1111·17 1.1111·11 5.1171·18 1.0041•15 1.1301·15 3.1811·15 

1.0121·21 2.1021·11 3.7341•11 1.1151•17 4;1511•17 1.1131·17 1.1151·17 1.1511-18 4.5581-11 1.4171·11 1.8731·15 1.5131-15 

7.4231·20 1.1151-11 1.4101·11 2.7101•17 4,1131•17 1.2211-17 1.0721-17 1.1211·11 4.1441-11 1.4441·11 1.5171·15 3.1111·15 

2.4211·21 1.3101•11 1.3171•11 1.4711•17 1.1011·17 5.8721•17 1.4131·17 1.7151•11 4.5501·11 1.7131·11 1.1051·15 4.0311-15 

4.1211·22 1.5711•20 1.1411•11 5.1131•11 1.1251•17 4.1741•17 7.7151·17 1.1411·11 4.3221·11 1.1331·11 1.1211·15 3.7051·15 

3.1111·11 5.14JI·11 1.4431·17 a.17tl·17 s.a4~1-17 1.1151·17 e.1os1-i7 1.1311·11 4.1451-18 1.1101·11 1.7711·15 3.1141·15 

1.1111·11 4.0171·11 1.0111•17 1.3171·17 4.4101-17 1.1121·11 1.1211-17 1.1411·11 4.7111•11 1.3711·11 1.73,1·15 3.7311•15 

1.1211•11 1.3231·11 1.1111•11 1.1511·11 1.3371·17 1.5151·1t 1.1171·11 2.4151·11 1.3141·11 1.2111·15 2.1221·15 4.1141·15 
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&in, .. photoa eauu C*'l) 

1.01•02 1.51•02 2.01•02 ' 1,01•02 · 5.01•01 7.01•01 1.0£•01 Z.0£•01 5.01·01 1.01t00 2.01t00 S.OitOO 

1.0141·21 1.1111•20 5,1471•11 7.1541~11"2:1511•17 1,1241•17 5.1348•17 1.2381·11 3.0151•11 5.1081•11 1.7121·11 1,7281•15 
1.1151•11 4.1111•11 1.1111•17 1.7111•17·1;5041•11 1.1001•11 2.1151•11 2.1711•11 5.0211•11 1.1741·11 1.3111·15 2.4111·15 
5.3301•25 1.1471•22 1:0121~11 1,0011•11 2,5111•17 4,1121•17 1.3211•17 1.3411·11 3.3131•11 1,0171•11 1.0SZ1•15 1,1411•15 
8.711&·11 1.1121•17 2.5111·17 1.1141·17 4,1141•17 S.SI41•17 7.1371·17 1.5311•11 1.108&•11 1.4411·11 1.0111•15 1.117B·15 
1.714E•Z3 2.1111•21 1,1771·~ 2,3541•11·1;7171•17 1.1141•17 5.403&·17 1.1251·11 2.1221•11 5.1381•11 1.1441·11 1.1021·11 

.••• ! ..... ~. :~ ~ -· !' 

1.1011·21 1.2441·20 1;1181·11 1:0771-17 lito51·17 4,4171•17 1.4151·17 1.2821·11 1.0711·11 5.1711·11 1.5121·11 1.1431·15 
1.0041•24 1.0311·21 1.5111·11 4.1571·11 2.1111·17 3.7711•17 5.1511-17 1.2011·11 2.1351•11 5.4511•11 1.4171·11 1.11li·1S 
3.0321•23 1.0711·21 4,2411•11 1.5141•11 1,4411•17 4.0151•17 1.1281·17 1.2521·11 1.0141•11 5.5301·11 1.3771•11 1.1271•15 
4.7151·21 2.7131·20 1.1701•11 5.2151•11 2,2141·17 3,1041·17 1.007£-17 1.2331·11 1.1711·11 5.5401-11 1.1051•11 1.1711•15 
1.1351·22 2.3311·20 1.2111•11·5.7101·11 1.1111·17 1.7351•17 5.7101·17 1.2271·11 2.1151·11 5.1431·11 1.1751·11 1.7741·15 

I • ._ .:<~. ... 
•' ~ I • ' 

1.3351·21 1.1311•20 1,l0SI•11 1.1111•11 1.1711•17 4.2211~17 1.3378·17 1.2881•11 1.1441•11 5.~1!·15 9.9t!!·l! 1,!!71·15 
5.0101•21 2.3211·11 3.5021-11 1.5311•17 3,12-1•17 •• 5031•17 1.50~1-17 1.3211-11 3.1541•11 5.1081•11 1.7051•11 1.1111·15 
1.3131·22 1.1701·20 1~3731•11'1,0411•17 2.1111•17 4.4101·17 1.5601·17 1.3241·11 3.1401·11 5.1711·11 1.8041·11 1.1721•15 
1.1151·21 1.1441·10 1.1141•11 1.3021•17 1,4111·17 4,1181·17 7.1401·17 1.~181·11 3.31~1·11 1.1311·11 1.0,01·15 1.113Z·15 
7.7111•11 1,1131•11 1.3311•17·2,1711•17·3.1441•17 4.1201•17 7.034B·17 1.4331·11 3.4111•11 1.1331•11 1.0351·15 1.83SI-l5 . .. ' . 
8.755£·20 3.4511•11 1,1171•11 3,1211•11·2.0441•17 3.7111•17 5.553£·17 1.1561·11 2.157B•II 5.1111·11 1.7111•11 1.1281•15 
7.1311·23 3.1511·11 1.4231•10 3,3111·11 2,0331•17 3.1101•17 5.7281·17 1.1811·11 1.1511•11 5.3311•11 1.1111-11 1.7181·15 
2.7151•20 7,1411•11 1.1111•11 1.5521•11 2,5111•17 4.1141•17 1.4111·17 1.3171•11 1.3511•11 1.1311·11 1.0~·15 2.0171•15 
4.3151•17 7.0011•17 1.7111•17 5.5211•17 5.0201•17 5.1471•17 1.1311·17 1.1141•11 1,8401•11 1.1411•11 1.1411·15 2.0111·15 
1.1171•23 1.1541•20 1.4111•11 1.1111•11 1.8341•17 4.5411•17 1.1111·17 1.3411·11 3.1741·11 5,5)31•11 1.1171•11 1.1111•15 

~ .. :: 
3.1121·11 7.4001-11 1,0411•17 1.4151•17 4.2471•17 5.2151·17 7.5411·17 1.4511-11 1.4111·11 1.0181•11 1.0121·15 1.0131·15 
3.0211·21 1.7211·11 1.0111•11 1.413!•17 1,2171•17 4.1121•17 1.7131·17 1.2151•11 1.1111-11 5,7341·11 1.8151·11 1.1501-15 
4.1111•20 1.1441•11 1.7111•11 1,1551•17 1,5111•17 4.7131•17 7.0111·17 1.4031·11 1.1141•11 1.5001•11 1.1471•15 I.OSSI·15 
1.1211•11 1.1711•11 1.1111-11 1.0171•17 1.1011-17 4.1001-17 1.1781·17 1.3011-11 1.1731•11 5.4511•11 1.2741·11 1.7~15 
2.1771·22 1.5011·21 1.1171·11 4.1511-11 1.1111-17 1.7111·17 5.1141·17 1.1011-11 1.1111-11 s.•lll-11 1.1111-11 1.1111-15 

3.0411•11 4.1041•11 1.1141•17 1,4111•17 1,1171•17 5,1411•17 7.5421·17 1.4151·11 1.4111-ll 1.1121·11 1.0531·15 1.1101•15 
1.1011•11 J.l401•11 1.1171•11 1.7171•17 1,1411•17 4.7701•17 1.1141·17 1.1111•11 1.~·11 S.tsll•11 1.0111•15 1.1451•15 
1.1171•11 1.14SI•11 1.1511•11 1.7411•17 I,S.II•l7 1.1171•17 1.1711•17 1.1131•11 4.5011·11 7.1471•11 1.lSSI·lS 1.1171-IS 

1.1011+01 I.ISIIttt 4,1011ttt 1.4411+00 5,1141•01 1,4041•01 I.IISI•Ol 1.0211•01 1.4111-t1 1.0151-01 J •• ll•tl 4.Da·ll 

~ 
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r•&e 11.8. Oca• DMe ce, ,.c .. • •"'• r.. • ...._.,..e.la rt- lou.rc• o.a ..._ rcea rau.a ...., 

Wt.t.ed pbot.Oft IIIUIY (HeV) 

1.01·02 1.51·02 2.01•01 1.01·02 5.01·02 7.01·02 1.01·01 2.01·01 5.01·01 1.01+00 2.01+00 5.01+00 

4.1211-21 5.117£•20 3.1111•11 1,8501•11 1.2511·17 1.1131-17 1.728£•17 7.526£-17 1.7371-11 2.1801-11 5.2881-11 1.0741-1& 

1.2111•11 2.1131•11 1.0171•17 3,S.61•17 8,5&21•17 1,1111•11 1.4&12•11 1.8111·11 3.1801•11 4.1051•11 7.2141•11 1.2741•15 

1.811£-21 1.413£•12 1.1111•11 1.1111·11 1.511£·17 2.1341•17 4.183£·17 1.1351•17 2.0171•11 1.4701•11 5.708£·11 1.0341·15 

7.4571-11 7.4471•18 1.5211•17 2.2301·17 2.7011-17 3.1121·17 5.1731·17 1.0301•11 2.2471•11 3.7111·11 5.1111·11 1.0411·15 

1.0551·24 1.4711•12 1.457£•20 1.1721·11 8.4211·11 1,8111•17 3.118£·17 7.2161•17 1.7471·11 2.123£·16 5.013£·11 1.1181•1& 

1.013£•21 5.4511•20 1.7521·11 5,5451·11 1.1341•17 2.1181•17 4.161£·17 1.213£•17 1.1171•11 3.2081•11 5.1161-11 8,7111•16 

3.$371-24 1.1151•21 1.2451•11 2.3141·11 1.2031•17 2.2211•17 3.1511·17 7.5601·17 1.7071-16 2.1111•16 4.1101·11 8.2151-11 

1.5021•24 3.1111-21 2.1171·11 3.2371·11 1.1341•17 2.1171·17 3.715£·17 7.1041-17 1.760£-11 3.0111•11 5.0601•11 8.2311·11 

2.513£·21 1.1331-20 1.1321·11 1.5441·11 1.2501·17 2.3021·17 3.731£·17 7.775£·17 1.7681·16 3.050£-11 5.1021·11 1.5811·1& 

6.113£-22 1.5371•20 1.4031•11 3.1011-11 1.3031•17 2.3131·17 3.7171·17 7.6681·17 1.1841•11 2.1141·16 4.7211•11 1.0481-15 

2.1111·21 5.7421•20 5.1141·11 4.2251·11 1.5151•17 1.5601•17 4.0171·17 8.237£·17 1.811£-16 3.16~£-11 5.0111•11 1.412£·11 

2.1631•21 1.2111•18 1.1&21•11 1.0131•11 1.7141·17 2.7021·17 4.1801·17 1.472£·17 1.1861•16 3.155£·11 5.373£•16 1.7571·16 

5.0731·22 3.5411·20 7.2251·18 5.4241·11 1.665£-17 2.7111·17 4.2o~i·l7 1.4461·17 1.16tE·JI 3.1711·16 5.244£·11 8.4871·11 

1.6101•22 4.1561•20 1.731C•1t 1.1011•11 1.1111•17 3.0141·17 4.121£·17 9.111£·17 2.0311•16 3.4571•11 5.1111•11 1.0151-15 

4.1011•11 3.5101•18 7.1171•11 1.2481·17 1.0151•17 3.0281·17 4.5341·17 1.113£·17 2.0431·11 3.4151·11 5.5161·11 8.8311·11 

1.666£·20 1.1481·20 2.7581·11 1.4151·11 1.1101·17 2.143£·17 3.522£·17 7.5681·17 1.631£·16 3.062£·11 5.1731·16 1.7381•16 

3.617£·23 1.1301·21 3.2451·20 1.7321·11 1.1141•17 2.1171·17 3.126£·17 7.482£·17 1.689£-16 2.1401-11 4.8931•11 1.8361·16 

2.0011•20 4.8111·18 1.7011·11 5.122!·11 1.4311·17 2.5111·17 4.144£·17 1.858£·17 2.0001•11 3.451£·11 5.665£·16 1.0251•15 

2.827£·17 4.2441•17 3.1501·17 3.0341-17 2.8811·17 3.7711·17 5.404£·17 1.012£·16 2.4031-11 4.017£-18 1.312£·18 1.0821-15 

7.9141·23 1.2111·20 4.7731·11 5.1151·11 1.1111·17 2.7241·17 4.1711·17 8.5111·17 1.1151-16 3.2101·11 5.3281·11 8.6881·11 

2.727£-11 4.7501-11 1.2181•17 1.1741•17 2.5131•17 3.4011•17 5.008£-17 1.133£·17 2.1871·16 3.1741•11 5.8201·11 1.1021·15 

2.1351·21 t.1311•1t 1.1411·11 7.1131·11 1.1201-17 a.llll-17 4.327£·17 1.1181-17 1.1441·11 3.364£·11 5.4711·16 1.ols!-15 

4.4541·20 5.4751•11·1.2471·11 1.7211·18 1.tS11•17 2.1411-17 4.2801·17 8.5721-17 1.171&•11 3.0811-11 5.2061•16 1.043£•15 

1.1141·21 7.4211•10 1.1751·11 S.4SSI·11 1.SS11·17 2.5451·17 3.8721·17 1.1101·17 1.7171•18 3.1431·11 5.2111•11 1.5001•11 

1.8131·22 1.0011·21 1.1011•20 2.0111·11 1.1401·17 2.1141·17 3.6011·17 7.3711·17 1.1171·11 3.0301·11 4.11ZI·ll 8.1131·11 

2.1711·11 2.7101•11 1.1161·11 1.3171•17 2.3011•17 3.352£•17 4.835£·17 1.6821·17 2.1071•18 3.5551·18 5.7211•18 1.052£•15 

4.1321•11 2.045£•11 4.7011•11 1.5121·11 1.1111•17 2.1421•17 4.4711·17 1.1761·17 1.1861•16 3.3111·11 5.506£·16 1.0161·15 

1.2441•11 1.1551•11 1.115£•17 5.5381•17 4.0411•17 4.5211·17. 1.1371·17 1.2411·16 2.1001·11 4.8081·11 7.0211·11 1.1731·15 

3.2011+01 t.l531t00 4.1011+00 1.4411+00 S.OI4I·Ol 3.4041•01 2.1151·01 2.0111·01 1.4111•01 1.0351•01 7.2111·02 4.a341•02 
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1.0&•02 1.51•02 2.01-12 .• c, 3,01•01 5.01·02,, 7.01-12 1.R-o1 2.01·01 5.01•01 1.01+00 2.01+00 5.01+00 
· t ... r 

4.6311·22 1.4131·21 4.1341•20.5.7151~11.1.1141r11.1,5111•11 1.1751•17 2.7121·17 5.5011•17 1.0431·17 1.2411•11 2.0711•11 2.1011·20 5.1711•11 1.1451•11 1.5041.,.11.1.0311•17 :1,5121 .. ~7 5.3011·17 1.3231·17 1.1151•11 1.53R•ll 1.0231·11 3,0521•11 3.7321·21 7,4111•23 1.1501•10 5.5171•11 3,5421•11 7.5711•11 1.4121•17 3.1111•17 1.4111•17 1.1441•17 1,4171·11 2.3211•11' 2.111£·11 1.1141·11 3.11SI•II 4.1311•11 7,3471·11 1,1431·17 1.1111·17 3.1721•17 7.14SI·17 1.1341•11 1.1131·11 2.5001·11 1.305£•25 1.38SI-23 2.0UI·2t: 1.14211"11 2.1'71•.11. 5.3171•11 1.0871·17 2.5851·17 5.1111·17 1,3251·-17 1.2251·11 1.1141•11 
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