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ABSTRACT 

This study establishes the radiation sour'ce profile following 
the hypothesized LOBS of Coolant Accident (LOCA) as suggested by 
the applicable Regulatory Guides. The source is specified as time
dependent gamma and beta energy release rates and energy spectra 
with dose and dose rate values presented for a generic containment 
structure. 

The results of this study will provide a basis for a compar
ison of radiation simulators used in (radiation) qualification testing 
of Class I components and an evaluation of simulator "adequacy II 
in duplicating the LOCA radiation environments and resultant com
ponent damage. 
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RADIATION SIGNATURE FOLLOWING THE HYPOTHESIZED LOCA * 

Chapter 1. Introductior!. 

The primary purpose of this program is to determine tlle adequacy of radiation simulators 

in duplicating the et'fech:l that the hypothesi7.ed Loss of Coolant Accident (LOCA) radiation signa

ture would produce in Class I components. 

1. 1 Backgro"'J.nd 

Nuclear power :::-eacto.:::-s are designed~ constructed, and operated to extremely high stan

dards to achieve ma,"'{imum sarety and reliahility during norm<:l ope-r'ation. Plant design features 

elllphasize quality J recundancy. inspectability: and testability of components in order to aSSure 

maximum tolerance to system malfunctions; reliable protection systems ensure that system fail

llY'eS or operator errors will be acconunodated salely. Additional engineered safety features are 

included to protect the operators and the public even in the event of accidents due to unforeseen 

or extremely unlikely circumstances. 

IEEE-323,(1) 1!IEEE Standard for Qualifyjng Class 1E Equipment for Nuclear Power Generat

ing Stations,lI defines the equipment that provides engineered safety features as Class IE: Ir ••• 

the sai'cty classification of the electric equipment ami systems Hwt are essential to enlergenc,Y 

reactor shutdown. codaimnent isolation, reactor core cooling, and containment and reactor heat 

removal, or are otherwise essential in preventing significant release of radioactive material to 

the envir'onment. II A simple extr'apolatinn to inc]ude nonelectric equipment can be made by ex

ter.sion of this definition. 

IE~E-32:i is also the parent document for describing the qualification of Class IE equipment 

and includes the principles, procedures, and methods of qualification; these requirements. when 

met. will confirm the adequacy of the equipment design under normal, abnormal, design basis 

event, post-design basis event, and containment test conditions. IEEE-323 recognizes that quali

fieation may be accomplished in several ways, i.e., lype-testing. operating experience. or 

analyses. In type-testing, it is expected that equipment will be subjected to the environments 

and operating conditions for which it 'Nas designed and its performance measw-.ed. In tl test pro

gram, however, it is usually practical only to simulate environoents and operating conditions. 

The limitation in such simulations must be evaLlated on a case-by-case basis. 

>:~ T~is program was authorized by the Nuclear R.egulatory Commi ssion, Office of 
Standards Development, by letter dated August 4; 1975, from R. B. ::.vlinogue 
(NRC/OSD) to H. C. Donnelly (ERDA/AID). 
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Both operating experience and analysis are recog::1ized as methods of only limited value, 

v;hereas, tJrpe-testing of actual equipment in simulated service conditions is the preferred method. 

However. it was recognized that a type-test alone satisfies qualification only if the equipment to 

be tested is aged, subjected to all environmental influences} and operated under post-event condi

tions to provide assurance that tbe equipment will be able to J.)erform its intended function for at 

least the required operating time. When size or other practical requirements limit or preclude 

type-tests, this method of qualification is suspect. A further practical limitation in q'l:'..alificaUon 

testing has been that it is difficult to apply all test environme:cJ.ts simultaneously. In particdar, 

radiation testing is usually done sequentially and separately from the other environments. 

A principal controversy in qualification testing has been in the definition of the radiation 

environment. The most widely accepted standard is contained in IEEE-323; unfortunately. the 

specified radiation envi,ronments a.re relegated to an Appendix, which means they are not officially 

a part of the standard. Two separate radiation profiles are presented: one for the pressurized 

water reactor and one for the boiling water reactor. For the pressurized water reactor. it is 

specified that the radiation dose to the containment atmosphere is 4 lVIR after one hour, 20 MR 

after twelve hours, etc., to a total of 150 :.vIR. after one ;year. The bOiling water reactor profile 

is even less specific in that the radiation envirorunent is specified as 26 MR integrated over the 

accident. It was recognized that the values l};rould vary from plant to plant and they mayor may 

not contain adequate margin. However, a footnote to that table indicates that the values are a 

II ••• conservative calculation of radiation dose to the contaimnent atmosphere resulting from 

beta and gamrP-a radiation emitters released from the primary system and at a location within 

the primary contaimnent." 

More recently, R.egulatory Guide 1.89(2) was drafted to define the radi~tion source to be 

used in qualification testing. Although the Guide relied primarily on IEEE-323, in the area of the 

applicable :c"'adiation source, it endorsed a source based on Regulatory Guides 1.3,(3) 1. 4,(4) and 

1. 7, (5). hnplicit in that definition are the associated dose rates, the radiation types (1. e., gammas 

or betas). and the total dose. To determine the impact on industry of Regulatory Guide l.a9~ 

should it be adopted, a stUdy(6) was performed by staff of the U. S. Nuclear Hegulatory Cmnmission 

to see if typical Class I equipment had been tested successfully to environments consistent with 

Hegulatory Guide 1. 89. A few of the typical findings were: 

Differential pressure transmitters. tested to radiation exposures of grec.ter 

than 2 X 10
8 

rads and also subjected to other LOCA environments of tempera

ture, pressure~ and humidity, performed satisfactorily. 

Valve motor operators, .. tested to a radiation level of 2 x 10
8 

rads and sub

jected to all other qualification requirements, passed the tests. 

Electrical cables of various ratings and construction, subjected to all 

expected environments of aging. LOCA, and post~LOCA, including 

nuclear radiation exposure exceeding 2 x 10
8 

rads, performed satis

factorily. 



As suggested in the preceeding discussion, the primary commonality in radiation testing is the 
8 

total dose of about 2 x 10 rads. 

However, Regulatory Guide 1. 89 is ::lot specific in such a dose value. nor is it specific in 

dose rate- and the type of radiation; rather, it specifies the radiation source in terms of the frac

tion of nuclides released from the core. Three specific source terms are implied. First, for 

equipment exposed to a water environment Or' within the radiation fields of sources transported 

by water, it assmnes that 50 percent of the halogens and 1 percent of the solids originally present 

in the core a.re intimately mixed with the coolant water. Second, for equipment normally exposed 

to containment atmosphere or within the radiation fields of sources associated with containment 

atmosphere, it aSSllll1es that 100 percent of the nohle gases and 25 percent of the iodines are uni

fo:rrnly dispersed in the containment atmosphere. Third. an additionai 25 percent of the iodines 

are assUIlled to be plated out on surfaces exposed to the contaimnent atmosphere. These values 

in turn must be translated to dose and dose rates, and, of course, are plant specific, primarily 

because of plant geometry. 

In an effort to cval1;,ate the qualification testbg of Class I equipment which is currer..tly 

being per:;:ormed, a program was begun at Sa~dia Laboratories in July 1974 entitled USynergistic 

Effects of Sim'J.1taneous Environmental Expos"Jres of Protective System Components for Water

Cooled Nuclear Power Plants. I! The objective of that study was to determine, qualitatively and 

quantitatively, the synergisms which exist when radiation was sequentially and simultaneously 

applied during the qualification testing. As the study proceeded, certain additional areas in the 

general field of qualification testing ~1'I-ere identified as iJ:lportant. The concept of accelerated 

aging and the validity of existing techniques is currently being investigated at Sandia Laboratories: 

the ultimate objective of the program is to devise models which can account for the accelerated 

aging of Class I components subjected to combined enviromnent stresses. Secondly, it was deter

mined that the radiation source must be more specifically established and. in particular. the 

adequacy, of laboratory simulators in duplicating component damage from the specified LOCA radi

ation signature must be addressed. 

This report summarizes the activities to date in specifying the radiation source as dictated 

by Regulatory Guide 1. 89 and, by reference, Regulatory Guide::; 1. 3, 1.4 and 1. 7. 

1. 2 Objectives of Study 

This study will ultimately establish the "adequacy II of existing radiation simulators in dup

licating the radiation environments resulting from the LOCA, as h.ypothesi~ed in tlle Regulatory 

Guides. The adequacy of simulators can only be judged relative to the measurables inherent for 

an.}' radiation environment. i. e., dos~ rate, dose, energy spectra, particle type, etc. However, 

ignoring the scaling factors implied by the dose rate and dose, the most reliable indicator of radi

ation environment equivalence is the depth-dose profile, which results from the environment, in 

a component or material. Depth-dose accounts for the energy dependence and particle type 

dependence of the radiation signature; equivalent component damage is insured by equivalent 

depth .. dose profiles. 
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Defore simulators can be compared, tIle LOCA radiation envirof1l11ent must be adequately 

defined, The prime objective of ~he portion of the stud,Y reported 11e.('6 has been in definir.g the 

LOU radiation signature. That enviromne!lt was synthesized from the specified nuclide fr:lc

tionation as described in Section 1. 3; specifieally, the ener'gy reieaSI: rate and energ'y spedra 

for the emitted gamma at"_d beta nave been defined as a function of -cime. 

An additional subtask of the LOCA source definition was the translation of the enen;y release 

rate/spectJ'a into dose rate and daRe for a generi(~ containment .:;tructllrc. These seaping valup.1:i 

are particularly pertinent to the qualification testing !lindustr}'!' since they impact tile conduct of 

the experiment :lEd ever~ the capfJbility to perform the test; hO'Ncver J the.'3c magnitude consider'a

tions are independent of the question of simulator adequacy in terms of depth-dose. 

1. ,3 Presentation of Information 

The ,':1Sfmmptions re(~uired to specify the hypothetkal LOCi\ rudlation environment are enn

tained in certain of the Regulatory Guides. Regulatory Guide 1.89 (Revision 1, Draft 3),(2) not 

yet officially ennor~:led, implies the existence 0:;: three separate LOCA radiation .sources which 

can be characterized by their spatial location within the contaim'!lent structure and by their as

sumed nuclide fractionation. These can bc summarized as: 

Water Environment: 

1. 50% Halogens 

1% Solids 

Air Environment: 

I 
.f 

2. 100% Noble GEcses t 
250/0 Iodines r 

3. 25% Iodines 

Intimately mixed with coolant water . 

Uniformly dispersed in the containml:-mt Etmosphere. 

PIEted out on surfaces exposed to the containnlent atmosphere, 

The wal.er-environment f:OUI'Ce is defined by reference 1.0 Regulatory GUlde 1.7; (5) the air'

environment sources are defined by reference to Regulatory Guides 1. 3(3) and 1.4,(4) The nu--

elide frHctions refer -:0 tr.e percent<-~gef3 released from the eql:ilibrinm f'ull-p\lwer core, 'These 

three source definitions serve as the bases for the presentation in this report, 

Certain addiUona.l assunlptions are also cOEtained in the referenced Hegulatory Guides 

and affect the SOurce definition. These al'e shown in Table 1. I • along with the disposition of 

each as assurrled in this report. Items I, L!, 1, and 5 are readily intel-preted and require only 

brief COll1ment. 



TABLE 1.1 

Hasic Assumptions 

Regulatory Guide Assmnptions 

1. II equilihrium ••. inventory from maximum 
full power operation of the core ... If 

2. If, •• immediately available for lealmge 

3, ", •. radiological decay .•. should be 
taken into account." 

" 

4. ", .. reduction of ... material for leakage by 
••. engineered saiety features may be taken 
into account ," 

5 • II... containment should be aSBurned to leak 
at the leak rate ... in the technical specifi
cations ... II 

Calculational Assumptions 

1 watt - 5000 day operation 

Instantaneous, uniform 
release or deposition 

A s specified 

Fractions released at time = 0, 
but all subsequent da"..:!ghters 
followed whether or not included 
in original specification. 

Neglected 

Neglected 

Five thousand-day reactor operation (Item 1) is significantly longer than any reactor could 

operate without a complete fuel change; the difference between equilibrium and 5000-day operation 

is only reflected in a few, very long-lived, radioactive nuclides. Similarly, the calculations were 

done for' 1-watt operation, so that the power level was considered a scaling facto!:'j this also has 

significance to only a few nuclides~ having large neutron cross sections, where nuclide transmu

tation is determined by neutron absorption rather than radioactive decay. The implicit error for 

the majority of the calculations is estimated as less than a few percent. 

Item 2, while nonrealistic, is a conservative assumption and was included, as specified, in 

these calculations. 

Items 4 and 5 are plant specific and beyond the scope and intent of this work. \'i.Tith the in

formation -presented, however, it should be possible to account for the engineered safety features 

functioning and containment leakage by selectively Hremoving n a portion of the nuclides. 

Accounting for radiologiCal decay (Item 3) is easily accommodated and was included in these 

calculations. The code used allows the nuclides to be selected and then followed in time as they 

subsequently decay. For example, for the 1000/0 noble gas - 25% iodine source the seqL.ence is: 

1. Power operation for 5000 days at 1 watt. 

2. The resultant nuclide population is then fractioned, 

a. 100% noble gas 

b. 25% iodines 

c. all others are zeroed. 

3. The remaining nuclides are then allowed to radioactively decay. 

11 
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Hadiological decay, however, implies buildup of daughters. This is illustrated in Table 1. II 

where a typical decay chain is shown. BR-89. KR-89. and RB-89 are formed directly in fission 

and decay to SR-S9 and Y-80 and, through neutron absorption, to Y-90. Suppose, as in the 

sequence above, the KR-89 was followed and all others zeroed. As the KR-89 decays, RB-89. 

SR-S9. and Y-89 would be formed. While the Regulatory Guides are not specific about accounting 

for daughters, these calCUlations include all daughters with the originally specified nuclide frac

tions, i. e •• all would be counted as noble gases. The rTerro:c H depends upon the original nuclide 

fractionation but, for the majority of the calculations, it is estimated as less than a few percent. 

Nuclide 

DR-39 
KR-89 
RB-S9 
SR-B9 
Y-89 
Y-90 

Half-Life 

4.5 sec 
3.2 min 
15.0 min 
50.0 day 
Infinite 
2.67 day 

TADLE l.II 

Typical Decay Scheme 

Thermal 
Cross Section (Harns) 

0.5 
1.3 

Yield Fraction 
Per Fission 

0.028 
0.014 
0.0014 

The report is organized so as to present each topic independently. Chapters 2 and 3 present 

the plant-independent gamma and beta energy release rates and energy spectra. The reader can 

use these data to derive the dose and rate for a specific plant and geometry. These data depend 

only on the yield fractions and subsequent radioactive decay of the fission products (from U - 2:i5 

thermal fission). 

Chapter 4 presents the doses and dose rates for a generic containment structure. The con

taimnent is modeled as an empty cylinder having an inside radius of 1768 em, inside height of 
10 ~ 6 3 

6355 em, and concrete walls 114 em thick; total free volume is 6.24 x 10 em' (2.2 x 10 ft ). 

Volume scaling factors are presented where appropriate. 

Doses and rates are presented for air at standard temperature and pressure (STP)' Ad

mittedly, the post- T ,QCA containment environment will contain saturated steam, chemical spra,'l, 

etc.; however. calculating air dose and rate is a recognized and reproducible method for com

municating the data. In addition, radiatiun qualification testing usually requires a pretest radia

tion map of the test chamber. These maps are most often made when the chamber is dry and 

empty (filled with air); the later imposed environments may affect the radiation enviromnent but 

these cOl11bined envirorunents merely duplicate the post-LOCA containment environments. 

Chapter 5 presents a discuBsion of the methodology to be used in the follow-on radiation 

simulator adequacy task. Generally,. the radiation signatures: described in Chapters 2 and 3 will 

be compared with simulators' signatures using calculated "damage" to typical Class I components 

as the comparative basis; for example. the depth-dose and charged-particle distribution profiles 

in electrical cable insulations and jackets are such I'damage ll indicators. 
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2.1 

core 

Chapter 2. LOCA Gamma Radiation Signature 

Methodology 

The calculation of the gamma radiation signature relies on the accurate description of the 

curie activity for the specified core power histories. The FISSP code (7) was used in these 

calculations because of its coding uniqueness; it allows the user to specify Ilreleased II fractions of 

nuclides by type (e. g., noble gas, halogen, solid) and then follows the released nuclides through 

their decay and the formation of daughters. A total of 326 fission product nuclides and metastable 

states are included in the FISSP library. 

The conversion of the curie activity to gamt:::l.a energy release rate and spectra used the 

gamma decay scheme data taken from Reference 8. These data are included in Appendix A for 

the 205 nuclides, with gamma decay schemes, used in these calculations. For each !1uclide, the 

discrete gamma energies and percents of emission per diSintegration are given as well as the 

gamma energy per disintegratio~; the latter quantity is the cumulative sum of the energy and 

emission percentage product and is the average gamma energy released peT' disintegration. The 

combined code for calculating gamma energy release and spectra is referred to as FISSP-GAM. 

2.2 Comparison with Other Codes 

2.2.1 Magnitude -- Prior to the presentation of the LOCA gamma radiation SO-Llrce, several 

comparisons with other codes are appropriate. Figure 2.2.1 shows the resultant gamma energy 

release rate from all fission product nuclides subsequent to 5000 days of power operation. The 

ORIGEN code
(9

) results are in good agreement, particularly to about 30 da.,/s after release. 

Another comparison, shown in Figure 2.2.2, is with the CINDER code (10) which incor

porates the latest EKDF/B-IV data files. The comparison is specified in units of MeV /sec

fission, ami the agreement is very good except for a very early time « IDO-second) discrepancy; 

at 1 minute the error is less than 15 percent, but is 60 percent at 1 second. That discrepancy is 

not apparent in the ORIGEN results and will be additionally evaluated as disc~lssed later in 

Chapter 6. 

2.2.2 Spectra -- The FISSP-GAM energy spectra is compared with the ORIGEN code in 

Figures 2.2.3 and 2.2.4. Assuming release of all fission products, Figu:r'e 2.2.3 shows the 

fraction of energy below the given energy versus energy. Three separate time cuts are s~own: 

inventory; 2-day decay; 30-day decay.~ 

An alternate display of the same information is given in Figure 2.2.4. Here the percent 

cumulative difference in the energy spectrum is plotted versus time after 5000-day operation at 

13 
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D.4. O.~, 1.35, ami 1.8 MeV energy levels. The c.green",-ent is quite good, uS".lally well within 

15 percent for t~e given energy levels. In general, ORIGEN predicts slightly softer energy 

spectra than does FISSP-GA~1. Similar comparisons with CINDER have not been made because 

of the only very recent availability of applicable data. 

2.3 Gamma Energy Release 

This section presents the plant-independent gaITnna energy release rate profiles as descl·ibed 

in Section 1. 3. Sections 2.3.1. 2.3.2, and 2.3.3 define the three post-LOCA sources defined 

fro:m. the Regulatory Guides. These are energy release rutes only; specific dose a!Hj ['ates, which 

account for the spatial placement of these sources, are shown iE Chapter 4. 

Section 2.3.4 is included to allow the reader to select different nuclide fractionations that 

may be useful. A .::lew "source n can be calculated by selectively mixing the proportionate nuclide 

types; an example is given in '~h€ section. 

Section 2.3.4 also includes a!l esthnate of the gamma energy release rate from the gap 

release fraction specified in VfASH-1400. This is included as an example of a Ttrealistic" LOCA 

assuming all kmer'gency Core Cooling Systems (J2.:CCS) and Engbeered Safety Featurel:J {ESP) 

function properly during tr.e course of the LOCA. 

2.3.1 Waterbor:3e Source -- Immediately following the LOCA, 50 percent of the halogens 

and 1 percent of the solids in the equilibrium core arc assumed to be intimately mixed with the 

coolant water. Figure 2.3.1 shows the gamt!la radiation from this environment as a function of 

time after release. 

2.3.2 Airborne Source -- Immediately follov;ring the LOCA, 100 percent of the noble gases 

Gnd 25 percent of the iodines in the equilibriulll core al'e assllmed to be uniformly dispersed in 

the containment atmosphere. Figure 2.3. 2 shows the gamma radiation fro111 this environment as 

a function of time afi:e:r release. 

It is not entirely clear that a distinction Should be made between I!halogens ll and 'iodjnes" 

us in Refere!lCe 2. (However, the referen(!ed Guides 1.3 ar_d 1.4 are only concerned with aOVitn

wi.nd dose calculations, so the specification of Itiodine" is entirely appropriate in that context.) 

Figure 2.3.2 indicates ::hrrt the inclusion o~' the halogens does not subl:ltantially affect tnc gamma 

energy release rate. 

2.3.3 Plate-Out Source -- I:gl!nediately following the LOCA, 25 percent of the iodines in 

tl1e equilibrium core are assumed to be plated out on surfaces exposed to the containment atmo

sphere. Figure 2.3.3 shows the gamma radiation from this environment as a function of time 

after release. As in Figure 2.3.2, the corresponding Imlogen source is shown to have minimal 

effect on the magnitude of the calculated source. 



2.3.4 Selected Nuclide Fractionations -- Figure 2.3.4 shows the gamma radiatio~ for the 

three nuclide types. Suppose it is ass"J.med that a source of interest is composed of 35 perce~t 

of the noble gases~ 5 percent of the ioclines, Qnd 10 percent of the solids. To a first approxima

tion, the individual components can be summed; for example, at 1 day following release: 

7 
35% - Noble Gases 

50/0 - Iodines 

;;;:4.9x 10 l\/[eV/sec 
7 

;:; (3. 6 x 10 MeV/sec 

j 0% - Solids 
9 

;;;:1.5xlO l,.'IeV/Rec 

Combined Source 
9 

~1.6 x 10 MeV/sec 

SOlne interest in a Urealistic rr LOCA has led to the suggestion that the inventory in the fuel/ 

clad gap (gap release fraction) be adopted as the definitior~ of the resultant radiation source. Tb_€ 

gap re1ease fraction, u.s defined in WASH-1400, Appendix: VII, (11) and given as a percentage of 

the total core inventory, is: 

Xe, Kr 
I. Dr 
Cs, Rb 
Te, Se, Sb 
Sr, Ba 

3, 0~1a 
- 1. 7% 

5,0% 
0.01% 

- 0.0001% 

The gamma radiation frOlll this environment is shown in Figures 2. 3.5 and 2.3. G, As in the 

previous discussion, a further stipulation ID'.lst be made; that is, the spatial location of thesc 

nuclides Inust he def:ined. To convert the garnma ener'gy release rates to dose and rate, tie 

results prese:1ted in this chapter and in Chapter 4 can be approxima:ely ratioed by the cor-re

spending er_crgy release rates. 

This section presents the gamma spectra profiles as described in Section 1.3. Additional 

informati?n is contained in Appendix C which presents the tabulated data ~or these sonrces plus 

several adjitional nuclide fractionations. 

F'iguf'e 2.4. 1 RI~()W8 the energy spectra for the waterborne source wHit the time after' l'e-

lease as a parar:1eter. Initially the spectrum is hard, softens in time, and tl1en rehardens. 

D'igurc 2.4.2 sbows the cnergy spectra for the airborne source and Figure 2.4.3 for the plate-out 

source with similar itlIornlaLion plotted. 

f~'igur"e1-l /..<'1.4, 2.4.5, and 2.4.fi preRent ~he t:lClmc inf(J~mati(Jn> !'especlively, but are per'

haps easier visualizations of the data. For each of the tl:ree sources, the median energy of tl:e 

cncr'gy !~p{~etra. tht' average enc"rgy per ~article. and the median energy of the particle spedra 

is dispbyed as a function of' tin1.e after release. For g:J.l11TI1as, the average energy per particle 

may he the hest indicator; altho\lg~l, ns the fignres indicate, all three meaSUl'es of the spectra 

;).l'C qllalilatively .~imibr. 
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'r'he changing spectra hardness is not unexpected since it is generally true that radioactive 

emissions from short-lived nuclides are higher in energy than those from long-lived nuclides. 

However. the reality of the spectral shape has potential impact on the radiation qualification test

ing of components; at least, the implications of a changing spectra hardness must be addressed, 

as suggested in Chapter 6. This is particularly true when radiation simulators which have fixed 

or mono-energetic spectra, like Cobalt-SO, are used in qualification testing. 

The second phenomenon illustrated in Figures 2.4.4 - 2.4.6 is that the spectral shift is a 

(sensitive) fU:lction of the choice of the nuclide fractionation. Iodines only, Figure 2.4.6, shows 

tlno r• rehardening of the spectrum; however, the com'binatien of 25 percent of the iedines and 

100 percent of the noble gases, Figure 2.4.5, shows a definite rehardening. Certainly, the com

bination of 50 percent of the halogens and 1 percent of the solids J Figure 2.4.4. shows a marked 

rehardening for all three measures of the spectrum. Should the fractionation ever be reselected, 

a spectral shift would occur and must be consideredj to a first approximation, the data of 

Appendix C could be applied to derive a new spectrum for the ensemble of nuclides. 
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Figure 2.2.1. Gamma energy release rate after 1000/0 release of fission products. 
compared with ORIGEN calculations; 5000-day power operation. 
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specified percentage releases from the fuel-clad gap. 
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Chapter 3. LOCA Beta Radiation Signature 

~. 1 1vlethodology 

The calculation of the beta radiation signature relies on the accurate descrjption of the core 

clTie activity for the specified core power histories. As disc'.1ssed in Section 2.1, the FfSSP code 

was used in these calculations because of its coding uniqueness. 

The conversion of the curie activity to beta energy release rate and spectra used beta 

decay scheme data taken from Refex'enee 8. These data are included in Appendix H for the 281 

nuclides. with beta decay schemes, used in these calculations. For eacll nuclide, the discrete 

beta endpoint energy of each spectrum is gi\ren as well as the percents of spectrum emission per 

disintegration. - The percentages should sum to 1 beta emission per disintegration; in some cases, 

w~el'e data were given a8 relative intensity rather than percentage, the [~onversion was ITlade to 

percentage assuming 1 beta emission. The tabulated data also inchlde the average beta energy 

per disintegration for each spectrum group and the average beta energy pe:c disintegration of thc 

nuclide (i. e., the c-.lmulative SUln of the average energy of each spectrunl group and group emis

sion percentage product). 

To adequately describe the beta spectra based on the group endpoint energy and emission 

percentage, it is necessary to establish the shape of the beta emission curve for each group (i. e., 

number of particles vers-.J.S energy), Once established for each group, the spectrum for an en

semble of nuclides can be our,ained hy selectivel'y summing the beta emission curves according to 

the group emission percentage and the relative occurrence of each nuclide in the ensemble. The 

combiner; code for calculating beta energy release and spectra is referred to as FISSP-RF:TA. 

The shape of the beta emission curve was established using the techniques s~1ggested in 

ll.eference 1 ~ fol' allowed beta t-['ansitiomo. For alluwed beta t:cansitions, and neglecting screening 

by atomic electrons, the emission snape is given as 

where 

N(WI dW = cl F(Z WI (W2 _ 1)1/2 (W - WI 2 W dW 
Wo,Z ' a 

N(W) dW, num~Jer of bei.-=- particles in the energy range W Lo W + dW 

C I w z' a cons:ant depending or.. Wand Z, but not a function of Wand Z 
0' ' 0 0 

F(Z. W). the nuclear coulom~ factor, the Fermi function 

2 
E + m c o ,energy of the beta particle 

'N 07 --~-

m oc 2 
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W = 
o 

E + m C
2 

o 0 

2 
me 

a 

• endpoint energy of the spectrum 

Z. atomic number. 

The constant C I w z can be determined, since the total number of beta particles is 
0' 

proportional to 

W 

fO N(W) dW 

1 

Assuming o~e particle per disintegration, C I w Z. is given as 
0' 

cl w z 
0' 

1 

1)1/2 (W _ W)2 W dW 
o 

with C I w Z determined, the beta energy in a band of energy between \V 1 and W 2 is 
o· 

me 
o 

W 2/2 
W

1 

(W - 1) N(W) dW 

This latter equation is used in FISSP-BETA to determine the spectrum resulting from the 

ensemble of nuclides for the given fractionation. 

The additional complication of the nuclear coulomb factor can be addressed by t~ree appro 

imations. 

1. F(Z, W) ~ 1 

2. F( z, W) _ _..c2,-ff",;Y:;;:-
l_e- 21Ty 

z W 
137 V vI' - 1 

! 4(t+~) t2!L)S If'12se1TY,r(l+8+iy),2j 
[n3 + 28)J 2 m"ff c 

a . 

[ 

2 1/2 

1 - (1~7) J - 1 



F(Z. W} ....... 1 is applicable for allowed shape and small Z (F = 1 for Z = 0). A~proximation 2 is 

appropriate for nonrelativistic beta particles. Equation 3 is the relativistic !1uc1ear coulomb 

factor expressed in momentum space (1]). According to Eva~s, (12) approximation 2 is within -5, 

percent of approximation 3 for Z S; 30 and 0.08 < E < 2.1 MeV. Further. for the ensemble of nu

clides as presented in the remaining sections of Chapter 3. Equations 1 and 2 gave almost indis

tinguishable results (some comparisons are presented later). F{Z, W) = 1 is used in the 

majority of these calculations. 

3.2 Comparison with Other Codes 

Prior to the presentation of the LOCA oeta radiation source, comparisons with other 

codes are appropriate. Figur'e 3,2.1 sho',1.rs the resultant heta energy release rate from all 

fission product nuclides sybsequent to 5000 days of power operation. The ORIGEN code 

results are in excellent agreement over the entire time span. 

Also shown is the nonrelativistic nuclear coulomb factor effect (approximation 2 of 

Section 3.1> compared with the effect of assuming F(ZI W) ::: L Assuming that F = 1 is 

apparently conservative: compared with the nonrelativistic factor I the results for F = 1 are 

6 to 10 percent greater in magnitude. In terms of the effect on spectra, it will he shown 

later that the resultant energ:r spectra is only slightly affected for F = 1. 

Some very recent data is compared in Figure 3.2. 2 as computed with the CINDER code 

and the latest ENDF /B-IV data files. The comparison is specified in units of MeV /sec

fission. with the FISSP-BE'TA res 1.1!ts ....... 30 percent smaller than the CmDER results. Since 

only preliminary results are available from CIKDER and since ORlGEN does not indicate a 

similar error, the discrepancy needs to he evaluated further as discussed in Chapter 6. 

Com'parisons of bcta spectra are not currently available. Beta spectra are not normally 

calculated, since the general interest in beta emission is the absorption in, and subsequent 

heating of, materials whi~h are not strong functions of spectra. A s discussed in Chapter 6, it is 

intended that spectral comparisons will be made, particularly with the CINDER. code. 

3.3 Beta Energy Release 

This section presents the plant independent beta release rate profiles as described in 

Section 1.3. Sections 3.:'1.1,3.3.2. and ~.3.3 define the three post-LOCA sources derived 

from the Regulatory Guides. T~ese are energy release rates only; specifiC dose rates, 

which account for the spatial placement of these sources, are shown in Chapter 4. 

Section 3.3.4 is included to allow the reader to select different nuclide fractionations 

that may be useful. A new rtsource II can be calculated by selectively mixing the proportionate 

nuclide types; an example is given in the section. 
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Section 3.3.4 also includes an estimate of the beta energy release rate from the gap 

release fraction specified in WASH -1400. This if::l included as ar. example of- a IIt'ealistie" 

LOCA assuming all Emergency Core Cooling Systems and Engineered Safety Features func

tion properly during the course of the LOCA. 

3.3.1 Waterborne Sonrce -- Immediately following the LOCA. 50 pereent of the halo

gens and 1 percent of the solids in the equilibrium core are assumed to be intimately mixed 

with the coolant water. Figure 3.3.1 shows the beta rauiuticJn from this erevironJ:lent as a 

function of time after release. 

Also shown in the figure is the resultant p::ofile using the nonrelativistic coulomb factor; 

the difference is only -- 10 percent. 

3.3.2 Airborne S01.U'ce -- Immediately following thc LOCA, 100 percent of the- noble 

gases and 25 percent of the iodines in the equilibrium core are assumed to be uniformly dis

persed in t~e containment atnlosphere. Figure 3.3.2 shows the beta radiatio:l from this en

vironment as a function of time after Y·elease. 

3.3.3 Plate-Out Source -- Immediately followjng the LOC/\, 25 pc"rccnt of the iodines 

in the equilibrium core are assumed to be plated out Oll surfaces exposed to the containment 

atmosphere. Figure 3.3.3 shows the beta radiation fro:n this envix-onment as a function of 

time after .r·elease. 

As previously discussed, in Section 2.3.2, it is not entirely clear that a distinction 

between "halogen Jr and fliodine II is appropriate. But as shown in F'igure 3.3.3., :he inclu

sion of the halogens does not Bubfltantial1y affect the beta energy release rate> except o.t very 

early ti.mes; beyond 1 hour, there is less than a -... 1-perct;;nt difference. 

Also shown in the figure are the profiles for iodines a:ld halogens resulting from includ

ing the !\onrcIativistic coulomb factor; the difference is only ....... 10 percent at early times and 

-- 20 pereent at :~O da.ys. Whe:r·e data is not shown separal.ely for' iodinefl and halogens, there 

is no significant difference. 

3 • .3.4 Selected Nuclide Frac~!!-~nation,'3:_ -- Figure 3.3.4 shows the beta radiation for the 

three nuclide types. Xuppose it is ,L3s11merJ that a source ·of interest is composed of 35 per

cent of the noble gases, 5 percent of the iodines, and 10 percent of the solids. To a first 

approximation, the individual components can be summed; for example, at 1 day following 

release: 



350/0 Noble Gases 
S 

1. 3 x 10 MeV/sec 
7 

5% Iociines ~ if. 7 x 10 MeV/sec 
9 

100/(> - Solids - 1. 42 x 10 MeV/sec 

9 
Combined Source ~ 1.60 x 10 MeV/sec 

Some interest in a Jlrealistic rr LOCA has led to the suggestion that the gap release fraction 

be adapted as the definition of the resultant radiation source. The gap release fraction, as de

fined in WASH-1400. Appendix VII, and given as a percentage of the total core invc::1tory. is: 

Xe, Kr 
I, Br 
Ca, Rb 

- 3.0% 
- 1. 7% 
- 5,0% 

Te, Se, Sb -.0.01% 
Sr, Ba - 0 .. 0001% 

The beta radiation frnr:l this envir'unment is shown in Figure 3.3.5 and 3.3.5.. As in the previous 

discussion, a further stipulation must be made; t!1at is, the spatial location of these nuclides 

must be defineti. 

3.4 Beta SpE.."Ctra 

This section presents the beta spectra profiles as described in Section 1. 3. Additional 

information is contained in Appendix D which presents the tabulated data for these sources plus 

several additional nuclide fractiona"tions. 

Figure 3.4.1 shows the energy spectra for the waterborne source with time after release 

as a parameter. Initially the spectrum is hard, softens in time, and then rehardens. Figure 3.4.2 

shows the energy spectra for the airborne source and Figure 3.4.3 for the plate-out source with 

similar information plotted. 

The effect of includ~ng the nonrelativistic coulomb factor is also shown in these figures. Ap

parently for the ensemble of rtlJcIides, the spectral shift is not pronounced; for indhidual nuclides, 

however, it is certainly more important. While there is essentially no difference, for the very 

softest spectra (Figure 3.4.2 and 3.4. 3), assuming that 1? ::: 1 results in a slightly harder spectra. 

However, for the majority o.f the spectra, the assumption, F =- I, results in a slightly softer 

spectra. 

Figures 3.4.4.3.4.5, and 3.4.6 present the same information, respectively, but are per

hr.:..ps easier visllalhmtions of the data. ~ For' each of the three sources the median energy of the 

energy spectra, the average energy per particle, and the median energy of the particle spectra is 

displayed as a function of time after release. Since betas result from a continuum spectra, the 

best indicator is the median energy of the energy spectra. In fact, the particle spectra were de

rived by assuming that the particles had energy equivalent to the mid-energy of specific energy 
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bins. Similarly. the average energy per particle requires the estimation of the total number of 

particles; which was calculated by summing the number of particles in each energy bin. In a 

sense? and assuming the formulation as presented in Section 3.1. the median energy of the energy 

spectra is the pure indicator without additional assumptions. 

The changing spectra is similar to that noted in Section 2.4 for the gamma spectra and must 

be explained in a similar manner~ radioactive €oissions from short-lived nuclides are generally 

higher in energy than those from long-lived nuclides. Certably, as for gammas, the implications 

of a changing spectra Inust be addressed for the radiation qualification testing of components. Hut 

unlike gammas, the charged beta particles present added problems in duplicating component damage 

with radiation simulators, the majority of which are gamma emitters. 

As for gammas, the beta spectral shift is a (sensitive) function of the choice of the :1Uclide 

fractionation. Iodbes (Figure 3.4.5) show !rnol1 rehardening, but when selectively combined witi'_ 

noble gases (Figure 3.4.5) the resulting spectra shows a definite rehardening. The rehardening, 

in Figure 3.4.4, is even lUore prono"meed for the combination of 50 percent of the halogens and 

1 percent of the solids. Should the fractionation ever be reselected, a spectral shift would occur 

and must be considered; to a first approximation, the data of Appendix D could be applied to de

rive a new spectrum for the ense:r:lble of nuclides. 
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Figure 3.2.1. Beta energy release rate after 100~o release of fission products, compared 
with ORIGEN calculations; 5000-day power operation. 
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Figure 3.3.2. Airborne beta energy release rate source; 100% noble gases, 
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Figure'3.3.B, Beta energy release rate source for the WASH-1400 
specified percentage releases from the fuel-clad 
gap. 
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Chapter 4. Doses and Dose Rates for a Generic Contairunent 

4.1 Methodology 

A summar,Y of the information in Chapters 2 and 3 is :!,)resented in Table 4.1. The feature 

of the energy release rates is that for each of the three sources, the gmnma and beta releases 

are generally within a factor of 2 of each other over the time span indicated. Yet the conversion 

to dose and dose rate must account for the transpor't of the radiation inside the eontaimnent with 

its complement of' internal structure. Since this calculation is completely plant specific~ further 

simplifying assumptions were made to calculate the data i!1 Sections 4.2 and 4.3. 

TABLE 4.1 

The Energy Release Hate Following the Hypothetical LOCA 

MeV/Sec-Watt 

50% Halogens I 100% Noble Gases 
Time 1% Solids 25% Iodines 25% Iodines 
After 
LOCA Gamma Beta Gamma Beta Gamma Beta 

1 sec 1.06 + 10· 1. 37 + 10 1.48 + 10 2.57 + 10 3.81 + 9 2.97 + 
1 min 8.90 + 9 5.07 + 9 1.26 1. 36 3.56 1. 47 

20 min 6.29 2.73 B.OB + 9 6.14 + 9 2.84 1. D2 

9 

1 hr 4.98 2.12 6.34 5.24 2.30 8.40 + 8 

2 hr 3.B2 1. 68 4.54 4.03 1. 78 6.79 

4 hr 2.69 1.31 2.B2 2.66 1.24 5.29 

12 hr 1.34 8.80 + 8 9.91 + 8 1. 07 5.87 + 8 3.51 

1 day 7.67 + 8 6.08 4.53 5.96 + 8 3.10 2.32 

2 day I 4.29 3.66 2.14 3.53 1.53 1.22 

4 day 2.75 2.28 1.24 2.29 8.67 + 7 6.24 + 7 

8 day 1. 89 1. 61 7.64 + 7 1. 40 5.44 3.65 

16 day 1.13 1. 08 3.49 6.21 + 7 2.71 1. 75 

30 day 5.67 + 7 7.04 + 7 9.46 + 6 2.27 8.12 + 6 5.06 + 6 

• 10 
read as 1.06 x 10 

The containment structure was modeled as an empty cylinder{I:~) having an inside radius of 

1768 em, inside height of 6355 em, and concrete walls, 114 em thick; total free volume is approx

imately 6,25 x 10
10 

em 3 (2.2 million cubic feet). The internal structure was not modeled at all, 

since that detail was considered to be beyond the scope of this project. However, the calculations 
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are useful as scoping values for the dose and rate. Certainly for betas, and to a first approxima

tion for gammas, free volume is a pertinent scaling factor. Volume scaling factors are presented 

and discussed where appropriate In the following sections; while the modeled structure is most 

typical of a PWR containment. the scaling factors should allow approximate application to BWR 

structures as well. 

Except in a few cases J doses and rates al·e presented for air at standard temperature and 

pressure (STP" with a density of 0.001293 gm/cm3• The justification for computing air dose and 

rate was discussed in Section 1.3, but S11~'fice to say that such calculations are a recognized and 

reproducible method for communicating the data. 

An additional factor is the reactor power assumed prior to the LOCA. While merely a 

scaling factor, which c~n be adjusted for a specific plant, the full impact of these environments 

is Dare graphically illustrated when a IIt.ypical fr power level is assumed. The calculations are 

presented for a 4000-MWr (t) plant, approximately the 1300-l'viW(e) class of nuclear power plant. 

Certain assumptions, listed and disct::.ssed in Section 1. 3, are important in the calculation 

of dose and rate, but do not affect the energy release rates of Chapters 2 and 3. These three are 

reiterated here: 

(a) Instantaneous, uniform release or deposition. 

(b) Engineered safety features are neglected. 

(c) Containment leakage is neglected. 

The first assumption is particularly important in establishing the initial dose ratej the latter two 

may affect the total integrated dose, although typical containment leak rates are on the order of 

0.1 to 0.5 volume percent per day and thus would change the total dose by""" 3 to 15 percent over 

a 3~-day period. 

Gamma transport was done using the DTF69 code, (14::) which utilizes the method of discrete 

ordinates. The cylindrical codainment was assumed infinite in the axial dimension. However, 

corrections were made to account for the truly finite dimensions by correcting the dose and rate 

for the correct source volume. The error is not considered significant in any case since dose and 

dose rate were recorded at the mid-axis (i. e .• :'11.775 ill from either end of the finite cylinder), but 

is conservatively high. COJ.nplementary ur~published calculations for an equivale~t vohrrne sphere, 

compared with the infinite (but corrected) cylinder. shows the dose rates to be within --10 percent. 

Beta volumetric sources were assumed to be deposited locally because of the short beta 

range in air (e. g., a 2-MeV heta has a maximum range of -- 7.5 m i.n air); this is referred to as 

the infinite volume assumption. Certain calculations required that betas be transported as well. 
(15) 

For these calculations, the CYLTR-~N Monte Carlo code was used. For one or two gam)ua 

transport calculations, CYLTRAN was also used. 



4. 2 Gamma Doses and Rates 

The gamma dose and rate from the airborne volumetric source is shown in Figure 4.2.1, 

as a function of time after release. The initial centerline dose rate is -- 3.5 MR/hr and the 

dose to 30 days is -- 28 MR. The edge and mid-radius dose rates are also shown,; because 

of the air penetrability of the gam:t:1a radiation, the edge dose and rate are similar in mag

nitude, e.g" ....., 2.5 MR/:':l.r iritial dose rate. Figure 4.2.2 shows the dose rate (implicitly. 

dose) dependence on contairunent volume for the airborne S01.:.rce, with time after release a 

parameter. Volume changes were made by proportionally changing the cylinder radius and 

height, 

Figure 4.2.3 shows the dose and rate from the plated-out iodines as a function of time 

after release. It was as,sumed that the 25 percent of the iodines were plated 0:1 the contain

ment walls (no floor or ceiling plate-out) with a surface area of 7.06 x 10
7 

em 2; surface 

area is a normalizing factor. (Since the DTF59 code requires a volumetric source~ the 

plate-out was approximated by a 5-cm thick annulus volume at the containment wall.) The 

initial centerline dose rate is ...... 0.5 MR/hr initially and ...... 16 MR "co 30 days. Figure 4. 2.4 

shows the dose rate (impUcitly, dose) dependence on containment volume for the plate- out source, 

with time after release a parameter. Volume changes were made by proportionally changing the 

cylinder radius and height. 

Immediately follo'Ning the LOCA J 50 percent of' the halogens and 1 percent of the solids in 

the equilibrium core are assumed to be intimately mixed with the coolant water. But where is 

the coola:1t water? Figures 4. 2.5 and 4.2.5 show extreme models for the coolant water spatial 

location. In Figure 4.2.5 it is assumed tt_at the source is air'!:lorne in the containment as was 

assumed in Figure 4.2. 1. Clearly J the assumption does not model the realities of'the LOCA; 

of course. it could be postulated that a po'Mion of the source was sprayed in the containment. 

Figure 4.2.5 does serve to illustrate the magnitude of the source. an initial dose rate of 

-2.5 MR/hr and a dose to 30 days of -45 MR. 

A more reasonable assumption may be that the coolant water is collected somewhere. 

Figure 4.2.6 shows one Buch case assuming that the water pool is 500 em deep at the bot:om of 

the containment (1768 em· radius). The dose rate resulting from the gamma environment at one 

minute following the LOCA is shov.rn; the infinite volume assumption is appropriate in the water. 

The dose rate in the air above the water decreases rapidly with distance; since the one minute 

energy spectrum is lIhard,rr the dose rates at later times 'Nill fall off even more rapidly. Further, 

compared to the dose rates fro~ the airborne source (Figure 4.2. 1) 8.:ld the plate-out source 

(Figure 4. 2.3), the additional contribution from the waterborne source is not significant. 
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The dose and rate to a particular area of tDe contaimnent is a combination 01 the three 

sources. Clearly, the airborne source and the plate-out source are additive (spatially). But the 

waterborne source is less spatially defined. However, Figure 4.2.7 assumes that 1/10 of the 

waterborne source is added to the airborne and plate-out sources. The resultant initial center

line dose rate is --4.5 MR/hr and the dose to 30 days is --45 MR. While the airborne source is 

the principal dose and rate contributor ever,}"'Where in containment, the plate-out source adds 

significantly to the edge dose so that dose and rate are alDost uniform throughout the containment 

in this model. The doses and rates are severe, hut are a result of the assumptions, which must 

be critically examined for specific plant applicability. 

4.3 Beta Doses and R lItes 

The beta dose and rate from the air'bor'ne volumetric source is shown in Figure 4.3.1, as a 

function of time after release. Since the infinite volume assumption is appropriate (see Section 

4.1). the dose and rate are presented normalized to reactor power and containment volume. That 

is, the beta dose and rate are directly proportional to power and inversely proportional to volume. 

An example may be appropriate; assuming 4000 MW(t) power and 6.25 x 10 10 em 3 volume, the 

dose rate is -15 Mn/hr at 1 hour and -0. 07 MR/hr at 30 days. Total dose to 30 days is -320 :'vIR. 

These can be compareli with the ga~ma dose and ra-te in Section 4.2 (-1. 7 MR/hr at 1 hour J 

20 MR to 30 days). 

While Figure 4.3.1 demonstrates the volumetric dependence of the airbor'ne source, Figur'e 

4.3.2 translates the data to dose and rate for the typical containment. The initial centerline rate 

is greater than 50 MR/lir (-75 MR/hr at 1 second) and the dose to 30 da,Ys is -320 MR. The early 

time decay is very rapid, so that at 1 hour the dose rate is -15 MR/hr and at 1 day -1. 7 J..IR/hr. 

The edge dose and l'ate are also shown; a reasonahle assu!nption is that the edge dose and rate are 

--1/2 the centerline values since a receptor at the edge is exposed to essentially a- semi-infinite 

,vol'l1mc .-

Figure 4.3.3 shows the dose rate assuming the waterborne source is somehoVl made air

borne; section 4.2 discussed this assumption &t some length. Figure 4.3.4 translates the normal

ized dose rate to dose and rate for the typical containment. The initial centerline dose rate is in 

excess of 15 :11R!hr and the dose to 3D days is ...... 330 MR. 

A more realistic model for the waterborne source is that the coolant water is collected 

somewhere. Figure 4.3.5 sbows this ease assuming that the water pool is 500 em deep at the 

bottom of the containment, 1768-cm radius. As would be expected, the (I-minute) beta radiation 

essentially cannot escape the water, so that the dose rate in the air above the water is 

inSignificant (compared to the airborne source). the infinite volume assumption is appropriate 

for betas in the water. 



Figure 4.3.6 shows the dose ra~;e from the plated-om iodbes a3 a fUllction of distance 

from the wall, with time after release a parameter. Even at 1 hour the edge dose rate 

exeeeds '" 40 lVIH./h!'; however, at --- 180 em fl'om the wall, the rate is ' ...... 1 MRthr. The 25 

percent 01 the iodines were assumed to be plated on the containment walls with a surface 
7 2 

area of 7.06 x 10 cm;: surface ar'ea is a normalizing factor. 

The dose rale as a function of time after release, Io_r' the plate-out source, is shmvn 

in Figure 4.3.7, with distance from the wall a parameter. Under the assumptions, the rate 

vcr.'>" close to the wall (- 5 em) remains ahove 1 MR/hl' until .--. HI days after the hypothetical 

LOCA. However, when compared to the airborne source, the dose rates from the two 

sources arc approximately equivalent at -- 50 em from the wall, so the dominant source is 

the airborne source. Sinlilarly, 

greater than the H1:lSl::.med 7. 06 x 

the total plate-out surface should be expected to be much 
7 2 

10 cn, since the (neglected) internal structure would add 

significantly to the surface area; this would almost p"-"oportionately lower the dose and rate from 

the plate-out source for the bulk of the cont~dnment, but cQ".11d result in IIhot spots If where surfaces 

are in close proxilnity to each other. 

'The dose and rate to a particular area of F1C containment is a cOlnbination of the three 

sources. Clearly the airborne source and the plate-out source are additive (spatially); the 

waterborne source is less spatially defined. However, as was done in Section 4.2, Figure 4. 3.3 

combines the three sources by assuming 1/10 of the waterborne source is added to the airborne 

and plate-out ,'3ource. The resulta~t initial centerline dose rate is greater than 50 MRthr and the 

dose to 30 days is ....... 370 :i'vIR. The edge (-5 em) dose and rate are even more significant because 

of the plate-out source; the bitial rate exceeds 80 MR/hr and the dose to 30 days is 5 to 6 times 

the centerline dose. While these are very significant doses and rates, the assumptions must be 

critically examined for specific plant applicability. 
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Chapter 5. Radiation Simulator Adequacy Methodology 

Ultimately. the objective of this study is to determine the adequacy of existing radiation 

simulators in duplicating the effects that the hypothesized LOCA radiation signature would produce 

in Class I components. With the LOCA signature defined preliminarily in Chapters 2. 3. and 4. the 

comparison with simulators can be initiated. 

Simulator adequacy cannot be judged on the basis of a direct comparison of the simulator 

radiation Signature with the LOCA signature. Simulators. in general, do not produce time-dependent 

energy spectra; nor does a single simulator produce both usable gamma rays and beta particles. 

Instead, radiation qualification of Class I components is assured if the '1correct!r damage and damage 

mechanisms can be accomplished with simulators. 'While these are influenced by the differences in 

LOCA and simulator spectra and particle type~ the simulator(s) may be 11sufficientlytt adequate with 

respect to component damage. The typical damage mechanisms for that adequacy evaluation include 

dose-rate effects~ total dose effects. depth-dose effects. heating. and induced electrical conductivity. 

Ignoring the scaling factors implied by the specific dose rate and total dose, the most reliable in

dicator of radiation-environments damage equivalence is the equivalence of the resultant depth-dose 

profiles in the component; depth-dose profiles account for the energy-spectra and particle-type 

dependence of a radiation signature. 

The assessment of simulator adequacy will initially proceed by calculating and evaluating 

damage in the simplest Class IE components to reduce the problems in computer modeling of these 

components. For example, such a simple component is an electrical cable which has a symmetrical 

cylindrical geometry. A common cable type would be a #12 AWG tinned copper wire (0. S543-cm 

diameter), with a O. 228B-cm ethylene ·propyline rubber (EPR) insulation. and a hypalon jacket, 

O.1905-cm thick. EPR is basically (CB
2

)n with a density of about 0.92 gm/cm3; a hypalon material 

is CSSH157Cl13S02 with a density of about 1. 29 grn/cm
3

. 

~o further simplify the calculational geometry. it would be assumed that the cable is 

Uniformly surrounded by the specific LOCA or simulator radiation sources. For the LOCA sources, 

this includes the airborne. plate-out, and waterborne sources. An assumption of uniformity avoids 

the reality of a cable located in cable trays. next to walls. etc .• which affect the actual spatial source 

geometry. But these perturbations can be estimated, approximated. or further calculated as may 

be required. For the case of simulators. spatial and even cylindrical source symmetry is a good 

assumption since many irradiations are conducted with the source surrounding the component at 

some (equivalent) radial position. 

Other modellng problems remain to be solved. Early. unpublished but similar calculations 

using a discrete-ordinates transport code produced unrealistic depth-dose profiles for the case of 

a Cobalt-SO simulator surrounding the cable at a fixed radius. These distorted profiles resulted 
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from the nature of the discrete-ordinates method in which the angular distribution of the gamma 

flux is represented by ordinates in a small number of discrete directions. In reality. the gammas 

are emitte4 isotropically. But because of the discrete propagation directions assumed in the 

calculation. the gammas did not uniformly !'1illuminate" the cable and the deposition profiles were 

severely distorted. An additional l but related, problem is that the cable dimensions are small 

relative to the source dimensions. For example. compare the cable diameter (1. 49525 em) with 

the dimension of the airborne gamma source which is effectively the containment dimensions 

(typically 35-m diameter and 60-m height). Only a very small number of particles will strike the 

cable because of its vanishingly small solid intercept angle with respect to the sources at a distance. 

This is difficult to model and it is difficult to Ilforce" sufficient particle interactions with the cable 

to obtain reasonable computational statistical accuracy; this is particularly relevant for standard 

Monte Carlo transport calculations. In -fact. more sophisticated calculational techniques may be 

appropriate, particularly the use of adjoint transport techniques. 

In summary, the simulator adequacy assessment will proceed by calculating the depth-dose 

and charged-particle distribution profiles in simple Class I components. These calculations will 

be done for the several LOCA radiation SOurces and at several times during the LOCA since the 

energy spectra are a function of time. Similar calculations will be done for the most common 

simulators, e. g., Cobalt~601 Cesium-137. mixed fission products, electron and bremsstrahlung 

accelerators. These profiles can then be compared and evaluated against the available material 

data base and Iladequacy!1 can be preliminarily assessed. 
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Chapter 6. Discussion and Suggested Topics 

6.1 Summary 

As discussed in Section 1. 2, the ultimate objective of this study is to establish the lIadequacy ~ 

of existing radiation simulators in duplicating the radiation environments resulting from the LOCA, 

as hypothesized in the Regulatory Guides. To date two subtasks have been completed. subject to 

incorporation of new data. These ere the definition of the LOCA radiation environment (Chapters 

2 and 3) and the scoping of the expected and resultant dose and rates in a typical containment 

(Chapter 4). Very preliminary discussion on evaluating simulator(s) adequacy has been included 

in Chapter 5. but this is so preliminary that it merely serves to outline the method to be used in 

evaluating simulators. 

Three significant features of this study are: 

1. A (formal) definition of expectable magnitudes of the gamma and beta dose 

and rate for a typical containment, using the applicable Regulatory Guides. 

These values are further segregated according to their spatial dependence 

as waterborne, airborne, and plate-out sources. The implications of the 

spatial dependence may be significant in radiation qualification testing, and 

should at least be a consideration. . 

2. A (formal) recognition that the beta dose and rate is Significantly greater 

than the corresponding gamma values. Apparently, the bulk of the testing 

to date considers only the gamma contribution~ but betas have been shown. 

in this report, to contribute perhaps seven times more dose (to 30 days) 

and to have significantly greater dose rates; e. g., initial rates of '" 70 J..1R!hr. 

Both measures of radiation are very significant in radiation qualification 

testing. (The importance of the particle type is a cO-:'lsideration in evaluating 

the adequacy of simulators, and may prove to be very sig~ificant.) 

3. A definition of the LOCA radiation sources energy spectra as a function of 

time following the hypotheSized releases. Both the gamma and beta spectra 

exhibit a cha-:'lging energy dependence with time. For mono- or fixed-energy 

simulators, the changing spectra cannot be followed. While not a clearly 

important test parameter, this must be a consideration in testing and will be 

a consideration in evaluating the adequacy of simulators. The resolved energy 

spectra also demonstrates an apparent sensitivity to the assumed nuclide frac

tionation. This could be an important feature if a ne',lr LOCA source term 

were hypothesized. 
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6.2 Suggested Topics 

The effort to date has suggested several topics which should be considered for further 

investigation as this study proceeds. These are listed in a general priority ranking. 

1. The gamma and beta signatures should be further compared with other code 

results. This is particularly true of the beta profiles where an apparent 

discrepancy was noted (Section 3.2); arrangements are currently being made 

to have additional CINDER runs made for comparison. A corollary to this 

task is to update the existing gaml11-a and beta decay scheme library as new 

data become available. 

2. The evaluation of simulators should proceed as quickly as possible; only the 

common and existing simulators will be considered. The comparison should 

be made on the basis of depth-dose calculations for several typical Class I-level 

cmnponents (e.g •• cable. paint, sealsL to assure a comprehensive comparison. 

3. The sensitivity of the energy spectra should be evaluated to determine the effect 

of varying the nuclide fractionation. 

4. A more realistic representation of the LOCA radiation source could be constructed 

based on a prescribed accident sequencing, as suggested in WASH-1400 and sup

ported by ongoing experimental programs. The sequencing would account for the 

time-dependence and the magnitude of the releases. WASH-1400 provides esti

mates for the four categories of release (gap, meltdown, vaporization. and 

steam explosion fractions) and for the time (given as a range) of each release 

occurrence. 

5. An evaluation of dose-rate .damage phenomena should be initiated with the intent 

of allowing lowered testing rates than would be dictated by the hypothesized LOCA. 

A determination oJ the rang-e of dose rates where rate effects are not significant 

would be made for typical Class I components. 

6. Based on the calculated depth-dose profiles frmn the hypothesized LOCA and 

simulator sources, an evaluation of damage and damage mechanisms could be 

attempted; the necessity for duplicating the depth-dose could be judged. 

7. Depending on the results of these studies, some effort should be directed at 

tailoring/designing radiation Simulators to achieve better duplication of the 

actual damage profiles. 
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TABLE C-l 

Gamma Release Rates Per Watt of Reactur Power 

Time 50 % HalogenR 100 % Noble Gase, 

After 1% Solids 250/0 Iodines 25% Iodines 100% Noble Gases 100% Solids 
LOCA Energy Particle Energy Particle Energy Particle Energy Particle Energy Particle 

1 sec 1.06+10 j ' 1. 09+10 t 1. 48+10 2.21+10 3.81+9 4.30+9 1.10+10 1. 78+10 7.66+10 9.86+10 

1 min 8.90+9 9.69+9 1. 26 1. 6A 3.56 4.11 9.08+9 1. 27 7.18 9.42 

20 min 6.29 7.62 8.08+9 1. 09 2.84 3.45 5.24 7.42+9 4.35 5.99 

1 hI' 4.98 6.18 6.34 8.86+9 2.30 2.85 4.04 6.12 3.03 4.31 

21u' 3.82 4.89 4.54 7. 16 1. 78 2.26 2.77 4.90 2.43 3.57 

4 hI' 2.69 3.66 2.82 5.36 1. 24 1. 67 1. 59 3.69 2.05 3.12 

12 hI' 1. 34 2.24 9.91+8 3.06 5.87+8 9.90+8 4.04+8 2.07 1. 69 2.64 

1 day 7.67+8 1. 55 4.53 2.06 3.10 6.59 1. 43 1. 40 1. 47 2.29 

2 day 4.29 9.93+8 2.11 1. 40 1. 53 4.01 6.11+7 9.98+8 1. 23 1. 90 

4 day 2.75 6.76 1. 21 9.95+8 8.67+7 2.61 3.75 7.34 1. 02 1. 54 

8 day 1. 89 1.59 7.64+7 6.06 5.44 1. 70 2.20 4.36 8.03+9 1.18 

16 day 1. 13 2.51 3.49 2.36 2.71 8.23+7 7.80+6 1. 54 5.85 3.68+9 

30 day 5.67+7 1.10 9.46+6 4.86+7 8.12+6 2.38 1. 34 ~. 48+7 4.05 6.25 

* 10 Readas1.06xl0 MeV/sec 

tRead as 1. 09 x 10
10 

particles/sec 

------l 
100% Release 

Energy Particle 

1. 07+11 1. 37+11 

9.72+10 1. 24 

6.05 3.14+10 

4.37 6.07 

3.42 4.97 

2.71 4.16 

1. 97 .3.25 

1. 60 2.69 

1. 30 2.16 

1. 06 1. 71 

8.27+9 1. 30 

5.96 9.17+9 

4.08 6.37 
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Gamma - 100% Relp.ase 

:1: - Fractio!1 Below Given Energy 

~
~il i Second' 1 Minute 20 Minute ~ 1 Hour 2 Ho~r 4 Hour 12 Hour I Da~ 2 Day ! 4 Day 8 nAY 16 Day 30 Day ] 

'''' • • ru • I . . " ru 1 ru "I ru I ru V/ 0 .~ ~ ~ ~ ~ ~ ~ @ 3 ~ :s! ~ 3 i;;! ~ ~I ] g ~ 5.d ] G]II:§ ~ :s ~ 1 
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1,1 [t 
1. 00 

,go 
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• \)41! .98l;l 
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.n36 ,!J87 
,930 ,9SG 
.930 .986 
,928 ,985 
.918 ,982 

.8981.976 
861 .064 

,GGO ,9G4 
.841 .857 

!1::l6 

• Cl24 
· [:09 
, [l00 
.769 
.763 
,714 
,657 
, 019 
,572 
,b30 
, ·191 
.441 
, il61 
262 

,197 
,125 
,OBO 
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, (J20 
,002 

. 955 
• U51 
.94.5 

941 
.927 
.934 
.900 
.869 
,1347 

.818 
,789 
.760 
.718 
.645 
542 

,4.53 
.362 
,284 
.202 
.127 
,031 

1,000 
,995 
.986 
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,947 
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.945 
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,926 
.903 
.8?l 
,U'i'l 
.852 
.815 
, CJ4 
,818 

80rl 
.778 
.771 
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.669 
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.582 
.544 
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447 
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,994 .983 ,99S .9R91.997 ,005 ,!H19 1,0001.0001.00°/'1,000 1,0001.000 :l,COO 1,00°11,00011,000 I,OOO{1.oo0 

.979 ,933 .981 ,946 .985 .967 .991 ,989 .997 .990, ,997 ,989 ,997 ,987 ,996 ,988 .996 ,987 .996 ,991 ,997 
,979 .933 .981 .9.;,5 ,985 .057 .D81 .nas ,9~7 ,99°1,097 .98!l ,887 ,M7 ,!leS .986, ,996 .[l87 .006 .991 ,fJ97 
,973 ,922 ,970 ,943 ,984 .807 .991 ,91]9 . gg'l .99U .997 ,9S9 ,997 ,9tH ,996 .986 1 .996 .987 ,996 . 991 ,B9'i 
,970 .913 .975 .934 .981 .959 ,989 ,936 ,996 ,988 .997 .986 ,996 ,983 ,996 .9831 ,995 ,983 .995 ,985 ,996 
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,962 .900 .970 ,924 ,978 ,933 .987 ,988 ,£95 ,984 .996 .983 .995 ,981 ,995 .981 .995 .983 .995 .. 9E15 .996, 
.95: . 8~8 .965 , 91~ .974 ,944 ,9~4 . g~~ , ~94 ,983!. 9~5 ,982 .995 ,881 ,993 .981 ,~~5 , ~83 ,995 .985 , .996 II 

,94;) ,8;)9 ,953 .BSt .9fi2 .918 ,Sh4 J),,;) ,v3e .978 ,994 .f182 .995 .981 ,995 .981r .uv5 .v83 ,99S ,88fi .006 
.942 ,854 .951 .881 .961 ,916 ,973 ,965 ,989 ,978 ,993 .982 ,995 ,981 ,995 ,981

1 

,995 ,9S3 ,995 .985 ,9961 
.911 .775 .914 .786 ,910 .801 ,,1:)25 ,312 ,D2[) ,792 ,922 ,758 ,!J08 ,726 ,8M .711 ,883 .7341,891 .809 .923, 
.885 ,731,893 ,75;; ,904 .778 ,n4 ,791,920.774,915 .742.902 .710 ./;l87 ,698,878 .'725,887 .[104,920) 
• as::! .B8~ ,868 .70ll .BRO .738 .S05 .713 ,912 .760. ,008 ,72fl ,81l5 .5[)9 .832 .692 ,A7S .724 ,886 .804, ,awl 
,841 ,1361 .854 .883 .866 ,711 ,881 ,75~ .'202 .7471,902 .718 .891, ,G91 ,877 .605 ,871 ,718 ,8t!3 ,7961,9171 
.818 ,628 ,A34 ,fifi3 .849 ,684,866 ,731,892 ,735 ,8S·0 ,711 .8871.585 .B14 .681.369 ,715,381 ,79::l .9l4, 
.785 .5B21,809 .622 ,820 ,G5b ,848 ,708 .878 .718' .886 ,697 .879 1 ,r3'l0 .8(;:5 ,663 ,058. .6B3 .867 1 ,765 ,898: 
,741 . 54.i .772 .576 .795 .610 .817 ,867 .851 .675 .859 .852 ,850 .625 .836 1 .622 .830 .657 ,843 .734 ,8771 
,668 .458 ,701 ,506 .'/38 .569 ,786 ,64? .835 .651 ,842 .625 .831 .59B ,Il15 .5911 .807 ,627 .1'!20 .709 .(J5sl 
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1
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1 
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~ 0. 

5,20 
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2.90 ,9S'8 
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2,40 ,81'" . 953 
2.30 .814 .953 
2.20 .806 .951 
2,10 .766 ,940 
2.00 .723 ,927 
1. 90 .716 .924 
1.80 ,716 , 924 
1. 70 .638 .8m 
1.60 .638 .897 
1.50 .529 .853 
1.40 .529 .853 
1. 30 ,52;} .853 
1.20 ,51-'< .845 
1.10 .389 ,778 
1.00 .388 .778 

I .90 ,388 .778 I .80 ,337 ,740 
, .70 .33 I .736 , 

.60 .3D,) .710 , 
i .50 .239 .637 
j 

AO I .173 
.545 I .30 ,143 .49'6 

i .20 ,054 ,27'2 
.10 ,005 .069 

~_ :Mfnute 20 Minutl"$ 1 Hour 

" • '" 6l ~ 
>, <J ~ <l 
'" • '" '1 t • , 
~ • 

~ • • c. • ~ '" " ~ ~ 

1.000 1.000 
· 9\)5 .899 
.991 .993 1. 000 
.966 .994 .999 
,962 _ 993 .998 
.94fJ .990 .DDS 
.949 .990 • DDS 
.94G .99C .90S 
.948 .9!)O .998 1. 000 I, 000 I,QOLl 
.948 .990 _ 974 .903 .966 · 991 
.870 ,968 .854 Jlr.O ,864 .965 
,725 · 926 · 689 , 912 , 684 · [t16 
.725 ,926 .689 · 012 ,681 ,016 
.713 .922 , 65~ ,900 . 6~8 · 906 
.665 ,90 S .575 • fl75 ,564 , fWO 
.617 .880 ,5,17 .365 .557 , a7i 
.607 .806 .545 .365 ,,,57 .877 
• 606 · 885 · 502 · 849 . 475 ,81,,8 
.540 .858 ,475 .837 ,4.68 .8'16 
.540 ,858 ,4'(b • £137 .460 .846 
.451 , 818 .431 .818 .4'.l1 .826 
.447 .815 .355 .781 .:::33 , '185 
.446 ,815 .355 ,781 ,333 , nCo 
,423 ,802 ,333 .768 .320 .783 
,363 ,765 .333 .768 .329 ,783 
,356 ,760 ,202 .741 .302 .767 
.356 ,7 GO ,292 · Hi ,302 .767 
,283 .698 .22~ .684 .221 ,703 
.277 , 6D3 .223 .684 .221 .703 
.249 · 66S .213 .672 .212 ,G!-"I4 

,199 .597 · 190 ,643 .204 .684 
,131 ,180 · 135 .556 .156 .611 
,113 .453 ,128 .543 .148 ,fiOO 
,034 .225 .037 ,285 .141 ,317 
,006 .096 .011 .165 .015 ,199 

TABLE C-3 

Gamma - 10U% Noble GaseH 

Fracticm Dt'!lnw GiVf:n Energy 

2 IInllrs 4 lIours --f2 I10U-l'S 1 Dav 2 Davs 4 Days o Da s 16 Davs 30 DOl. I:; 

• '" '" ~ >. >. .' '" i '" " 3 >. <l " <l " <l 6l ~ " £ £ 1.' 1.' ~ ~ '" '" '" '" ,~ " I t: " • 1: i '" .: ~ i '" ;: '" 1: $ 1: '" • '" • • • ~ ~ " " " " " • " d " • " • • • " • 
'" 0. "' " '" " '" "' "' "' "' '" " 0. " " '" " I 

I, QOU 1. 000 1.000 I, 000 1.000 J,£1OO I, 000 
.972 · g94 .i!80 .996 .990 ,999 .998 
.886 .975 . [)28 ,983 ,987 .999 ,998 1.000 
, 681 ,927 .710 .949 i .869 ,989 .981 .999 
,681 ,927 ,710 .949, ,869 ,9Sr! ,981 .899 
.653 · 923 .708 ,949 ,808 .889 ,881 ,999 
,536 ,a98 .605 ,928 .813 .9[14 ,973 ,998 
.5G8 .887 .605 ,928 ,813 ,881 .973 ,998 
.566 ,087 .605 ,9?S , 813 • 9£14 · 973 • 888 
.480 • 8~·3 .492 ,902 ,752 .978 .964 ,998 
.459 .855 .So92 .002 ,752 ,0','3 .064 .808 
.459 • Ut:5 .492 ,902 ,759. , 978 .964 ,998 1,000 1.000 1.000 
,406 ,846 .435 .886 ,721 ,914 ,960 .998 ,999 .998 .995 
.350 .828 ,49.9 .884 .721 ,974 .960 ,998 . !J99 J!~8 .995 
.360 ,82 S .429 ,884 ,721 ,974 .960 ,998 .999 .998 .995 
.360 .827 .129 ,884 .721 .974 .960 ,998 ,999 ,998 .095 
,350 ,827 .429 ,884 .721 .974 .960 .998 1.000 ,9!;JB .998 ,995 
.348 .821 .427 .884 ,721 .971 · U59 ,998 .989 .999 . 998 .995 
. 3M) .021 .427 , S84 ,721 .974 ,959 ,998 .999 1.000 .999 ,88R .095 
,2E'6 ,760 ,334 .837 ,674 ,963 .953 .997 ,999 .899 ,999 ,998 .995 
.256 ,760 ,334 .837 .674 ,963 .953 ,997 .999 1.000 .999 ,999 .9S8 .995 
.?44 .750 .317 . 82 6 ,638 , !-"In2 .011 .090 , 983 ,988 ,008 ,999 • n08 1.000 ,994 1,000 
.242 ,747 .317 ,825 ,637 .952 .910 .990 ,982 ,998 ,99G .994 .905 .998 .919 .992 
.20,"- .700 291[,'06 ,635 .952 .910 ,990 .981 ,998 .995 .994 ,984 .998 ,919 ,992 
,105 .687 .287 ,794 ,628 · 0~7 ,907 .989 .981 .9G8 .995 1.000 • e{l4 1.000 .984 .998 .9i8 .992 
,052 .. 364 .073 .425 ,lG9 ,589 .~!l4 .775 ,773 .947 .974 .995 .987 .998 .983 ,998 • !;oilS .992 
.021 .247 .037 .324 .141 .553 .375 .769 ,772 ,946 .974 .995 ,987 ,997 .9811 .997 .915 .991 



~ 

g TABLE C-4 

Gamma - 100% Solids 

l: 
Fraction Below Glvett Energy 

"~~ 1 Second 1 Minute 20 Minutes 1 Haul' 2 Hours 4 'Hours 12 Hours 1 Da ... 2 Da s 4 DA.vs 8 Dav9 16 Days 30 Days 

""S· '" • • • '" 0 

• i " • • • -" " ~ ] " ~ " <1 " " '" @ ~ " ] '~ '1l ~ '" " '" !? <1 ~ 9~~ " 
0 

" 
0 

'" " " " i l ~ " 0 

~"'" 'f " J; 0 t ~ t 0 t " t 0 i " t 10 t 0 '" 'j:l t • " " ~ • • I~ " " ~ " I ~ " " ~;; 0 • rf: • • 0 • ~ " " 
, 

• e • • " < , < " < 

'" ~ ~ ~ p, ~ ~ ~ ~ '" '" ~"'~-.-~ 0, '" '" '" '" ~ p, ~ '" " r'l 
5.20 1.000 1.000 I, DOO 1,000 

"oJ I I 5,00 .995 .999 .995 .999 
4.50 .989 .998 .989 · SB8 
4,00 .960 .993 .954 .993 .999 
3.90 .960 ,993 ,851 .993 • Q99 
~. 80 .960 .993 .904 .993 ,999 
3.70 .960 .993 .954 • D93 .998 1.000 1.000 :.000 1.000 1,000 1,000 
3.60 .95lJ .992 J'fl2 • !l83 .996 ,999 .996 JHl9 • .'197 .,999 .998 
3,50 ,953 .991 .957 ,992 ,995 .999 .996 .999 .997 .999 .998 
3.40 .953 .991 .957 .982 .095 .999 ,996 .999 .997 .999 .998 
3,30 .940 , ga8 ,946 .909 S0:=! ,998 .993 .998 .995 .999 .897 

I 
3.20 ,940 .988 .946 ,989 .992 ,998 .993 .998 .995 .999 ,997 
3,10 .94-0 · ~88 · il46 • !),'l.8 · flO2 • DD8 ,9C3 .998 .995 • rH19 • D07 ! 3,00 ,936 .937 , ~4'.l • !;JUS ,991 ,998 I .993 ,998 , 99~ .999 .997 1,000, 
2.90 ,932 .986 .937 .987 ,986 ,996: ,987 .997 • 990 .997 .995 .999 
2, flO ,932 .986 .937 , ge7 • StJ6 .890 .91:!·' ,997 .990 .997 ,995 .898 
2.70 ,932 .986 .937 · 887 .985 .996 .9B6 .997 .990 .997 ,995 .999 
2.1.>0 .::124 ,984 • f:2R · gRli · 975 .994 .981 .9f1ri , i'Jf\3 .1)97 · nns .009 1,000 1.000 1.000 I, 000 1,000 1,000 l,OnO l,OtJO 1.000 1.000 1,000 1,000 1. 000 1.000 
2,50 ,904 .978 .908 ,978 .854 .987 .963 .990 .973 .993 .984 .996 .991 ,997 .990 .997 ,988 .997 ,987 ,996 ,986 .996 .987 ,996 .091 ,997 
2.40 .an ,958 .885 .971 .G40 .9133 .iHS .986 ,962 .990 ,979 ,994 ,991 ,997 ,990 ,997 ,988 ,897 .887 ,G0S ,9136 .996 ,987 ,906 ,991 .997 
2,30 ,8'i2 • Si68 • (JD4 .971 ,9:::9 ,983 ,94'/ .9(16 ,962 .990 ,979 .884 ,991 ,997 ,990 .997 .888 ,897 .987 ,88G ,980 ,991; ,907 ,996 ,991 .997 
2.20 .853 .961 .884 ,964 , 919 .977 .937 .9S3 .9:58 .989 ,979 ,994 .991 ,907 .£1£10 .997 .9S8 .997 .887 .896 .986 .906 .987 1,996 ,9."1 , 997\ 2,10 , Bril ,960 .883 .9fi4 .IHS .976 .935 · ~A2 .957 JH'"I8 • D77 • Q04 .989 ,997 ,988 .806 , ')86 · 9::16 ,8M .89.') .083 • DDS • flR3 .9!:!i1 . ~'b:: .996 
2.00 ,841 .957 .852 .960 .908 .973 ,929 ,980 • !.1~3 ,987 ,975 ,993 ,98!:l ,997 ,980 ,996 .986 , D96 ,88;3, ,995 ,983 ,995 ,983 ,995 .985 ,996 
1.90 ,822 .949 .8S3 ,952 · g82 .867 .9l9 .976 .945 ,984 .870 .991 ,934 ,995 .983 .090 .832 .095 .861 ,99·1 ,981 .094 .982 ,995 .9S5· , "6

1 

1,80 .812 · E45 .823 .948 .882 ,963 .D13 · 97~ .012 ,083 ,967 ,990 .933 .995 .982 ,095 .981 · D94 . £,81 • ::04 ,981 .8M .982 ,985 .88.'5 .996 
1,70 .7~6 , !J3ll ,806 ,94l ,871 ,958 .900 .971 .937 ,981 .8(j:' .980 .. 932 ,995 • 98~ ,99~ .91:11 .894 ,981 .£94 ,9tH .894 ,982 .995 ,08~ ,990 
1. 60 ,700 .935 .800 .938 · S 54 .955 .902 .969 .934 .980 · 96~ • g!lg ,982 .994 ,982 ,995 ' ,9al • 99~ .981 · 90~ .981 • £i:-4 .982 ,995 .98~ .996 
1,~O .738 ,909 .744 • fill .780 ,916 .794 , ~20 ,807 ,S21 .816 .027 ,805 .921 ,770 ,911 .746 • R!=I6 .71ri ,831 ,7tJ2 .872 .72fl .8H5 . 8~,( .821 

1.40 .672 .874 ,684 ,879 .729 .89tJ .755 .902 ,781 ,n2 ,'H17 ,918 ,7117 .9:3 .761 .903 ,729 .BS8 ,700 ,873 .689 .866 .720 .881 .802 .91 9 
1,30 ,638 .255 .648 .859 .679 .86:l .605 ,870 ,721 ,882 .748 ,894 .766 .903 ,746 .896 ,714 ,881 ,688 .358 ,683 .863 .719 .880 .1'\02 ,919 
1,20 .538 .824 .598 .828 ,653 .848 ,689 , [167 ,717 ,879 ,'f4'.l .un ,757 ,899 ,736 .S90 .704 .876 ,579 ,863 .676 , (J59 .713 ,877 .79S .815 
1,10 _562 ,807 ,571 , RID · fi37 .832 ,673 ,857 , '/07 .874 ,735 ,887 .748 ,894 .728 ,886 .697 .872 .673 ,850 ,672 .85'1 .709 • S75 ,781 ,013 
1. 00 .51 ! .770 ,518 .772 ,573 ,79G , G30 • H2S ,6'10 ,lJ;:.O ,702 .866 .7?4 ,879 ,'tOS ,075 ,61)2 ,853 , ~~ I) · o~O ,653 .1)45 .637 ,860 ,763 .896 

.90 ,444 ,71ri ,118 .715 .500 .739 .566 .781 ,612 .808 ,548 .828 .675 • SIB .663 ,843 ,635 ,li3! .611 .817 .611 .814 .650 .834. .732 • G75 

."0 .3aD .565 ,396 · 669 .458 ,703 .513 .737 ,559 ,766 .614 .802 ,652 ,828 .638 .824 .607 .809 .580 ,793 .578 .789 .619 .810 .707!.855 

.70 ,273 .547 ,274 ,545 .2tlS ,535 .311 ,548 ,838 . ~o5 .3 GO .507 .395 .608 ,396 .618 .392 .1384 . 3 !3~) • Q2l ,3Q3 .612 .41)U ,6l3 ,H2 .G27 

.60 ,2tl7 .462 ,201 .163 .18& .4271 ,~88 .414 .192 .412 .201 .418 ,209 ,426 .214 .439 .222 .455 ,228 .461 .232 .455 .235 .'411 .239\ .414 
,50 .132 ,365 ,134 .3G6 ,130 .350.120 .320 .117 .31 !) ,119 ,3?0 . 128 .331 ,13 S .348 .145 .364 .147 .3G3 .14'1 .350 .14/J ,3:J5 .144 I .31::: 
.40 .031 .277 .082 ,278 .075 ,'6'l·oes ,247 ,066 .243 ,069 .246 ,072 .252 ,074 ,260 ,073 .261 .006 ,243 .056 .213 .050 .138 .0<0:71 .174 
.30 ,040 ,186 .041 .129 .045 .20J .040 ,208 ,.052 ,214 ,055 .220 .058 ,228 ,060 ,234 ,058 .2.'\3 ,O.=)O .213 ,ala .11)2 .03',.162 , ()."Hl .157 I .20 ,020 ,125 ,021 .126 .022 ,ISO ,022 ,133 ,IJ23 .1::16 ,024 .139 ,020 .144 ,028 .152 .~29 • l~Yi' ,O<l',' ,153 ,02 /1 · 1.3 Q ,']23 ,12ll .024i ,122 
,10 .002 .031 .001 .030 .002 .034 .002 ,010 ,003 .014 .003 .046 .003 .045 .003 .045 .003 ,046 .0[13 .0(·1 .002 .040 ,002 .03::" .001/ .023 

-~ ~~ -_ .•. - L-.. __ L-_ ... -- - _._- --- -- -'------- -. - _ ,-_ ... 
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~~~o 
YR .... t 7 

'.<C 
J 

3.30 
3.nG 
2.5~ , 
2.00 
1.90 
1,80 
1,70 
1,60 
1.50 
1,40 
1. 30 
1.20 
1.10 
1,00 

,90 
,80 
,70 
,80 
,50 
,40 
,30 
.20 
.• 0 

1 Second 

>. i '(j 
~ ';:; 
• , 
c d 

'" h 

1.000 ':.000 
• naD .997 
.'957 .986 

• .928 .975 
.923 .'d73 
.923 .973 
,0343 .932 
.330 .925 
.330 ,92ri 

• '797 ,905 
· &97 .83 D 

,B34j,794 
.556 ,734 
.542 . 72~ 
.,,",23 1 .705 
,~91 .463 
, :~29 .. 389 
.:23 .244 
.043 ,llri 
,034 ,097 
,007 ,029 
,001 .006 
.000 ,002 

1 Minute 

~ 
~ u 

" '2 • C • 
"' ~ 

1.000 1.000 
Jlf12 .998 
.971 .991 
.952 .983 
.947 ,981 
.947 .981 
,861 .939 
.847 .931 
.8,,;:7 , gill 

.813 ,911 

.739 .863 
,an .817 
.589 ,754 
,573 ,742 
.::;54 ,724 
,309 ,471 
.242 .398 
,129 .247 
· 0~3 , III 

· 032 .091 
: 005 ,021 
.001 ,007 
,000 .002 

20 Minc;tes 1 Hour 

] ~ ~ ~ 

i:' " " t ~ ~ • C ill 

"' il, "' il, 

1,000 11. 000 1,000 1,000 
.994 .997 .884 ,997 
.98s .89'/ .994 .997 
,IHI3 ,950 ,884 ,945 
,880 ,943 ,874 .942 
.880 .9<;3 , R74 ,942 
,840 ,920 .832 ,918 
,819 .flO8 ,811 ,90a 
,738 ,834 ,719 .846 
,642 ,786 ,618 ,775 
.62~ .772 ,Fi98 .760 
,G02 ,752 .576 ,741 
,359 ,517 ,301 ,566 
,284 ,4:;lfi .315 ,484 
.157 ,274 ,191 .329 
.043 ,104 .0.12 .125 
,033 .035 ,042 .108 
,003 ,015 ,005 .023 
,DOl .CO? ,DOl ,007 
,aDO ~O03 . 000 ,OM 

TABLE C-5 

Gamma - 100'% Iodines 

--
Ft-aclion Below GivF;!n Energy 

2 Hours 4 Hours 12 Hours 1 Day 2 Da..vs 4 DayA 8 Days 16 Days 30 Days 

~ • ~ 0 • • • " • ~ ~ ~ 

~ 
~ " ~ " ~ ~ ] " :§ ~ " "0 0 i:' 0 0 r: u 

'" r: '" " " i 'E 1:: " E. " 'e k t 1: • t " " • • • " • ~ ~ • , d C • C • C • C C • • • C d 
~ il, "' il, " ~ '" il, '" il, " " " il, '" il, " il, 

I I 

I 
1.000 1,000 1. 000 1,000 1. 000 

I • !oHM .997 ,995 .99B .999 
.994 .997 .995 .998 .999 1,000 1. 0011 1.000 1.000 1,000 I .872 .942 • !;I5S .94(J .874 .957 .931 .981 .988 .997 
.866 ,940 ,857 ,939 ,871 .957 .931 ,981 .91'18 .997 
.8an ,940 • [157 ,938 .874 .957 .931 ,981 ,9B8 ,997 
.822 ,-916 .809 ,915 .832 ,940 ,909 .974 .981 ,996 
.801 .004 .793 .906 , 8~fI ,939 ,9U8 ,974 .9134 .996 
.696 .837 ,674 .835 .725 ,889 ,852 ,952 .975 ,903 
.587 .763 .557 ,760 .621 ,837 .707 ,930 .gA5 .990 
.560 .747 .533 ~ 743 • G02 .824 .78~ .925 ,963 .989 i ,544 .729 ,515 .720 .598 ,822 .785 ,924 .063 .989 
.125 .619 ,4A2 .682 .57A .806 ,772 .918 .961 ,988 1,000 1.000 1.000 1.000 1,000 1.000 1,000 1,000 
.351 .542 ,403 ,624 ,560 .794 ,762 .911 .943 ,979 .972 .988 .869 .987 ,D6!] ,986 • fl68 .985 
.235 .401 ,310 ,518 .520 ,758 .719 ,880 .8'72 ,930 ,872 .9:;l6 • []56 , !;lSl ,854 ,928 .853 .924 
.06S .161 ,Og8 ,232 .212 ,425 ,349 ,[i63 ,543 .710 .754 .865 .848 .926 .854 ,928 ,853 .rl24 
,058 .146 .090 ,219 .205 .416 .345 .559 .513 ,710 .754 .865 • R48 ,926 .854 ,928 .853 ,924 
, 010 ,040 ,022 ,076 .067 ,182 .095 .223 ,076 ,203 ,062 .209 ,065 .. 211 .060 ,132 ,054 

,
145

1 ,DOl ,00(1 ,DOl ,010 ,002 ,027 .005 ,054 .014 .108 .023 .158 .021 .159 ,019 .128 ,013 ,080 
.000 ,~ ~0L.!.o~_o ~o~ ,~27 ,o~ !054 ,014 .100 .023 .158 ,024 ,159 ,019 ,128 , 013 ,089 



-
" 

TABLE C-6 

Gamma - 100% Noble Gases, 25% Iodines 

I~ 
Fraction Below Given En.ergy 

('i~~ 1 Second 1 Minute 20 Minntes 1 Hou!." 2 Ho'.!rs 4 Hom"s 12 Hours 1 Day 2 Days 4 Days B Days 16 Day~ 30 Days 
~.., <. ~ 

" 
.!l ,. • .!l {\ ] t.l {\ .!l .!l ~ .!l " • • 

~~~ 
0 <l " 0 ~ @ " " " tl tl <l " <l i:l ~ ~ ,. 

"" 0 " 0 :;0 0 

"" 
, 

" '" " t: " t: 1: " ;: " '" " " " t r; " " ~ " '" " • " • • 0 • • " • " • • • ~ ~ " • ~ • ;: 
" • " • " " " • < • " • Ci " " • " " a • " " " " p, " p, " p, " p, " +-£'. " p, " " p, r:l p, p, " ~ v~ " >1 P, 

5.20 1,000 I 
5,00 .996 
4.60 .996 1. 000 
4,50 ,993 · ~99 
4.20 1,000 .982 ,997 1',000 
4,00 .999 .975 .995 .999 
3,90 ,999 .975 ,995 .999 
3.80 .999 .975 .995 .999 
3.70 · !leg .975 .995 .999 I 3.BO ,999 .975 .995 .999 
3,50 .989 .973 .995 • ggg 

I 3.40 ,999 ."'3 ,995 ,999 
3,30 .999 1.000 .965 .993 .999 

I 3,20 ,996 ,999 .964 ,993 .999 
3,10 ,996 .999 .964 .993 .9S9 I 
3,00 .996 .999 .961 .992 .989 

I 2.90 • grlS .999 .961 .992 · eB9 
2,80 • 996 .999 • 9tH .992 ,999 I 2.70 .992 .998 ,959 .991 .ggg 1.000 1,000 1,000 l.000 1,000 1.000 1,000 1,000 
2,60 ,987 .997 ,954 .990 .983 ,995 .970 ,994 • BfJ3 .996 ,989 ,997 ,996 1,000 
2.50 .941 .984 .898 .974 , !;lOS .972 ,913 ,976 .930 .932 ,959 .991 ,994 ,999 1,000 1.000 
2.40 .851 .960 .794 .942 ,7fl8 ,940 ,798 .913 .805 , gsa ,837 ,965 .946 .993 .994 ,999 
2.30 _ 851 ,960 ,794 .942 .79fJ ,940 ~ 798 ,943 .!lO5 ,95[} .1l37 ,965 ,945 ,993 ,994 ,999 
2.20 , 837 .956 .780 .937 ,774 ,932 ,776 .935 ,794 ,947 .836 ,965 ,946 ,993 .994 ,999 
2.10 .808 .946 ,746 .925 .724 ,915 .722 .918 ,ns ,030 ,778 ,951 ,924 ,989 ,91H .999 
2.DO ,776 ,936 ,711 .913 ,706 ,908 ,717 .910 ,73~ .930 ,778 ,951 ,924 ,fl89 ~901 • !J99 
1.90 .769 .934 .70'1.

909 ,703 ,907 ,715 .915 ,733 .929 .776 ,950 ,923 ,989 ,991 ,999 
1.80 ,769 ,934 .702 ,909 ,675 .896 ,663 .89u ,660 ,907 ,712 ,932 ,898 ,985 .988 .. 99S I,DOO 1.000 
1.70 ,698 ,903 ,630 ',878 ,622 .873 ',619 ,878 , G21 , Self;! .652 ,914 ,824 ~971 .942 .99::1 ,991 ,999 
1. 60 ,687 ,902 .626 ,876 .617 ,871 .615 .876 , (l18 ,889 ,652 .914 ,824 ,971 ,942 ,993 ,991 ,999 1,000 
1,50 ,606 ,867 ,563 .845 ,589 ,857 .586 ,863 ,585 ,875 ,620 JH13 ,812 , 96A ,940 .992 ,991 ,999 , 999 
1,40 ,598 ,863 ,551 .839 ,526 .825 .514 .820 ,541 .855 ,595 ,894 ,737 .963 .925 .990 .988 .998 ,999 

1.30 ,572 ,1350 ,521] ,82'/ ,518 ,821 ~,505 .824 ,532 ,852 .588 .881 ,785 .962 ,925 ,99C .088 .998 ,999 

1.20 .54,5 .836 ,493 .806 ,475 ,795 _470 ,80S ,49l ,831 ,538 ,869 .723 ,946 ,835 ,883 .982 .998 .990 
1.10 ,432 ,769 ,426 ,762 ,442 ,'i44 ,434 ,781 ,4~9 ,807 ,485 ,846 ,663 .!J29 ,848 .978 ,975 .997 ,999 

1.00 ,428 ,767 .417 ,755 ,409 ,751 ,410 ,7(;5 ,433 .798 ,473 ,840 ,6G3 , !J2:;' ,840 .974 .973 .997 .!lOS 
.90 ,423 ,764 .411 ,751 ,4.01 ,7{4 A01 .758 .424 ,792 ,466 ,836 ,648 ,925 ,840 ,974 .973 .997 ,998 

.80 ,325 , G86 ,280 ,044 .271 .631 , 28~ ,660 ,32?, ,715 .390 ,78f') .616 ,012 ,1l2f') , !l71 .072 ,996 1.000 1.000 1,000 1.000 1,000 1.000 .99& 1.000 

.70 ,305 ,668 ,267 ,621 ,245 ,605 .255 .633 .293 ,691 ,364 ,771 ,606 ,963 ,822 ,969 .959 .994 .9BO .996 .978 .996 ~g75 .9S5 .972 .993 

.60 ,258 ,620 .216 ,561 ,19;J ,546 ,204 ,~71l .248 ,640 ,314 ,730 ,568 .880 ,780 ,955 ,904 .981 ,~11 .983 .897 .980 .885 .'974 .873 .963 

.50 ,189 ,535 ,155 ,479 ,13 B ,472 .148 ,506 ,173 .562 ,221 , G41 ,385 ,732 .5261 ,,85::1 .669 .915 .82'1 .964 ,890 ,979 ,883 . £074 ,852 ,95C 

.40 ,137 .458 ,123 ,392 ,089 .407 .114 .153 ,147 •. 525 ,206 .823 .381 ,778 .523 ,852 ,668 .9l5 .827 .964 .890 ,979 ,883 ,974 ,862 .959 

.30 ,108 ,402 ,083 ,348 ,084 ,3'15 ,097. ,417 ,123 ,482 ,171 ,570 ,296 ,700 ,351 ,744 .335 ,770 ,344 .792 ,333! .778 ,267 .713 ,176 ,577 

.20 ,040 ,220 ,025 ,l73 ,024 ,197 ,027 ,219 ,032 ,251 ,04J. .29G ,070 .407 
•

125
1 

,544 ,231 ,706 .310 .775 •. 30;\ ,762 ,23:5 • .694 ,141 ,,,50 

.10 ,004 ,056 .005 ,073 ,UU8 .113 , C09 ,137 , 013 ,171 ,021 ,:126 .059 ,3 fl:~ ,122 .5-10 ,231 ,706 ,302 .775 ,302 .762 ,234 .694 .141~ 
... -
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~ , 
~ 

'" 

I~ 
'0 

"'~ 0 o (: 
':i!.r,!,. 9-. 
~~7 

5.20 
5.00 
4.50 
4,00 
3.90 
.~. 8U 

3.70 
3,60 
3,50 
3.40 
3.30 
3.20 
3.10 
3.00 
2.90 
2.80 
2.70 
2.60 
2.50 
2,40 
2.30 
2.20 
2,10 
2.00 
1. 90 
1.80 

1. 70 
1.60 
1.50 
1.40 
1. 30 
t. 20 
1,10 
1. 00 
.90 
.80 
.7U 
.60 
.50 
.40 
.30 
.20 
.1. 

~SecQndo 
. >, .! 

" " ~ +l 
• H 

= " "' " 
1,000 1.000 

,98B .997 
• g!'i!'i • gEl 
.9S8 .986 
.929 .985 
.829 .9il5 
.922 .983 
• 922 .983 
• g21 .9il3 
.921 .983 
.920 ,932 
.913 .980 
.903 .977 
.!lO3 .977 
,88!:! .9'12 

.8M .972 

.877 .968 

.857 .961 
· 8!:')~ ,::lfifl 
.842 ,955 
,8,12 .955 
.819 .945 
.819 .945 
,8LB .945 
,B14 .942 
,BU2 .936 
.743 ,903 
.733 .898 
.728 .895 
,673 .857 
,598 .80S 
.548 .764 
,489 .715 
.4.74 .701 
,4.56 .682 
.277 .478 
.185 .359 
.104 .237 
.Ml .125 
.030 .103 
.o(]8 .040 
,O(]2 .017 
.000 .005 

1 Minute 

• " ~ ~ 
H • t = • 
'" ~ 

1,000 1.000 
.992 ,998 
.973 .995 
.96l .992 
.953 .990 
.953 .990 
.949 .989 
.918 • OS!) 

.948 .989 

.948 .98g 

. !:I4? .988 

.942 .987 

.936 .985 

.936 .985 

.927 .983 

.927 .983 

.919 .980 

.904 .975 

.002 .974 

.892 .970 

.892 .970 

.R75 .963 

.875 .963 

.974 .963 

.£168 .960 

.058 .955 

.788 .013 

.777 .912 
,771 .908 
.722 .B78 
.660 .835 
,SOl .792 
,532 .737 
.511 .721 
.492 .700 
.283 .474 
.217 .3!13 
,120 .236 
.046 .131 
,033 ,IDS 
.008 ,039 
,002 .018 
.000 ,005 

20 Miuutes 1 Hour 
.'\ " t;: 0 i;j 

~ " i H • " = • c • ~ 0. " ~ 

1.000 1.000 I, 000 1,000 
.992 .998 .995 .999 
.992 .990 ,l:l9ti .9991 
.992 ,998 .996 .999i 
.992 .998 .005 • Dge, 
.992 .998 .995 .999 
.902 .098 .995 ,990 
.991 ,993 ,99b .9!J8 
.991 ,99B .995 · 99~ 
.991 .898 .995 .999 
.991 .998 ,995 .992 
• fHH • f)FJR ,005 .998 
.991 .993 .995 .99l.! 
.Ofll .,008 .995 .99B 
,990 ,997 ,994 ,990 
.988 .fl97 .903 .908 
.984 .995 .990 .99" 
.984 .995 .980 .997 
.883 ,~()~ .8fHI .907 
,982 .995 .989 .997 
.982 .995 .988 .997 
.976 ,992 .983 , f)94 
.970 ,989 ,980 .993 
.878 .945 .878 .946 
.8G6 .9';'0 .86 ::J .941 
,860 .937 ,862 .938 
.820 .814 .821 .915 
.797 .900 .798 ,901 
.722 .850 ,712 .816 
.634 ,787 .filS .780 
.612 ,770 .596 ,763 
,5R7 .748 .571 .742 
.357 ,S25 .393 .574 
.276 .437 .310 .485 
.155 .2tJ3 .188 .333 
,048 .122 .055 .139 
, U35 .09E1 .043 • II" 
.006 ,030 ,008 ,036 
.002 .017 , (]O2 .116 
,000 ,(]09 .OQO .007 

TABLE C-7 

Gamma - 50% Halogens, 1% Solids 

Fre.clivn Below Givel! Emu'gy 
2 Hours 4 Hours 12 Hours 1 Day 

• • .~ • " '0 i;j <! " 0 i;j ] ::' " i " t H " H 

" • " :; • :; c • c • c c 

"' 0. '" 0. " " '" 0. 

I , 
1.000 1.000 

.OD8 .D99 

.990 .9!:19 

.998 .999 
• 9!l8 • fWD 

.998 .999 

.993 .999 

.998 .999 

.991l .989 

.998 .999 

.998 .999 

.997 .999 

.997 .999 

.9D7 .999 
,997 ,999 1. 000 1,000 1. 000 
,996 .999 ,99B 1.000 ,998 .9DB 
• 985 .990 • 997 .999 , !:!9B ,99a 
,995 ,998 .997 .999 .998 .99a 
.904 .998 , !=IS7 ,999 .998 .998 
.994 .99B .997 .299 .99B ,997 
.994 .998 .997 .999 .998 1.000 .997 1.000 
,:cIBD .906 .993 .9fl7 • DO? .9D9 .::H1S • fl99 
,987 .9% .992 .997 .997 .999 ,996 .999 
.873 .944 .866 • fl44 .888 .961 .9·11 .983 
.863 .942 .864 .043 • B8tt • flfi 1 ,041 .983 
.860 .938 .853 ,938 ,866 .953 .9{]2 .971 
.817 .015 .808 .915 .827 ,937 .880 .963 
.7!l4 .901 .789 .9Uo .821 ,934 • R7? .962 
.6g5 .840 ,679 .84Q , 729 .890 ,830 ,943 
.594 .771 ,570 .771 .640 .84<:0 ,784 ,824 

.571 .754 ,545 ,753 ,617 .831 .770 ,917 

.547 .734 .525 · 738 .608 .825 , 761 .912 
,431 .620 .4"3 • 6~:; .585 .809 .747 . 90~ 
.348 .542 .400 .621 .539 ,772 ,692 .868 
.231 ,401 .301 .510 .4Rl .718 ,622 .815 

• 069 .173 ,lOa .24;0 .201 .414 .308 .53] 
.058 .153 .088 · 221 .188 ,307 ,293 .51.'} 
,013 .053 ,025 ,OS9 ,OGG .130 .088 .225 
.002 .017 .002 .032 .005 .041 .010 .069 
.001 ,000 .001 .(]13 .002 ,029 .005 .053 

-

2 Days 4 Days 8 Do.y~¢" 16 Da .s 30 Davs 
• • • • " '0 i;j "l " Y " ] g "l 

~ '" '" ., 
H " H H H ~ 

~ • ~ • t " - " H c c c ," c • c • '" " "' P.._ "_ '" " Iii Il. (::I '" ._C-. 

I I 

I 

1.000 I LOOO 1. 000 11. oeo 1. 000 1.000 1,000 1,000 1.000 1.000 
.996 ,099 .095 .999 .904 .999.993 .998 

.
993 1. 99

' .996 .999 .995 ,999 , 99~ .999 .9n .998 .993 .998 
.996 .99g .995 .999 .994 .999 .993 .998 .993 .998 
.996 .998 ,09S .999 ,::194 .D09 .993 .9!=lR . 98.~ .998 
.996 .999 ,994 ,999 ,982 , 998 .991 .998 .9B9 ,997 
.996 .999 .994 ,999 ,992 .998 .991 .998 .989 .997 
.094 .999 .,993 .908 .992 . P98 .991 .998 .989 .997 
.994 .999 .993 .938 .892 ,998 .991 ,998 • BOg ,997 
.986 .997 .992 .998 .992 .988 ,991 .998 .989 .997 
.986 .996 ,082 .99£1 , ::1f12 .09B .991 .998 .!'Jr:'J .997 
.918 .978 ,894 ,972 .873 .907 .859 .960 .862 ,955 
.911 .975 .888 ,971 .868 .065 .855 .958 .850 .954 
.906 .974 ,884 .970 .865 .984 .8tl4 .958 .8S8 .954 
.897 .97L ,881 .9G8 ,862 .963 ,851 .957 .853 .951 
.888 ,967 .879 .968 .860 .963 .849 .956 .85D .950 
.382 .96::1 .873 ,955 ,852 .850 .337 ,951 ,8:j1 .941 
.869 .959 .855 .958 ,831 .952 .818 .9-12 .B09 .929 
.859 .954 .1'144 .953 .821 .94 5 .802 .934 .791 .911'1 
• 785 .911 .755 .904 ,720 ,890 ,673 .857 .593 .782 
.685 ,845 .634 .828 ,5 flJ ,808 .532 .76n .4nR ,635 
,429 .644 ,529 . 751 ,550 .777 .487 • 'li3 .346 .577 
,408 .624 .499 ,721 ,512 .742 .436 .672 .278 .498 
.071 ,209 .U57 ,210 .055 .203 .04'i 

':~~~I :~~~! 
.152 

.018 .117 ,025 ,157j ,024 ,154 ,021 .108 

.011 .096 ,·016 .132 . (llfi . 1281 . (lID .M5, ,0051 .051 
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TABLE D-I 

Beta Release Rates Per Watt of Reactor Power 

Time 50% Halogens 100% Noble Gases 
After 1 % Solids 25% Iodines 25% Iodines 100% Noble Gases 100% Solids 
LOCA Energy Particle Energy Particle Energy Particle Energy Particle Energy Particle 

1 sec 1. 37+10':' 9.87+9
t 

2.57+10 2.16+10 2.97+9 3. 22·L 9 2.27+10 1. 84+1 0 1. 53+11 1. 30+11 

1 min 5.07+9 6.77 1. 36 1. 57 1. 47 2.51 1. 21 1. 31 r.11 1. 11 

20 min 2.73 5.23 n.14+9 1. 06 1. 02 2. 15 5.12+0 8.47+9 5.43+10 7.50+10 

1 hr 2.12 4.55 5.24 9.14~9 8.40+8 1. 92 4.40 7.22 3.65 6.03 , 
2 hr 1. 68 3.94 4.03 7.78 6.79 1. 67 3.35 6.11 2.89 5.42 

4 hr 1. 31 3.33 2.66 6.29 5.29 1. 40 2.14 4.89 2.39 4.89 

12 hr 8.80+8 2.42 1. 07 4.08 3.51 1. 00 7.16+8 3.08 1. 77 4.09 

1 day 6. 8 1. 77 5.96+8 2.99 2.32 7.0718 3.65 2.29 1.44 3.57 

2 day 3.66 1. 19 3.53 2.20 1. 22 4.43 2.30 1. 76 1. 21 3.09 

4 day 2.28 8.42+8 2.29 1. 61 6.24+7 2.88 1. 67 1. 33 1. 03 2.66 

8 day 1. 61 5.95 1.40 9.88+3 3.65 1. 85 1. 04 8.04+8 8.82+9 2.25 

16 day 1. 08 3.61 6.21+7 4.01 1. 75 8.70+7 4.46+7 3.14 7.35 1. 87 

30 day 7.04+7 2.01 2.27 1. 16 5.06+6 2.44 1. 77 9.12+7 6.03 1. 52 

* 10 Readasl.37xl0 MeV/sec 

tRead as 9.87 x 10 9 particles/sec 

100% Release 
Energy Particle 

2.00+11 1. 65+11 

1. 31 1. 35 I 
6.38+10 9.24+10 

4.44 7.59 

3.50 6.71 

I 2.81 5.94 
I 

1. 98 4.79 

1. 57 4.08 

1. 28 3.45 
, 

1. 08 2.91 

9.07+9 2.40 

7.46 1. 93 

6.07 1. 54 



--'" TABLE D-2 

Beta - 100% Release 

I~ 
--- -

~~" 20 l\'Ii~ute;- -
Fra~tim) Below Given Ener, Y -

_L~e!O°zd 1 lI'~inute 1 Hour 2 Hours 4 Hours 12 lIo~rs 1 Day 2 DOI-YI;;l 4 Days 8 De. s 16 Da's 30 Va s ,..:, -(" 0 0 0 ~ • • • 0 ;!i .1J .'i 

;:~~ 
,., rl ,.. Ol ~ 'U tl ~ 

,.. 
" '" " ~ i:! :8 

,., 
'U " ". 'l >, ,., 

~J ~ "" " 
0 

"" "" 0 ;;0 "" ~ 0 
0 i 0 t " " " 0 

~ 
0 0 ~ t " i " 1: 0 'n .~ CJ :.. 0 0 • " • 0 0 • • -;; 

~ Q t: • • 0 'S s::: l~ " O! " • " " " • " Q • ~ ," " • • " • " • " • ~,i ~ ~ E;L~ ~"--I " 0; "' ~ ~ " ~ 0; " " 0; " ~ " " " 0; " 0; 

9.10 1.0:l0 
9,00 .9'19 
8.50 .9la 1.000 1. 000 
B.Oll .9':15 .999 • S99 
7.50 .9'H .988 .008 
7.00 • gi13 ,%7 ,995 l,aOI,) 
6.50 .911 .995 • 882 .998 1.000 1. aDO 1.000 
6,00 .9'!4 .881 • ,;<c4 .997 ,99G 1. 000 .997 1. Don .998 1. 000 
5.50 ,929 • DOS .8'1 .005 I .99: · 99B .998 • ))98 • DO? 1. 000 .00r) 
5.00 ,3£7 .979 .852 .99:? ,Ll82 .[;:J? .987 .990 • 9\)4 .999 .998 
4.50 .3::58 .968 · S:.n .936 ,968 .995 .977 .997 .988 .998 .097 1. 000 1.000 
4.00 · ana ,Ofi4 ,fiB;' ,970 .949 .982 .96,) .9>15 • 98U • 9D'{ ,923 .999 .999 

1. 000 3.5 [) .745 .834 ~849 .967 .924 ,987 .946 .992 .969 .896 · 9S 7 .998 .993 1. 000 1. 000 1. 000 1.ClOO l.OOO 
3.00 .65 D .905 .780 .94g · ~lfl n · 'JRO .821 • ~m8 .951 .993 .976 • 996 • 994 .999 .999 1. 000 .99B .999 .999 .989 
2.90 .6:';2 .099 , 'i,S .940 .SS: , S7!J .915 .987 .947 ,902 ,912 .996 .993 .999 .998 .999 .999 .908 .098 .938 
2.80 .6:35 .891 • 'i6 0 .939 .8'71 • [i76 .oca • a35 .941 · :Hll • g6a .995 .091 .998 .907 1.000 .99R .998 1.QUO .997 1. OeG .997 1. 000 .9Se 1. GOO 
2.70 .6 i 7 .8RC: .744 .834 ,861 .973 .901 .984 .935 .990 ,963 .994 ,9B9 .998 .996 .999 .996 1. 000 .995 .999 .995 .999 .994 .999 .893 .990 
2.60 .5!17 .874 .726 .927 .850 .870 .892 .982 .921 .988 .5)57 .993 .985 .997 '.993 .f/flfJ .903 .9£19 .902 .998 ,rJ91 .9:JR • PB9 · ~1~8 .887 .993 
2.50 .578 .865 , 7Q7 .020 .8::1'7 · 967 .882 .979 .919 ,987 .949 .99? .9SU .897 .888 .998 .909 .998 .987 .998 .985 .997 .982 .997 .979 .996 
2.40 · 5~17 .855 .687 .912 · ')23 ,8S3 .871 .977 .909 .935 ,940 .990 .973 .996 ,983 .997 .983 .997 .981 .991 .977 .096 .973 .OD6 ,96£1 ,fiBS 
2.30 .5·'36 .8-11 .665 .903 .807 · !)58 .858 .074 .897 .882 • 9.~[} .9Ra ,965 .994 .976 .996 .976 .896 .9n .996 .9613 .995 ,952 .994 .954 .992 
2.?O .5,4 .F.32 .54:., .894 .790 .8.53 .844 .9'(0 .884 .979 .917 .985 .955 .992 .968 .995 .967 .995 .963 .991 .956 .993 .948 .991 .939 ,9£10 
2.10 .481 .819 · '" I ,883 · 770 · 9·17 .82'1 • oG5 .868 .875 .903 .982 .944 ,9$10 .958 .98;'1 .057 .993 .951 .992 .94il • rntO .n3 .989 .820 .986 
2.00 .4\37 ,805 .503 .370 .74fl .8311 .808 .960 .852 .971 .80 7 .978 .~:n .987 .847 .991 ,945 .991 .938 .989 .928 .988 .815 .985 .899 .982 
1. SO .4,12 .7U9 .50S .357 · 723 • l130 .786 .953 .8.32 .9ti5 .869 .974 .916 .981 ,1333 .988 .931 .988 .922 .987 .910 .984 .894 .981 • a 76 .977 
1.80 .4J 6 .773 .536 .811 .6[16 .920 .762 .946 .810 .S5[) ,848 .Hllll .8DD • [lB: .918 .985 .$116 .91l5 • 8()4 .!:IS3 .890 .980 .872 .976 .8SI) .972 
1. 70 ,380 .751 .50::' .S24 ,657 .909 • '?3C .93'1 · '/85 • ~'54 ,320 .963 .880 .976 • gOO .981 .893 .981 .885 .979 .8613 .976 .848 .971 ,822 .966 
1. 60 .363 .734 .473 .806 • G~~5 ,898 • 7GB .026 .758 .9j,3 .801 .956 .860 .971 • S8l .976 .878 .977 .864 .974 .845 .970 .322 .965 .793 .959 
1. 50 · 3:~5 .713 .440 · ':'85 .601 .8ill .67ii .915 .729 .8:n .775 .948 .8:1, ,965 .Bno • >171 .857 .972 .842 .969 .821 .964 .795 .958 . 753 .951 
~.40 .307 .68Q .4137 ,752 .5S6 .884 64~ .901 .597 ,n2 .74G .938 .812 .958 .1;137 .965 .834 .966 .817 .963 .79:;; .957 .767 .951 .732 .943 
1. 30 .279 .604 .374 .7.'38 .529 .045 .606 .886 .663 • gO!=! .714 .927 .78·1 ,[110 .810 .957 .81)7 .958 .788 .955 .761 .910 .733 .94.1 .696 .932 
1. 20 .2:;1 .637 • :t17 .711 .480 .823 .568 .868 .527 ,884 .678 .914 · 7f; 1 .818 .778 .948 .774 .948 .764 .944 .727 .938 .694 .929 .66;:; .919 
1. 10 .2:':] .60'; • :;l(J~ .!;l81 .440 • 'i8Q .926 .84'1 .tl86 .875 .639 .897 · '712 .924 .740 .9% .735 .936 .712 .931 .G83 .923 .648 .914 .607 .903 
1. 00 .1!:J5 .575 · 260 .648 .40() .76 I) .481 .821 .510 .852 .583 .877 .566 .906 .693 .917 .687 • 9lD .664 .914 .633 .905 .597 .895 .555 .883 

.80 .167 .539 · 23 J • S I I . .3.'if'l ,n:; .432- .791 .48!J .Il:.!;; .540 .85fl .611 .882 • BT( .tl95 .632 .897 ,609 .093 ,578 .884 .541 · 8'(~ .500 .861 
_ gO .14.13 • GOO • 194 • .')70 .310 .697 .379 .754 .432 • 789 .481 .817 .548 .851 .572 .865 .568 .869 .548 .866 .519 .857 .483 .846 .444 .835 
.70 .1 J 3 .458 • 158 .521 · 260 .651 .32:;3 .710 .370 .741) .415 .775 · ~75 .81.2 .~99 .827 .497 .834 .480 .83/1 .455 .825 ,423 .815 .388 .805 
.50 • ues .411 .1 <!5 .474 · 210 .5~3 .264 .G57 • ~305 ,6% .344 .724 .398 ,7G2 .420 .7B1 .451 .791 ,410 .792 .390 .707 .364 .780 .335 .'('1'3 
.50 .066 .361 .094 .-119 ,162 .537 • Z06 .506 .241 .633 .273 ,663 .318 .702 .339 .724 .344 .738 .339 , "115 .325 ,743 .306 .739 .285 .737 
.40 .045 .306 .066 .358 .117 .467 • Hi J .524 .178 .550 , 2G3 .5S9 .2.19 .630 .258 .555 .268 ,675 .268 .686 .260 .688 .248 .689 .234 .683 
.30 .028 .245 .041 .26!;l , U'/4 .38rj. • U'.J8 .436 .117 .4G9 .135 .497 ,163 .540 .180 .569 .191 .594 :195 .S09 .192 .615 .185 .620 .179 .631 
.20 .013 .176 .020 .209 .038 .284 • 051 .327 .062 .35"= • 013 .• 380 .091 ."=21 .104 .450 .113 .477 .117 .494 .116 .501 .114 .511 .114 .528 
.10 .003 .096 • DOS ~ 115 ,011 .160 .015 .136 .019 .20f .023 .222 .030 .252 .035 .275 .039 .294 ,041 .30G .041 .311 .041 .322 .043 .341 



~ 
~ .., 

I~~ 
t"~: 

~.~~ 
1("> <,... ,. 

-;-o}.~'f,. 
(,)'J. Y 
L. -

8. 10 
8.00 
7.50 
7.00 
6,50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.50 
.1.00 
2.80 
2.80 
2.70 
2.60 
2.50 
2.40 
2.30 
2.20 
2. 10 
2.0U 
1. 90 
1. 80 
1. 70 
1. 60 
1. 50 
1. 40 
1. 30 
1. 20 
1. IIJ 
1. 00 

.90 

.80 

.70 
•• 0 
.50 
.40 
_30 
_ 20 

.10 

1 Second 
0 

" ] ~ 
H 

~ 0 

j ~ 

1. 000 
.999 
• gUS 
.996 
.993 
.988 1.000 
.982 .996 
.971 .993 
.9:)3 .9G9 
,920 .S79 
,852 .960 
.. 762 .923 
.73'{ .911 
.710 .899 
.Slll .83!;J 

.851 .sn 

.621 • S58 

.589 .842 

.557 .825 

.524 .80'i 

.4'91 .783 
045G • '0'07 
.422 • 745 
• ~R7 .722 
.352 .G!H 
.318 .672 
.285 .646 
.255 .619 
.223 .501 

I .196 .564 

I .170 .537 
I .142 ,SID 
j .127 .484 i _110 .458 

.OU3 .430 

.076 .398 

.060 .36,2 

.04!:i .321 

.030 .270 

.016 .197 

.003 .096 

---

1 Minlltc 
0 

g <i 
" t • c m 

"' ~ 

I,nOU 
.999 1. 000 
.986 .999 
.985 .996 
.954 .989 
.875 • flG6 

• SS2 .959 
.828 .951 
.1;)01 .942 
.773 .932 
.743 ,022 
.713 .910 
• 5R~ .897 
.647 .884 
.613 .869 
.571') .1J53 
.539 .835 
• fiOl .816 
.462 .795 
· (2:~ .774 
.385 .751 
.348 .727 
.313 .703 
.280 .67!=! 
.250 .855 
.222 .530 
.I9? .607 
.175 .582 
.lti2 .554 
,128 .520 
.103 • .;;79 
.079 .~29 

.055 .365 

.029 .269 

.007 ,132 

- - -

20 Minut~g 1 IIollr 2 Houl's 
0 " " l:J ~ " <J " <J ~ ~ " H i i • • • c " C d C " " '" "'I '" " ~ - --

LOUf) 1. 000 1. 000 
.999 1. 000 .99rl 1. 000 .998 1. 000 
.~91 • g9a . ::35 .9!.JU .982 .997 
.970 .995 .948 .992 .941 .992 
.936 .990 .892 .98 :1 .875 .983 
.832 • rl80 .81,'1 .DS9 .791 .068 
.81.'8 .977 ,797 .865 .773 .965 
.853 .074 .778 .961 .753 .961 
.637 .9'10 .759 .957 .734 .957 
.820 .966 .739 .952 .714 .953 
.1102 .lol62 ,71 !oJ .947 .683 .949 
.783 .957 .697 .942 .672 .944 
.763 .952 ,675 .9:'16 .651 .939 
.741 .9<l.6 .6::;2 .930 .629 .934 
.717 .840 .628 .823 .606 .928 
,1390 .932 .G02 .915 .[;84 .922 
.661 .923 .576 .907 .561 • [U5 
.630 .912 .549 .88R .538 .916 
.597 .901 .521 .889 .515 .901 
,564 .889 .484 .879 .492 .894 
.530 .876 .467 .1368 .4-71 ./J8S 
.496 .862 .441 .857 .451 .878 
.463 .847 .417 .846 .431 .871 
.432 .D32 .384 .8::15 .414 • El63 
.402 .816 .372 .823 ,398 ,855 
.374 .800 .352 .B13 .383 .848 

' .348 • 'iSJ .334 • SOD • S'{O .840 
.323 .765 .315 .787 .355 .830 
.292 .740 .290 .766 .330 .012 
,253 .705 .255 .733 .293 .781 
.210 .657 .213 ,587 .247 .735 
.164 • :l95 .168 .625 .19'1 .674 
.117 .511 .122 .546 .146 .594 
.063 .3tl4 .067 .413 .082 .454 
.015 · 191 .017 .207 .020 .229 

TABLE D-3 

Beta - 100% Noble Gases 

Fl'i'lction Deiow Given Enex'gy 

4 Hours 12 Hours 1 Day 2 Davs 4Dal~ 8 Da , H; Days SO Days 
.!i -1l • • • • ~ l:J '" -J 

'" 
<J " <i " <J l:J <i 0 l:J ~ " H " " ~ "" ~' t H H i H ~ H • H • H • • • H • ;; H 

C 
~ 

C " r'l ,<1 • c " 11 ~ c " • " " "' 0, ~ " '" "' '" " '" " '" 

1.000 
• [IDS 1. ()OO 1. 000 1. 000 
.983 .998 .99:3 1.000 .990 
.942 .994 • fl76 • DDS .907 
.880 • DS6 .9SCI .8'J7 • ::iI:lS 
• a 01 .975 .920 .994 • !l91 I 

.781 .973 .913 .994 .981 
• 767 .971 .907 .993 .990 i 

,750 .968 ,801 .983 • 9~0 I 
.B3 • GS5 .8n5 .982 .8:1 9 1. 000 

• 716 .962 ,889 .992 ;988 .999 
.698 .959 .882 .991 .988 .999 
.6130 • 9~f:i .876 · tl81 .9[37 .999 
.652 .952 .870 .990 .987 .998 
.644 .849 .AFl3 .939 .936 .999 
.626 .945 .857 .989 .985 .999 

I 
.608 .94 I .851 .98A .985 .99::1 
.590 ,9;J6 .844 .9137 .994 .999 
.572 .932 .8S8 .986 .983 .99fJ 
,555 .837 .832 .985 .98,3 .999 
.5::llol .923 .82'1 .904 .982 .998 
.524 .918 .821 .954 .93:;: .998 
• SOg .914 .8113 .9A3 .03 I .998 
.49G • 9Ug .812 .982 .981 .998 
.184 .905 ,808 .931 .980 .998 
.47A- .800 .804 .980 .9RO .!'lD8 1. 000 
.464 .896 .801 .979 .980 .998 1. 000 .999 
.452 .890 .7D2 .977 .874 .997 .908 1. OUO .999 
.426 .8'/4 .759 ,867 ,95 I .992 .992 .998 1. 000 1.000 1.000 1.000 ,999 1.000 
.382 .845 .699 .945 ,905 .981 .980 .996 , (1)7 1, 000 .997 1.000 .994 .998 .985 ,995 
.326 ,aoo .818 • fill .842 .963 .9,'19 .001 . f)BfI .997 .983 .996 .961 .990 .903 .996 
.263 .739 .5:!/J .865 .771 .937 .931 .9B3 .971 .992 .956 .988 .899 .970 .718 .900 
.201 .661 .489 .805 .695 .903 ,888 .867 .~35 .879 .910 .971 .814 .936 .559 .795 
.116 .513 • /:173 .651 .456 .750 .602 .817 .637 .829 .614 .818 .531 .775 .312 ,603 
,029 .261 .072 .339 .124 .397 .167, .437 .176 .443 .168 .435 .143 .407 .077 .300 



~ 

~ 
co 

~ 't -; ... ~ 
o~ ~~ 
~~ ~ 
-

8.60 
8.50 
B,DO 
7.50 
7,00 
6.50 
6.00 
5,50 
5.00 
4.50 
4.00 
3.90 
3.80 
3.70 
3.60 
3.50 
3.00 
2,90 
2.80 
2,70 
2.60 
2.50 
2.40 
2.30 
2.20 
2. 10 
2.00 
1. 90 
1. BO 
1. 70 
1. 60 
1, 50 
1.40 
1. 30 
1. 20 
1. 10 
1. 00 

.90 

.80 

.70 
,60 
.50 
,40 
.30 
,20 
• 10 

1 Second 

• 
" '0 
" "' • " " • ~ " 

.000 

.9!lP 

.997 1.000 

.991 .999 

.988 .89B 

.9'19 .996 

.964 .993 

.942 .989 

.911 .982 

.872 .972 

.023 .958 

.812 .955 

.800 .851 

.787 .947 

.775 .943 

.761 .939 

.687 .912 

.671 .905 

.654 • B9!l 
,636 .891 
.618 ,882 
.598 .873 
.578 .363 
.556 .053 
.532 .841 
.510 · R 28 
.486 .814 
.461 .799 
.435 .782 
.407 .764 
.379 .744 
.351 .79_2 
.322 .698 
.292 .672 
.263 .644 
.233 .614· 
.203 .51.10 
.173 .543 
.144 .503 
.116 .459 
. 090 .412 
,067 .361 
.046 .306 
.028 .246 
.014 · 1 7!1 
• 004 .101 

1 Minute 
,~ 

" 0 

" t • c • r~l " 

1. 000 
.998 
.996 1.000 
.992 .998 
.984 .997 
.969 .995 
.948 .991 
.920 .985 
.!;I83 .976 
.875 .974 
.865 .971 
.856 .969 
.846 .966 
.835 .963 
.775 .944 
.762 .9,",0 
.74'( .935 
.731 .929 
.'tl":!. .922 
,696 ,915 
,676 .907 
.655 .898 
.632 ,888 
.608 .877 
.582 ,864 
.555 ,850 
.525 .834 
.495 .817 
.463 .707 
.431 . 778 
.397 .753 
.352 ,727 
.327 .699 
.29 1 ,668 
.255 ,633 
.219 .595 
.18S .553 
.149 .507 
.116 .457 
• 086 .403 
.060 .343 
,037 .277 
,rJ1R ,203 
.005 .116 

20 Minutes 1 Hour .2 Hnl!t'9 

• • v ,.. 
" i;l <I " '0 ~ 

~ " ~ " ~ t 0 • c c " " ~ ~ " ~ " 

1.000 
.999 1.000 1.000 
.996 1.000 ,fl97 1.000 .998 
.989 ,998 .992 .999 .996 1,000 
.979 .997 .984 .998 .992 .9OD 
.964 .994 .974 .997 .988 .998 
.943 .991 • .962 .995 .983 .998 
.938 .990 .959 .994 .982 .998 
.933 .989 .956 .994 .900 .997 
,928 .988 .953 .993 .979 .997 
.922 .987 ,050 .99:1 .978 ,907 
.917 ,986 .947 .992 .n7 .997 
.882 ,978 .927 .989 .966 .995 
.873 .076 .922 .988 .962 .994 
.!lG4 .974 .916 .986 .958 ,993 
.854 .971 .803 .885 .952 .on 

J4:! ,968 ,901 .983 .946 .991 
829 .964 .891 .981 .938 .989 

.814 .950 .RSa .978 .928 .987 

.798 .955 .868 .975 .917 ,985 

.779 .949 .853 .871 .903 .982 
, 759 .942 .036 .966 ,888 .978 
. 736 ,934 .816 .960 .869 .973 
.711 .924 .794 .953 .8~3 .857 
,683 .913 .769 .945 .825 ,960 
.652 .901 .740 .936 .798 .952 
.620 ,B8S .709 .924 .7S9 .043 
.585 .8'10 .676 .911 .737 .932 
.548 .852 .640 .898 , 702 .919 
,509 .831 ,601 .879 .664 ,904 
.169 .80'7 .560 .859 .623 ,8£17 
.426 · 7R 1 ,515 .836 ,578 .1l66 
.361 .750 ,467 .808 .528 .840 
,335 .714 .415 .776 .474 .B09 
.28G ,073 .360 .737 .414 .772 
. 2~8 .626 ,3U3 . 6f) l ,351 .727 
.190 .573 .246 ,638 .287 .675 
.116 .514 ,191 .578 ,224 .614 
.104 .447 ,uS' .50B .164 .543 
.066 .359 .090 .425 .108 .157 
.035 · ~77 .048 .324 .059 .351 
.011 • 11;:3 .0113 .193 .019 .212 

- -- -

TABLE D-4 

Beta - 100% Solids 

Fraction Below Given Eller~y , 
4 Hours 12 Hours 1 Day 2 Days 4 Days B Days 16 Day:a 30 Days 

0 • • • • • • " '0 >- " ~ '0 tJ ~ tJ " i;l '0 ~ '0 " ~ ~ " ~ i h "' t " " t " t h • • " • • • • • t: 0 

" " c • c • Ii c " " " C d C d 
~ "- ~ 0. '" 0. '" 

., 
'" '" 0. " '" " 0. 

I 

1.000 
.999 
.998 
.998 
.997 
.907 
.99G 
.996 
.996 
.966 1.000 1.000 1.000 1.000 1.000 1. QOO 1.800 
.989 .098 .997 1. 000 .999 1.000 .999 .999 .999 ,999 
.987 .990 .996 .999 .998 .999 .999 ,998 .993 .998 
.983 .997 ,991 • ggg .997 LOaD .998 1.000 .997 1. 000 .997 1,000 .997 1.000 • ';196 1.000 
.979 .996 .ODI .993 .995 .9S9 .996 .000 .995 .999 .995 .998 .994 .999 .993 .999 
.973 .995 .987 .998 .992 .998 .993 .999 .902 .998 .990 .998 .98R .998 .987 ,998 
.966 .994 .982 .997 .888 .9::JR .988 .998 .987 ,998 .904 .997 .982 .997 .979 .996 
.957 .992 .975 .995 .982 .997 .982 ,997 .980 .997 .977 .996 ,972 .995 .053 .995 
,9.:,.6 .990 .966 ,994 .975 .996 .975 .996 .971 .995 ,857 ,994 .961 .993 .tl54 .992 
• D33 .987 .955 .092 .966 .994 .965 ,994 .961 .993 • !:l55 .992 .947 .991 .!:'l38 .990 
.918 ,984 .943 .989 .855 .992 .955 .992 .919 .991 .91.1 . aeo .932 .98S • ['20 .986 
.800 .979 .923 .986 .912 .9ae .942 .000 .035 .989 .826 .937 .913 .985 .829 .982 
.880 .974 .!H2 .983 .928 .986 .927 .997 .919 , 8~5 • S07 .93S .893 ,981 .875 .977 
.850 .969 ,893 .978 ,911 .983 .911 .983 .901 .981 .887 .079 .870 .076 .849 .972 
,334 .962 .873 .973 .892 .973 .892 .979 .880 • £077 .8SS .974 .845 .970 .821 .965 
.806 .8S4 ,850 .967 .1'171 .973 .871 .974 • [;153 .972 .8';l .968 .819 .964 .792 .958 
.77'{ .944 .825 .960 ,1;148 .967 ,849 .968 ,835 .966 .816 .962 .708 .957 • '762 .591 
.745 .933 .797 .952 .823 .!ISO .824 .[162 .810 .9fin .789 .955 .763 ' .949 .730 .9.;2 
.70!) .921 ,766 .942 .794 .951 .796 .954 .780 .950 • 757 .945 .729 .939 .094 .931 
· S 70 .905 .730 .929 .758 .910 ,761 .943 .744 • .')39 .719 .933 .680 .927 • r52 .on: 
.626 .886 .687 .913 ,718 .926 .n9 .929 .701 .925 .674 .918 .643 .911 .605 .902 
.575 .B63 .638 .893 .668 .907 .670 ,910 .651 • [lOS ,622 .8DD .5M .891 .552 .882 
.519 .83~ ,581 .86'( .6tl .882 .6::'3 .1307 ,;)94 ,B83 .5GG .B76 .534 .8GB .(97 .859, 
.457 .799 .515 .833 .544 .850 .548 .357 .531 .851 .505 .847 .475 .841 .441 .833 
.39() .755 .443 .792 .470 .310 .475 .819 .46l .OHl .440 .813 .414 .809 " 385 .1303 
.321 .703 .367 .741 .392 .761 .398 ,772 .388 .774 .373 .773 .354 .772 .331 .770 
· 252 ,642 .281 .681 .313 .70,9 . ::20 .717 .316 ,72~ • :>07 .726 . 2~ .730 .281 .734 
· 186 .570 .217 '610

1

' 236 .634 .245 .652 .246 .662 • 2~3 .670 .238 .680 .231 .690 
· 123 .423 • 147 .523 .162 .M9 .172 .570 .176 .555 .177 .597 .178 .612 .:;.77 

, 629
1 

.060 .3N, .083 .4~2 .0i:!4 .438 .101 • .,b9 .105 .475 , HI7 .48', .110 .50S ,113 .528 

.023 .~ .029 .256 .034. .275 .037 .291 .038 .301 ,039 .308 .040 .322 .043 , 342 1 
-~-- - -



~ 

~ 

'" 

~-~,... ~ r------ySecond 
~,~ I'l (II 

?: ":-6 ~ '0 
~~~ ~ D ";<t::."1' <l! "' 

'" c • 
~ "'" Il. 

7. 70 1.,000 
7.50 .993 1.000 
7.00 .992 .999 
6.50 .~73 • ::197 
6.0C .954 .993 
5.50 .924 ._!J88 
5.00 .,08a .982 
1.50 •. 846 .974 
4.00 .791 .96::! 
3.50 .741 .949 
,~.OO ,682 .933 
2.90 .670 .929 
2.80 .659 .925 
2.70 .647 .~2'? 

2,60 .637 • 918 
2.50 .826 .914 
2.40 .616 .9:0 
2.33 .6G6 .908 
2.20 .596 .903 
2.10 .586 .898 
2.00 .576 .893 
I. 90 .554 .888 
1. 80 .551 ,881 
1. 70 .536 .,873 
1,60 .518 .,863 
1. 50 .497 .851 
1. 40 .. 473 • .836 
1. 30 .447 ,81B 
1. 20 .418 .797 
l, 10 .386 .771 
1.00 .349 .739 

.90 ,308 ,699 
• SO .2B4 .651 
.70 .217 .593 
.60 .170 .527 
.50 .126 ,453 
_40 .084 · ,168 
.30 .047 .271 
_ 20 ,019 .1..67 
.10 . 003 .O7() 

1 Minute 

• " ~ '0 
• i • c • ~ " 

1.000 
.999 
.997 1.0CO 
.994 .999 
.988 .998 
.979 .997 
.964 .995 
,f)4 3 ,991 
.938 .990 
,933 .989 
· 028 .988 
• 923 • 98S 
.917 .985 
,911 .984 
.909 .982 
.890 .881 
.892 .979 
.882 .976 
.871 .973 
.851 ,868 
.839 .962 
.819 .9[05 
· 794 • il46 
.767 .934 
,,736 .821 
, 701 .904 
.658 ,BAS 
,606 .854 
.545 ,816 
,473 .766 
.395 ,705 
• ~15 ,fi3~ 

,236 .549 
',161 ,450 
.091 ,334 
· 058 .208 
,007 .088 

20 Minutes 1 Hour 2 Hours 

6J 
0 

>- • 
~ '" 

'0 @ '0 • , '8 ,< £ • " • • c 0 c • 0 • W ,< "' " w " I 

1. 000 
.999 
.999 
.999 1.000 1. 000 
.997 1. 000 .999 1. 000 .909 
,995 .999 ,997 .999 .998 1. 000 
.890 .908 .004 .998 • 9iH, .999 
.903 .9SG .989 .997 .993 .998 
.974 .993 .981 ,995 .088 .887 
.961 .990 • t)'i2 .993 .982 .996 
.946 .986 .960 ,990 .975 .994 
,928 .980 .946 .9AG .865 .tln 
,907 ,973 .930 .981 ,955 .988 
.882 ,965 .911 ,975 .942 •. D84 
,053 .954 .88" ,967 ,925 .979 
,RJ4 • 9~8 .853 ,954 ,1197 .969 
, "62 .914 .n05 .934 ,!lS:;J .952 
.695 ,881 .741 .904 .793 ,926 
,614 .836 .661 .863 .714 ,388 
.521 · 777 .568 .809 .619 .837 
,423 ,70B .-468 ,741 ,516 ,772 
.325 · G22 .365 ,U60 .408 ,693 
. 227 .519 .25fl .557 .293 .5::::0 
, 132 · 3~1 .154 ,425 ,175 .452 
.056 .247 .066 .270 .076 .290 
.011 ,105 ,013 .116 ,015 · 125 

TARLl<: D-5 

Beta - 100% Iodines 

-
F:x'actiotl Below Given Entll'I'!Y 

- -. ~ I 
4 Hours 12 Rout's 1 Da 4 Va s 4 Days 8 Da 9 16D~ 

30 Da~, I • • • ~ • :~ Q 0 ~ 'l ~ ~ ~ " "i1 ~I u ?;;l " -h t t M 
~ r: "" 0 

0 ;: ;: , " , 4 1: .... :;j • ~ 0 • - ~ , 
0 

~ ~: ~ • c " 0 c " c • • 01 " ~ " ~ Iw ~ '" ~ " ~ " ~ --

I I I 
I 

I I 
i 

I 
I 

I 

, 

I I 
I 

1. 000 
.999 
.997 1,000 

f 
.991'; .}jflfl 

.9S3 .998 1. 000 

.990 .997 .999 

.986 .997 .9l:19 

.981 .995 .988 1.000 

.975 .994 .997 ,999 1, 000 1.000 
I .966 .991 .994 .998 .998 1,000 .899 1. 000 1.000 1.000 
I .945 .984 .98 t .994 .886 .996 ,990 .99'1 .996 .999 1.000 

.90? .970 .~49 .984 .958 .98? ,967 .991 ,987 .997 .999 

.850 .948 .899 .965 ,911 .971 ,Ci29 .980 .372 .893 ,997 1. 000 

.773 ,914 .828 .936 .846 ,946 .878 .963 ,952 .988 ,996 .999 

.678 .866 .736 ,893 .761 .909 ,814 .D40 .828 .982 .994 .998 1.000 L'lOO 

.571 .804 .628 .835 .663 .859 .743 .910 .903 .973 ,992 ,998 .999 1. 000 ' · 998 000 

.456 .725 ,508 .758 .548 .791 ,653 ,864 .849 .952 .953 .984 ,959 .985 , L'S7 .984 

.. 1:1C ,6]9 ,370 .651 .";'06 .588 ,512 • '('{S .795 ,B03 .803 .9Hl ,8U3 ' . 915 ,795 ,909 

.199 .478 ,225 , SOG .254 .545 .3<;1 ,643 ,497 .753 ,559 .786 ,559 .775 , ~,o;l.O .758 I 

.087 .308 ,lOa .331 .147/,365 .168 .4.52 ,256 • 54.'i .294 .568 .282 .552 • :.;6.<: .530 

.017 .134 .lI20 .145 .025.165 .038 , 212 .080 .261 . DG9 .272 .064 .261 • C53 .246 



~ 

" o 

III ~~ 
v;?; <: ~ 

.-::~G .... 9. 
~~~~ ('1"::.,,,<, 

~, 

B.10 
B,OO 
7.50 
7.00 
5.50 
B,aU 
5.50 
5,00 
4.5C 
4.00 
3.50 
3.00 
2.90 
2.8C 
2.70 
2.60 
2.50 
2.40 
2.30 
2.20 
2. ]0 
2.UO 
1.90 
1. BO 
1.70 
1. 60 
1.50 
1. 40 
1.30 
1. 20 
1. 10 
1. 00 

• '0 
.00 
.70 
.60 
.50 
.40 
.30 
.20 
.10 

1 Second 

" " :§ " " 1: " ;: " " 1.000 1.000 
.999 .999 
.998 .999 
.995 .999 
,908 • D98 
.985 .997 
.975 .995 
.961 .992 
.941 .987 
.906 .977 
.848 .958 
.753 .923 
.729 · fl14 
.704 .903 
.677 .892 
.650 .879 
,621 .866 
.592 .852 
.563 .3;j'! 
.533 .821 
.502 .804 
.470 .785 
.458 .766 
,406 .746 
.373 .721 
.341 · 706 
.309 .676 
.219 .651 
.249 .625 
.221 .599 
.195 .572 
.171 .544 
.148 .51B 
.127 .4D7 
.107 .154 
. U87 .417 
,067 .376 
,049 • ::l28 
,032 .270 
.016 .193 
.003 .092 

1 Minute , 
~ :§ 1! 1: " " • ~ " 

1.000 
.998 1.000 
.895 .999 
.9A4 .or}7 
.955 .990 
.832 .970 
.362 .964 
.839 .957 
.8[5 .949 
• '189 .941 
.762 ,932 
.734 .922 
.705 .911 
.675 .898 
.643 .886 
.609 . B'i2 
.575 .857 
.5S9 .840 
.1503 .822 
.46Fi .803 
.429 ,782 
.303 .761 
.359 • '13ll 
.325 .715 
.294 .691 
.2tH .666 
· 235 .640 
.207 .612 
.178 .578 

• 148 .530 
.118 .490 
• Dall .4::l2 
.059 .360 

• tJ38 .259 
.C07 .125 

20 Minutes 1 Hour 

" " :; '0 >, 

" " " t " ~ " " " " " "' " " 

1.000 1.000 
'.999 1. 000 ,989 1.000 
.992 .999 .987 .998 
.975 .996 .957 .994 
.947 ,992 .909 .. 987 
.901 .984 .845 .975 
.880 .981 ,8::10 .972 
.877 .979 .814 .969 
.864 .976 .793 .956 
.051 .973 .781 .962 
.835 .976 .764 .958 
.8HJ .966 .746 .954 
.802 ,962 .727 .949 
.784 .957 .703 .944 
. 763 .951 .687 .939 
,740 ,,945 .665 ,933 
.7l4 .937 .642 .926 
.687 ,929 .618 .919 
.657 .919 .591 . ell 
.627 .90S .569 .962 
.596 .897 ,544 .893 
.564 .884 .520 .883 
.533 • B71 .496 .873 
.502 .856 .473 .863 
.470 .841 .449 .851 
.438 .823 .425 .837 
.405 .803 .400 .822 
.371 .780 ,371 .803 
.330 .748 ,335 .77:) 
.202 .705 ,209 .735 
.229 .650 .237 .681 
. 174 .5fiO ,lH2 .611 
.120 .489 .127 .520 
.062 .356 .067 .383 
.015 ,173 .016 .188 

TABLE D-6 

Beta - 10Q()/o Noble Gases, 25% Indines 

Fraction Below Given Ener~:r 
2 Hours 4 Hours 12 Hours 1 Da.v 2 Days 4 Days 8 Da s 16 Days 30 Days 

" '" " " " " " " -1i ~ '0 :; '0 @ ¥ '" '0 " ] '" :§ ~ '0 '" '0 ~ " 1'/ " " 'n " t " ~ 't ~ " t 1: " t 1: " " " ~ ~ " " " Iii " " • ~ " • " " " " " < " • " " '" ~ " '" " '" OJ '" " '" " ~ ~ ~ 

1. 000 1.000 
.999 1.000 .999 1.000 1.000 
.985 ,998 .986 ,998 ,995 1,0UU 1.000 
.950 .994 ,954 .995 .984 .998 .998 
,897 .9a6 .903 .989 .966 .997 .995 
.827 • :175 .841 .981 .946 .996 .995 
.811 .872 .827 .979 .942 .995 .994 
.795 .869 .814 .977 .938 .995 .994 
.773 .865 .800 .n5 .944 • 9~5 . 993 
.762 .963 .788 .973 .929 .994 ,993 
.7<15 .959 .772 .971 .925 .994 .993 
.727 .956 .758 .960 .921 .993 .99:d 
,710 .952 .744 .966 .917 .993 .992 
.691 .848 .729 ,963 .912 ,99?- .992 1.000 
.6'{2 .943 .715 .960 .g08 .992 .991 .999 
,653 .9S8 .700 .957 .904 .991 .991 .999 
.633 • !i3::: .684 .954 • gOO .991 .990 ,999 
.G1S .927 .670 ,950 .895 .990 .990 .999 
.593 .922 .656 .947 .891 .989 .990 ,900 1.000 
.574 .915 .641 • !:I43 . [)S7 .989 .989 .999 1. 000 .ge9 
.554 · 909 .628 ,939 .883 .988 .9S8 .999 1. 000 .988 • 999 
,535 .!lO2 .614 .935 .379 .987 .98!l .999 1. 000 1. 000 .999 .999 .999 
,517 .895 .802 .931 ,876 .987 .988 ,999 .899 LOOO .999 1.000 .999 .999 1.000 • DD9 1.000 
.500 .888 .589 .927 .872 .986 ,987 .998 .999 .1:199 .999 .989 .989 1.000 .98';J .999 .9S9 .999 
.482 .080 • b'/o .\;122 ,863 .984 .983 ,998 .996 .999 .998 .999 .998 .989 • a9S .999 .999 .8S9 
.162 .870 .560 .916 .852 .981 .971 .996 .988 . 998 .896 .890 .9913 .999 .989 .999 .9£'9 • BGD 
.441 ,05f1 ,541 .987 .833 .976 .953 .992 .975 .992 .992 .998 .998 .888 .999 .999 · 9~8 .999 
.415 .843 .516 .89S ,804 ,967 .924 .985 . 956 .992 .986 .998 .998 ,999 .989 ' .999 .999 .999 
.379 .818 .476 .872 .752 .949 .877 ,972 .9,15 .987 • DSO • :=)!=J6 .9[)3 .999 .998 .999 .999 • PB9 I 
.3n .779 .420 .836 .676 ,918 .811 ,952 ~ 898 .979 .972 .994 .986 .998 .985 .998 .9r8 .996 I 
.271 .726 .352 ,783 .582 .873 .728 .922 .853 .065 .!li'iO • DB!) .97,; .983 .960 .989 .9,5 .no 
, ?13 .655 . 277 • 713 .476 .812 .629 .S78 • 786 • %2 .1398 .973 .916 .975 .872 .958 ,759 .262 : 
.151 .563 .206 .620 .369 .732 .523 .81S ,699 .962 .316 .939 .821 .936 .742 .921 .555 .787 i 

.081 .419 .118 .467 .216 .572 .324 .559 .452 .744 .533 · '('(8 .5:)0 • 7'/1 .4tiD .726 ,3f"1 588 ' 
,019 .216 .027 .232 .055 .291 .085 .342 .122 .392 .1-11 .1Il . 142 .405 .121 .376 .073 : 288 I 
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i~ '1i .~~ 
~o ,( 

<to 
;-;~~ 
~-

9.50 
D.DO 
B,50 
B,OO 
7.50 
7,00 
6,50 
6,flO 

5.50 
5.00 
4.00 
4.00 
3.50 
3.00 
2.90 
2.80 
2. 70 
2.60 
2.50 
2.40 
Z.30 
2.20 
2.10 
2.00 
1. 00 
1. 80 
1. 70 
1. 60 
1. 50 
1.40 
1. 30 
1. 20 
1. 10 
1. no 
,90 
.80 
.70 
.60 
.50 
.40 
.30 
.20 
. to 

,----

1 Second 1 Mir:ut!;l 

@ OJ " <l ~ 
... :j H t 
" H • " " " • ~ !'!. " " 

1.000 .oco 
.987 1.000 .990 
.991 • 998 .998 
.982 .997 ,996 I,OOf) 

.963 .994 .993 .998 

.946 .990 ,OS, .998 
,912 .983 .981 .998 
,869 .973 .9'(1 .996 
.817 .961 .958 ,995 
.759 .945 .942 .992 
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J. H. Renken 
A. W. Snyder 
D. J. McClosk.ey 
D. A. Dahlgren 
J. V. 'Walker 
R. M. Jefferson 
R. E. Nickell 
W. H. Schmidt 
R. E. Luna 
G. L. Cano 
L. L. Bonzon (50) 
D. W. Dugan 
L. J. Klamerus 
R. B. rope 
R. W. Lynch 
J. A. Reuscher 
J. H. Scott 
R. S. Claassen 
L. A. Harrah 
J. B. CUrro 
E. A. Salazar 
K. T. Gillen 
R. C. Hughes 
E. A. AaB 
C. A. Pepmueller (Actg) (5) 
W. L. Garner (3) 
for ERDA /TIC CCnlimited Release) 

ERDA/TIC (25) 
fR. P. Campbell, 3172-3) 
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