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I_ ' Gamma-Ray Et:ergy. MeV

M""'" ~1 O·IS I 0.2 i 0.3 r 0.4 ! 0.5 I 0.6 I ,•.8 I 1.0 1-1.25 T,.;-r ,--:., -.;---,--~-;- 8 : W

-H---- .295:" .2~5 -.~-.4-3-1-.-z-lZ--i-.1-8-9-;-.~;;-i~1 to1-~;;-I~!2()-I~;-3-T-IO-3-. i- .08;';~~9; ~'~;;lT~;~;-i-.04-4('-) -.0-3-7-1F;~z-'-
Be' .132 .119 .1091.0945 !.084~! .07Bh.7J5· .062~: .1)565 i .fl5U. i .0;5') ; {j:N4 .(J"13 .02('h \ .u234 .0211 .0180 .0161
(' .149 .134 I .121! .10'.; ! .09531.('87(\.1 /.18051.0707! .lJ616 1.0568 i .0518 '.t'44·j .!H56 .()W4 .uno ~.0245 .0213 .0194
N .150 .13·\1 .1231.106 1.0955j.o';,,91.1;805 1.0'07· .0636! .Ii:~:' i .05.7, .0';';:5 .0357 .030h .0273 I .0249 .0218 .0200
o .151 .134 i .123 i .107 ! .0953 i .OS70 i .0806! .0705! .!16361.0568! .0518 i .(l.q, .0359 .0309 .027(, \.0254 .0224 .0206

I I I ' 1 I I I I I

Na .. 151 .DO I .118 t .W2 11'.0912:.O.~3J1.07/0 , .0676 I .0608 i .054(; ! .0496l ;1427 .O)~S .0303 .02741.0254 .0229 .0215M ](,0 1'51 I""l! 1(\( . r,:)-11 i IV."'~')i O",,·):! 0'''9 i 06~7' OC£i) i 051': <'\4'-"' r~.i) 0315 (1~86 0'06 0'4' I O'~O

g .,'. J'I . -~ : .. " i .v.,· l·voh •. ' ;n I' 6, . ~ I' ."n, , . - , .Co",_ ..'."" .. - I' - • - - . --QAl .161 .134 .1201.103 i .00:::: i .0840 i .0777 .06831·06141·0548! .0500 1.0432 .0353 .0310 .02821.0264 .. 0241 I·Q229

Si ,.172 .139j .125 •. Hi7 1.0954 I .0869 i .0802 .0706 i .06351.056: 'I·USI7, .0~7 .03',7 .0323 .02961.02771.0254 .0243P .\741 .137 i 122 i .1,)4 1.09281.08461.07801.06851.0617 .0551 .05021' .0436 .0358 .0316 .0290 .0273 .0252 .0242I' "1"

s .1881 .144 i .1271.1\18 1.09581.0374 i 080(., m07I.0635 i .05e,8 '1.0519 .. 0448 .0371 m28 .0302, .0284 .026ft .0255

AI' .188 i .135! .1171.0977 i .0%71.0790: .0730! .06.18 i .05731.0512: .O·l6B i .0407 .o33S .0301 .02i,) i .0266 .0248 .0241
K .215 i .1491 .127 I .106 I.!J9_i' .085_~: .()780 '1.00"11.0618 .055': 1.0505: .0438 .0.165 .0327 .D10:i .0289 .0274 .0267

Ca .238 .158 i .132! .1(\9 1.1)9(.5\.087:1 1.02(19 .07081.0634 .o5661.0'IS 1.0451 .tI37t> .0338 .0316 .0302 .0285 .0280Fe .344 .183 i .138 .IOb '.0919 t O~28 I.V7f)2 .0664 Jj595 .0531 .v485 .0424 .l)jbl .0330 .0313 .0304 .0295 .0294

ClI .427 .:06 I 147 .1081.091611 .O"ZO1.0751 .06511.0~85 .05211.04761.0418 .0357 .0330 .03~b .0309 .0303 .n305
Mo , 1.03 .J89 .225 .130 .0998 .0851 1.0761 .064S .0)75 .0510" .0467 .0414 .0365 .0349 .U3.41.0344 .0349 .0359

So 1.58 .563 .303 .153 i .109 .0886 .0776 .06471.0568 i .0501 [.04591.0408 .0367 .0355 .03<;51' .0358 , .03"'3 t .0383

I /1.83 I .648 .339, .165 : .114 .09131.07921.0653 I .0571 .05021.0460 .\1409 .0370 .0360 .u361 .03651·03~7 I 0394W 4.21 1.44 .7081.293! .174 .IZ5 .\01 .0763! .0640 1.0544! .0492 1,0437 .0405 .0402 .0409, .Otl81,043X ! .0465
Pt 4.75 11.64 I .795 .3241.191 .135 .107 .OgOO: '16'1' '15~1: .0501/.04451.0414 .0411 .o.lI8 i .0427 1.0-H8 ! (\,P7

'1'1 i S.16 i 1.80, .866 i .346 .204 .143 1.112 .08241 Of,;5: 11',,31.0508: .04521.0420 .0416 .04231.0433 .0154 I .0484
P.b i ~29 i 1.84 I .8961.356 [.203 .145 1.114 .08361.0684! .0569, .05121.0457\.0421 .0-120 :.0426 .04361.0459!.04R'll) IW.60 12.42 i LI7 ,452 1.259 11.176 : .136 .0952, .0757 I .0615 1.0548 ! .0484 .0445 .04401.0446 .01551 0479 .(1511Air I ..151 i .134! .123 .106 ,.0953, .0868 .0804! .0706 i .0655 I .0567 i .05171.0445 .0357 .0307 .02741.0250 I .tt2.:0 I .l'20Z

N;d i 1.57 i .S:n! .:()51.155 : .111 I'O'JOI .07891.0657 t .0577! .05081·04651·0Jlzl.0367 .03511.03471 03P 1,"541.0360
1I,O i .167! .14;1' .\36 i.118 i .W'" 1.0966 .08961,0786: .07061.0630, .0575 .04931.0396 .0339 mOl! .02751.0Z,ll), 021'i

C""crete i .IW i .139 i .124, .107 : .0954 \ ,\,870 i .U8()41 :,nu t, .0635 1.0567 [.0517\.0445! .03631.0317 .0287\.0:,8 I 0213 , 022')~~:_~_l __~~~:'.I_·~~~L_~l~:~~:~C)_,)_~~_9__1(_) L:~:!(,7 ,~761 J .0683 ! .0600 i .0556 , .0478 ! .0384 _1._0329~2_9_2_!.02_~~_O_-2_33_'.:.~:;

". rrOfJ~L. T. Teinplin. edit(lf. 'liclic/or Phy.-;ics C;}7!slimts. A>.•L-53()(),1nd ed., 1963; based (;n G. \V. Grodstcin. ~~~tionri: Bureau of St~nd'ird:.
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Gamma-Ray Energy, MeV

\1at.:ria'I ..~l~_:J 0.2 1~1~~~~~~~_2 __ 3_1~1_5 __ 1_6_1_._8_1~

H \ .04\1 .0487 .05311.0575 .0589 .0591 .0590 .0575 .0557 .0'33 .0509 .0467 .0401 i .0354 ! .0318 1.0291 1.02521.0255.Bc I .01~3 .o:m .0237 .0256 .0263 .0264 .0263 .0256 .0248 .0237 .0227 .0210 .0183 i .0164 \ .0151 i .0141 i .0127 .0118

C... (1215 .0246 .0267 .0288 .0296 .0297- .0296 .0289 .0280 .0268 .0256 .0237 .0209i .0190 I.OI77j.0166 I .OI53!.oI.15

N 1.0224 .0249 .0267 .0288 .0296 .0297 .0296 .0289 .0280 .0268 .0256 .0236 .02111.0193 .0180 I .0171 .0158, .0151° .02:13 .0252 .0271 .0289 .0296 .0297 .0296 .0289 .0280 .0268 .0257 .0238 .0212 .0195 .0183 .0175 .01631' .0157Na .0289 .0258 .0266 .0279 .0283 .0284 .0284 .0276 .0268 .0257 .0246 .0229 .0207 .0194 .0185 .0179 .0171 .0168
Mg .0335 .0276 .0278 .0290 .0294 .0293 .0292 .0285 .0276 .0265 .0254 .0237 .0215 .0203 .0194 .0188 .0182 .0180
AI .0373 .0283 .0275 .0283 .0287 .0286 .0286 .0278 .0270 .0259 .0248 .0232 .0212 .0200 .0192 .1:188 .0183 .0182
Si .0·B5 .0300 .0286 .0291 .0293 .0290 .0290 .0282 .0274 .0263 .0252 .0236 .0217 .0206 .0198 .0194 .0190 :0189
P .0501 .0315 .0292 .0289 ,0290 .0290 .0287 .0280 .0271 .0260 .0250 .0234 .0216 .0206 .0200 .0197 .0194 .0195

S .0601 .035! .0310 ..0301 .0301 .0300 .0298 .0288 .0279 .0268 .0258 .0242 .0224 .0215 .0209 .0206 .0206['.ll206
Ar .0729 .0368 .0302 .0278 .0274 .0272 .0270 .0260 .0252 .0242 .0233 .0220 .0206 .0199 .0195 .0195 .0194 .0197

K .0909 .0433 .0340 .0304 .0.298/'<)295 .0291 .0282 .0272 .0261 .0251 .0237 .0222 .0217 .0214 .0212 .0215 •..0219
Ca .111 .0489 .0367 .0318 .0309 .0304 .0300.0290 .0279 .0268 .0258 .0244 .0230 .0225 .02221.0223 .02251.0231 """\Fe .225 .0810 .0489 .0340 .0307 .0294 .0287 .0274 .0261 .0250 .0242 .0231 .0224 .0224 .0227 ..0231 .0239 .0250

Cu .310 .107 .0594 .0368 .0316 .0296 .0286 .0271 '.0260 .0247 .0237 .0229 .0223 .0227 .0231 .0237 .02481.0261
Mo.922 .294 .141 .0617 .0422 .0348 .0315 .0281 .0263 .0248 .0239 .0233 .0237 .0250 .026-2 .0274 .0296 :.0316
Sn 1.469 .471 .222 .0873 .0534 .0403 .0346 .0294 .0268 .0248 .0239 .0233 .02.43 .0259 .0276 .0291 .0316 .. 0339
I 1.726 .557 .260 .100 .0589 .0433 .0366 .0303 .0274 .0252 .0241 .0236 .0247 .0265 .0283 .0299 .0327 ;'.0353
W 4.112 1.356 .631 .230 .121 .0786: :0599 .0426 .0353 .0302 .0281 .0271 .0287 .0311' .0335 .0355 .0390 ':0426. ~
PI 4.645 I.SS6 .719 .262 .138 .0892 .0666 .0465 .0375 .0315 .0293 .0280 .0296 .0320 .0343 .0365 .0400 .0438

TI 5.057 1.717 .791 .285 .152 .0972 .0718 .0491 .0393 .0326 .0301 .0288.0304 .0326 .0349 .0354 .0406 '.0446
Pb 5.193 1.753 .821 .294 .156 .0994 .0738 .0505 .0402 .0332 .0306 .0293.<l305 .0330 .0352 .0373 .0412 ~0450
U 9.63 2.337 1.096 .391 .208 .132' .0968 .0628 .0482 .0383 .0346 .0324 .0332 .0352 .0374 .0394 .0443 .0474
Air .0233 .0251 .0268 .0288 .0296 .0297 .0296 ..0289 .0280 .0268 .0256 -.0238 .0211 .0194 .0181 .0172 .0160 .0153

Nal 1.466 .476 .224 .0889 .0542 .0410 .0354 .0299 .0273 .0253 .0242 .0235 .0241 .0254 .0268 .0281 .0303 .0325

H,O .0253 .02781.0300 .0321 .0328 .0330 .0329 .0321 .0311' .0298 .0285 .0264 .0233 .0213 .0198 .0188 .0173 .0165Concrete .0416 .0300 .02'89 .0294 .02971.0296 .0295 .0287 .0278 .0272 .0256 .0239 .0216 .0203 .0194 .0188 .0180 .0177-Tissue .O27! .0282 .0293 .0312 .0317 .0320 .0319 .0311 .0300, .0288 .0276 .0256 .0220 .02()(! .0192 .0182 .0168 .0160

,. From L. -T. Templin. edilor; Rt'tJcld" P"j'~icscOlISlclim', ANl·58oo, 2nd'~., 1963; based on G. W, Grodstein; National Bureau of Standards
Circular 583, 1957. -
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Cross Section Data
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Section Center at Brookhaven National Laboratory, Upton, New York. The Center evalu
ates and tabulates cross section data which is published in the report Neutron Cross Sections,
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~1 j/14 .~4~ ..?:!Ijl ~)~ )y".I..! ~ ~I uJ.;1 ),)J ..:;....1,;,.ox =./0 ),)V(X)

,;,.0 (01.,yJ,))~ ~JL.....~T r1"" /r1"o i~GJl ~lA>~1 .)\..u..;~1J~I)Jl ~j)'

1_ Separative work unit, swu
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.-I:41S"~Ijil ./0 )1..IL.jl x ~L.)4~ljiI4 LI)I r.r-iI).Jl
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lJ.J-..ZJi.~j.J .rS'~.)'! r.r-iGJI~j)1 ~li" r-t J5:.z
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J~ JS-' ~j)1 .)'!I.;~.~L.jl ~)IJ.i., ~Y~ 1.J'1J••••J..w)I~)L.) ~j)1
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.u-~T jl •0.:..••1~.:w-4~L..JJ,iL.l.J"'I,J~ lJ~.J'1~~).) ~·.i~ XF.JXT'Xpis'

MT=MF-~Ip

: ":-z~..r.j .::..)-""'~lJIYIS"I) t-t •.hl-;.;;....I

SW =Mp[V(xp)- V (XT)] -MF[V(XF) - V(xT)] (. - t)
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~t; ~ r.J-::iI).JI .::..)-""'~I) ~.:w-4~L.u-..::-I4~/~~ .J~)b ~ (~j.J) ri".

\_ depleted
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~y.~Iy>.. oLij.s-r-,• .i lSl~iS})1 ~I):J~ (~4 T'''''' ~y.:iI):J1~~ IJ"l••l...-:Jl.g.:jo\i

jl G J~ lS~";:Jj.!t jl ~ ~~'l.$" oI.i~y>. .~4l.$" ~j ~~ jl ;:S)'l...;:...I:J
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T""r~\Jj\·.;t o.)jS·Ol..:.·)~IJ jllYi~tY' ."~l: ~J ~ c1-~~'''''''l'',t''*i1JJI

.)1.)r~1J~ 1.SLt.-?.JJ6:.S~ 01y~ IJ tSjL..I~~ •.>.:5-.r ~ ~j~jll.J0T

i~~ I,.,i;!). jl ~?LJ .•~ J".JlA.::.. )\...lS-J~ ~.J.) i~IJ.JI.J i~)Y' Iftj

~ I.Sj~ ,u.,.,;::r-I) ..:.;..:..>-~ 15:"" Iftj •..::-1 o~~Y',.,-,. i~I.J.J1 ~-., ; )l..li..

Y~~I.SI~.:;...:.:..>-r*" C:...:....:.~ 01p~ i.J-:# .;.1 J~.J4 •..::-1 o.).r.i,.,.,. i~1;.J1

.-,:Tif

: ~ ,-,:Iif .)Y':'.J~ (,-f) ~ ~I.J J.)J ~,. ,.,~~
P- 13-

m'U(n,y) Tr1U rr1Np rnpU (v - t)
no'pln l"J'I".d

.;.1 .:DJ.)IS'..., . ..::-1 ,.,., i~P}.uz..,.J ~ .., 'T'''Uo~lj ".;'~"'.r.I..:;.JL... .;.1)J
J..;s. 0= I. J.r.f.,1:,..i0.J)Y ~ LJ~ J.,,::f IJJ J ..i,! 4 ,.,." i~G.JI ~) J Lt..;.:.5'I.J

(f'=!~ )-,1J4 ~-S-l.S) •• ~ .J.;~ \f' i~' Jy.~ Jy.. JY' .•••~.J,)JI.SLt._.,,:::5'G~\) J

.l;w jl l.5"'f JI..IA..~.kii; ;").I~ i~IJ.J' ..:.;..:..>-151).) .$j.J.r'ILSlot»?lJ ~\

•..I,..';4ifr,." i>::iIJ.JILt.)F IJ.;. I ..:.;..:..~il...' ~ .;. tJ~~ •..::-10.1.::; ~ r ,.co r~I.J."

r"~' Lt.;.,,:SIJ.;.1 ~ )Lf'04~ JJ ,.,., 'i~YY~~ ,.r"I"~I)~1 J:!~
..:;.JL... ~.J ..1.;;.)-.rl~ )~I) jl..:.;..:..>-0J.)r- CJl..:.jl~ I) \...Il,.:.L... i~Y~ .J,;$'-.r

~jl J~ \J:!).~01y'-.r I) ,.,., i~}.J.J ,.,-", i~WI I,. r,. i~G.J1 -i-~..J:ii

0l,;:.j~jJJ~~ .~ ~.JlA.::..)l..l)~JJ ~ i~Y~.J i~,G.Jllftj J;l~

~ 1.S1~ ..:.;..:.~0=.;~ ,.,.., i~Y}.J o~T)J -..)IJ)b JY:'.J~,~ Jb ~1y..
.~T)W

~d"lS"'4 '~*i' ~.;..)..1.;;.S" If 0le1c: .;':"')~4 ~ >"J..~I) J:!~ ~

)J o~ ..yy' .:.;..,;1S::z ~li 1.SLt.~1 ..k_y::... J\"W' ,;i''''' ~ 0=1 • JY:;if o~l.i r ~G

JY:;-.r";.J'f'f"-"":';":',>-~'I N J=i.JI.AJ•..::-1 o~";~ .;;.its::.:; ~li ~I,;ot>~lA..JJ ).,=,n)

"v'~".J.r.!Ji ~).>"P u:')J IJY:;-.r J:!~ -':~ •.;;.;Ls::.:; ~li 1.SLt.~1~ o~G ~·t NC

~T0~";~ ~lA..)J ~4).,,::n) ":';":'.>-I.Sl+.!Y.J.r.1tY 0l...ot>jl-,:~ ..;;.;lU ~li

~'I N~ Lt.~'Iu:1 IJJ} if ..;;.;\s::.:; ~li ~'I ~ J:!~ ~Ij ~INC x C=NCr

Jl-T~ ~; u:-4 .~ -.r'~ ~bl 0~..wl:>~u:I.J ..\.!).JT-.rJY:'.J~ .;;..ilU ~li

Jl,Mj'..:.;..:..>-~I N.0~";.J'f'f"-" ~)J ;")JY:;if o-':J

NG+NCr+Ncr + .... = c..N'\-C

1- Conversion Tatio ,._ Breeding-ratio
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rJ~ ~ T~C>r~IJ-,1 i!~~ ":';"'::'r jl (,,:-,) ~.;.-I J~ .J?IJ 0=' lSIJ~

~~~\5' ;.dy' T ~" i~Y",.y

.». ~ b \,t,u-ili-,j;;~ ~ ":-'~) T~" i~IJ.,,1 ;~ l.J.".;y~ ":-'~ j I (...;.11).j.>..

.• ~.J-f:.l.5';.dy Tn i.r-3Y}.J,~j'i ~ (v-f) ';':'5""1." J,!):.jl (J')I..,-l.Sl~lSj')IJ,) ~
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General

EI-Wakil, M. M., Nuclear Energy Conversion. Scranton, Pa.: International, 1971, Chapten 1
and 3-12.· ..

Foster, A. R., and R. L. Wright, Jr.: Basic Nuclear Engineering. Boston, Mass.: Allyn and
Bacon, 1968, Chapter 1.

Glasstone, S., and A. Sesonske, Nucleof RtacforEngineering. New York: Van Nostrand,
1967, Chapter 2..

Lamarsh, J. R., Nuclear Reactor Theory. Reading, Mas$.: Addison-Wesley, 1966, Chapter 4.
Lish, K. C.,lVuclear Power Plant Systems and Equipment. New York: lndu$trial Press, 1972,
Chapters 1..4. ' ...

Liverhant, S. E., Elementary Introduction. to Nuclear Reactor"Physics. New York: Wiley, 1960.
Oldenburg, 0., i!nd N. C. Rasmussen, Modern PhysicsforEngineers. New York: McGraw
Hill, 1966, Chapters 1;2, 12, 14, and IS •..

Wills, J. G., Nuclear Power Plant Technology. New York: Wiley, 1967, Chapters l..4.

Fuel Enrichment

Benedict, M., and T. H. Pigford, Nuclear Chemical Engineering. New York: McGraw-HiII,
1957, Chapters 3, 4, and 9-12 ..

Omen, K., uTheTheory of Isotope Separation," Chapter 6 in National Nuclear Enetgy
Series, div. iii, vol. lB. New York: McGraw-HiII, 1951.

Peterson, S., and R. G. Wymer, Chemistry in Nuclear Technology. Reading, Mass.: Addison
Wesley, 1963, Chapter 15.

Von Halle, E., R. L. Hogtund, and J. Shacter, ••Diffusion Separation Methods" in Enrcyclo

pedia of Chemical Technology'!}nd ed., vol. 7. New York: Interscience, 1965.
"AEC Gaseous Diffusion .Plant Operations:' U.S. Atomic Energy Commission Report
ORO-6S8, 1968. This report contaiQs a 1970 addendum giving nomographs for making
uranium enrichment comput.ations.

Nuclear Fuel Resources

Hubbert, M. K., "Energy Resources," Chapter 8 in Resources and Man. San Francisco:
Freeman, 1969.

"Nuclear Fuel Supply," U.S. Atomic Energy Commision Report WASH-1242, 1973.
"Uraniuil1," a joint report of the European Nuclear Energy Agency, Paris, and the Inter
national Atomic Energy Agency, Vienna, 1969.

"Uranium," annuatreports of the Atomic Industrial Forum, New York, N.Y.

Reactor Types

For competitive reasons, reactor manufacturers and developers are constantly improving
the designs of their systems. No textbook which includes the details of various nuclear power
plants can therefore remain up to date for very long. By far the best way to learn the latest
developments in reactor design is directly from the vendors themselves. In the United States
these are as follows:

The Babcock & Wilcox Company
Lynchburg, Virginia .. r

Combustion Engineering, Inc.
Windsor, Connecticut

General Atomic Company
San Diego, Califqrnia
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(TV-')

d
~

I
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.u:::...,)~I.J~),)}J .0 ,)JS"if} ~ J",bt..... ~ r!..JA ..:.-1 .)4" ,))I.JA ~I),)
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;!j~J....i),) c.J.!'.)i~•..\...Z4 ~~ ~ c.J.!'jl)~ ~),) ~4 ;!j~ ~.)i ,)~
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~~~\u~ ,~
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. ...\..Z41,$'..r.!j.::.0)-"",,'4 (r.-o) J..J~l••..•U--~ ~

W = t:\e:-x/L +Ccx/L (\" I - 0 )
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~4~ ~~)\.).r. .:;.Jl••. w:1),) ..I.:!)"T "::"_,)~ Pr .,Juj),) ,) ~4~ y; ..s..::.._1 • .l..Z oI..:..!y.:.

.(~r ~ ...jj....I) ~ ~
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(""-0) "u,)l- ~-'4! ~ 1;:.-,..::-1 (,. .-0 )"u,)l- ~l...t.~ "u,)l-,)"..z if)~
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<I>(a+d) = <1>(.~a-cl)=o
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cl> = - . --
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iS~ <l.!iJ1yl..5"~4 ",~L,..x y:!~u..'"W ~I..r.yl~ ~I ~I..r.oklL....iJ)lL'<l.!~y4
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J(a)= -D~ SL ,.inh[(a+d ...,;x)jL] Idx TD cosh[(a+d)jL] x=a
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--,.- cosha+d/L
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. ',' ~sh(d/L)
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jl .A.:,j'J~ E.J F .>..;4 J.3l,..o.u:s-.A:,).J.;:;.:;."...).3~

F(x) = xIo(x)
rI, (x)

z' -y' [Io(Y)K,(Z) +Ko(y)I,(z) ]TY . I,(z)K,(y) -K,(z)I,(y)

z=b/LM.J y=a/LM ' x=:;a/LF ~I.J) v,!1).3

.;:;.:;."... J .) ~ J.,J.. L:v.r.J L¥ .J J ~la..4 ""'-I.Jtt....z b ,.;:;.:;."...~ t~a .0

K~.J In dy ...::-Io.w:0.3\.)t-,J.J~).) LF .;:l.)lA.. jll.J'"\.j'y-..::-~ •.:-.lo~..1.:.f'.J

C!t,;v,!I.):!..3,u:.jll.J"'\.j'Y-J.J~ .~~lf' o..uly:. 'J-1~.Mj ~Iy'~ n==o~.J

, ., .• ..::-1 o.w: 0.)1.) Cl "::-.JellIS~=.n);

i~.~i ~~Ia~ b,)~ Lt.)pl) ~l.:-b...ISI..rl ( , • '1-,).J (, • 1\_,) ~'Y.)~ .
'f/!. - .~ .• ' _ •. ,& , •

•..G4' .;:;.:;."...~ jl ~ ~ 0~.A:,) ~·'~T).) .i,,)JLt.JpIJ ~ ..::-1 J::i.)

~ ~.lW ~'Y.)la.. v,!lt ~).¥'~ J.) ..3"b ,.3~.J.~~ 1S;~~Lt.J~G).) .::.Jt... v,!'
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..:....;,)'~.;..,.~. ~~. ~.Hfl6.iT ~\.t.4'~J,*j~~f ~lh;. :"sifi:',j..J~'~,.'
.».,)~

;S;-:;~ ~I.J) jl ~4 ~~ \SlfJ.;f1 ti jl .:;.)~~~~\.t.)pl)~t
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~jl ,..::-1 .)vo .).JJ.o.jl h~ z J Y 'x "'?.J.u-..::-l \S).Jh4 ~ rj':I

..::-1~14i'~1 ~\.t.~ ~t.r. E.J F ~~ ~I.r. r.J.Y- ..:;.J,) ~')l,) ~.r.j \S\.t.~J'"
.,) .?"O,) Li:;..1

t - ,J~,,:,"

~~ •. ";~I.•••.~\S\.t.J~,
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':(X)'; \ (X)t \ (X)'7F(x) =,+- - --.- --r- +-.- -', " (\\,-,)r T IT T tAT

z' [ Z' (z) ,. yT )E(y z)= \+--. , ....in ---+- --+ .. , (\\ 1- ,), r z' _yT Y t tz' .

rr-i ').J I ..:;...:.~\.t.'~.~~~\.t.4·~-,L..~L.JT ).,;:S"lj~~ " • .,Jl:...

) ~ .J..i.,li:AJ" ./' ~:t........ ilA.Z~· \.t..A.L.' Jll.t..u ),)1,).) l.i ..:;....JI·~ .L: b ,) - L,. 0 " • _ u.,.~.. _ .. .T- 'f u- ) ~
':' .. ".~ yt.- I.ppl) ~I.r.)l..l,i...*J.l).L~)I} ~jl ..,:..-:1...

~.)".4 J.o.1.J~ ~ 4i'-'=-' 4 J.o.I.Jb t~..::-,rj':I l..l::!' .~

,~ J.,J.. ~ \.t.~IJ IJ:!' ,.J.lI~~ o~,I~~L::.i'\~; J.~),):'f.)4 ~'.J"'~;\ .~
. i..• ..::-1~j':I~4 ~ ~ ~l ~1.r.l.)j

1tb'=(TO)t)T
~'.

. ,':

JJ..,..li'~I' ,,~,.-:l..,.o~z j~"~I),) ~~.~.J,) §"1"... 1ft ~li IJ:!~,)Y *
. ,'.' .. " ,)." ~t~:'tr~,~~. ..,...~ - . ~ - .



• ..:;....1 LT=-. \an ..-.}1.J ~'Jf 4(",~ ).,)LT= uucm ~ r~IJ.J1.<sIJi
~IJi~

'... ,). J '..X=--~ ')""
\)0 •

I)' T
Y=-'--= ').'\vf.... '-.~

\fJ\"Z=--=')TfT
•••

~I,) ~Iy;. (, I 1-.,).J' (, I •.••.,) ~~,)t.....),) j.!,)1l.. U:!' iJ,)I,)JI} 4

E=\J' •• v, F-\J"'"
I

. I
II I
, I
J _ •••• _ I

-----~~-~~-----~+--------
. la > b-1

{, ~ ... \~ ... " .

.•.... •••• I .•..··".·.

I I .............•.......•....•,I ...;c.••.•..•.•.....••••.'•..••...•......',....•..••••••

I ." ••.•.• ' .. ,"
\ I "". !/ 0.."
'\ 25.4 cm---------i~----r+--------I -.-- I
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fT •..•.:t...,. oJ E rt)4 ~r 4 ~ '1-" ~

:ll J.iJtI.r. • J' u"ev~;;t JJ LA~ ek- ,..:.:-~,.J.,~jl .
taP = ·yt" Acm~1 f taM=")' , •Y VT Acm-t

VM/VF=(bt - a')ja' =\~It)'\

:~)I,) ( 1 • V-.,) ~bt.....),)j.!,)1l.. If.' iJ,)b JI}4

')' ,,,,VTAX '''OJ'\ X IJOO"Y+\J •• OV=I,JT'"''f = ',J'I''''''''

f=')AT "'I'

..,-JlijJjl JI) J~I
,)Li=..:- ~u it ~ ~J.,,1iJl..A fw-ilij) jl JI) Jt.:...1 (0-.,) ~~ dJi4



"':"~jll..hl~ ISj)l~J~~ J.) .::J~ 4J.J.JY ~ J.J..::-t lJ.!. J~~ I.)~\S"

~t..,)I,)jl.,)~1 4 p ~~ISI.r.IS,)~-~~t.~.JJ '~U""Jlj1A~tj)J,)

l.T-1),) •..::-1yl::.)l.T-'~ jl ~l,,;. l&iT ~ L.I,":;"";I .~ tl~llSl~ ~ ~
~ JI~U""IJ P ~ J.it.,)I,)J~.J ..::-1.~ ~~I P 1S1.}t1S,)4j~t.IS.;!.j'..I.it I ~»'"

.),.,..,i Jl:l .r.j ~;; ~I)
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~MtSM"M

.J ':;':;"Y'~ ~Ji4i VM.J VF' , • Tf ~.r. ..:;..o..Y'~1 ~I,) ~F ~l J.)

, (._,...::.-.i) '~~J,) .)JY-.r. ~).) ISlJl::l.k....".::..~Ijl ~M I ~~.x.r~...

~..::-I u=4~I. ~4\S" ~~j) 1S;)l J,) J' ~I~ 1$>:"'.J.;S"l,. ~ ~.tsM
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.).,.:;~ JleI .r.j ";J~
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• ..::-1 .~ • .)1,) .,_.,

0-" J.J~
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-(; lA I ~~
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TJA(jU)'''AU

Y'\J '\

TJ'T"AUO
T

\' ')\
,.)\(.;li)'T"TTh
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Y') I
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,.~(S"" ~ ..'-' !llS""......-J .:;.) r t~J.J.l4.J\J"~..r)r:f.r.~ *
BAW - \ 'A"'l , 1\ '\T' , BA W - H' tt, "'H

..:..tt'.):!,)lA..~.J•..::-1 ~ ek-~ ISI)I,) 1(1 IT"") ~,)L...o~.r.~~J.Jh~ ~4

Jlo..~4i .~TU"'''::-,)''-lWJ~~.)i 1~,)~)I.} (, 1 r:-.,) ~.)L...o),).~(.~,) ili.•..
~jJl.! rj)l-J.j~-.>l.) ~;"I ..-~~),) ~J~.r. P.J;"t __:~"",,-.r..1:4 a



n'''U uaJL.;.. ~uj) ~l.l.y~1.::- ~I.r. (0-') J-,~ C -' A ~l)' ..,.:!,)u...~JI ~..:;....I
-••.• 'i _'.• ',", .• '., _ .•.•. ' •. ":'

~-'l..:"t~J,f,l:!-,o';':;~~~~IJ-'1 ~t.r. ~~ .):!,)u...0:,1 JJ, ,.).iI;~w:o,)b n':ff,~~
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,))~ •.•..•••••,..;. :;...,)~ .r-"-JI) fl"fTh 4 f,."U ~uj) y~ 6)..\ilSl~~~u )y..~

.• ..:;....1 fl"fTh'4''"''U Lw''':;''':;'yo

.4yl .••.•..I) (\ T-') J~ 4 p)l..IA.. ,,.-,J~
..,.....s;..) -,_~:; ••),) ~J, 'I) I ~~I)-,I o)=!-, ~~-,>.__;l.. a. I)' T ~ tl"".;;.j...

4 ..::-1j!1;)'! ~uj) JI~I)I..IA.. (, ,ro-,) <l.hL....jl•..::-!

'I='T)A+,.,A)I"IV ,pr x i"51 -.-:, 'job

J'I;.l;.•..~:...,J-,~jl ',. rt ...I"..I-,~.r. ',NF=· j. u.I'" ~)b r~j;,j ro J:,~jl
~ .)l:4.'~ 1 cJ,)\.) ;I.:i4 :VM IVF = ;'\•)'\.~)bIT -, J~ j~-,~1.~i;sM'="•)' '\ ;,A

;, .",i..l:!TIS" ..::-,)~;):!j~l)' (" \.T-")'J..l~l..o..

[ .).tAI"X\I).]
p=exp --.-, -.-. -----

• -' ',"'A X .I'\~j'\
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"

'\ ..:'\J.•~

I;M1:sM,;:!,)li..

Ilt'\
') I v A

'.110. '

.~..

.. ", .. ~.J'*"~~

~)I~.:JI~jl J.,..l,.. ~!.cJ-,,;y'Y,)i.~':i~ ~ ' "~r ..;.JlS::~~;P
.st..).,,::r-:I)J I ~)l=-,1),)~J~~, ~)I~ ,..;:.JlS::..i),1 ~l,.. ~w.cJ-,;y ,)1.J....j·~ ~r-'
~~~I)-'I~,;.yo *~l.l.~ 4 ~~ (t-!l::; •..::-10';':; ~;!ojl~t ;"~L- cJ,,$:.oJt>li

),) ~ J~T' Jil...l".. '-':!~ .::..)..\i ~l.l.)~t; ~I ,,;,:; O)wt "N ~ ~)).~ *
~Ti·· ..:I:.S'~ • .)u::";1(Jj-, '..1.0:»,) roUT) o,;,:;r.r ~r.)Jljjt,~)'I,)Jlji ..~~ ••:841

,~I fJ,).¥. ~. ~}.)]I '.J.i:;-. ':;";;'yo f,""t~I)-,t )I'oll.. J~cJ,)y'~' .~)j.p ,~

" ''' ...• ,))J-U Q.),Ji '? ~),)~~ ,)4j E)l~
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'." k . '1··':'-:.' ,oo,J •••..• " ,

lA~~':'~4 ~~lJ~)I~;?I) ·~<sI.r.~~)L4,;~,)~~4~ .~~. "
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0'!\.r.~-',,::-\,= \ ~l ~~~ fJ'TF=w.rM ~~ i~4u"

. t.FVF ()fbomo =.: ' \ a - ,
taFVp+ EaMVM
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: ~A.?..:;....;,)~.7-) ~1,,))1l..S~)1 ~)L)T·.:..)I....~ ":-P·J',),,"I"·trc.JT.~;'4:)

p= t)VfffiygF(T)cI>ox I·-If MW..

p = v)' ~mFgF(T)T-'j"c1>T x I" 'I"'MW

-' ;k' ~~ gFcr) , t.fN'"....-- .r. )?l) ); U'O t.r-lI),,1 t~ JS-~~'~v ...

•..;;-1 .k....,f-'JiJ.~"""" ~}i cI>r." .'f 'f •• m/s ,k...~ ~}i ~~,..:;.i~I.r.

~ J....G.7-) .:..'),)1,.... i~-"
,.x+tY+VZli

x-iy+z=r
rx+"y+,.z =, T

~ ~ I) .7-) c,'~j,)l..... I ~-~
")\x+,,y+vJ'fz= 0

x- .y- •.z= 0

.. vx+t)'Y+A)IZ:-' 0

)1 ft).;A.),) "r·u t.f;· .'~I)b B,.O,,' "I"·U )1 ~-'~~ J~ ~ I o-~ '.

B,.O J.,,>J;" ~I,)" "I""U ~1 ~I,) (....cJI) ~~ ..::-1y"uz.. . ..::-1J~
. ~~ ~.~ (,)) ~JI.J""~J."J;-, ek- (d ~."...&jlJ"" -.;+1 (y)
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Computer Codes

The ArgonneCode Center atthe Arg!)nne National Laboratory, Argonne, IIIinois,collects,
maintains, and distributes a library of computer programs Or codeS for the solution of prob
lems in rtuclear reactor design:and engineering. The Centeralso provides the documentation
necessary to understand and use the various codes. "
Reactor Data

Considerable useful data will be found in the Argonne National Laboratory report Rtactor

Physic,s 'Co;,stants, ANL-5800,L. J: Templin, Editor, 1963.

Bessel Functions'

These functions' are tabulated in many places including:

Abramowitz, M., and!. A.Steg\.ln, Editors, Handbook of Mathematical Tab/(!s. Washing-
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Ji4IJJ}'./J ~JiL..j ~I.)!~ .~~ y~ AS'~I jl ~ £ U--~ Aa(E) y~ ~ljT

:~ ..::-,.)!I.)!J.lL..U--

"~ ' , , tCE)=Aa(E)/v(E) (r-v)
Ja..~JI-U..4..::-1.)!1.)!~ ..6...~<JLj•..::-IE IS;}I~ 1.Jtr<J.J}'Y~.r" v(E) JS"

" .. ~ teE).
·t· "' '- ,

" fd-'-:t(E)' (",:""'v),
...

EI$;;'lj~ y~~j~l.. ~~'};a(E;) .J ..::-1.,Aa(E)= ~a(EJ .u-.~Tjl
~Y.):!j ':'J~~ <J1Yu--'Jy-v "-,bl .•••..•'~4~

01>,

, '·f • t(~),;;=, \ ,,' (t - v)..' '"

\ _ Prompt Neutron lifetime T - "M"ean ,dif£4s,ion"lifetimej. .'., ,.•...•. "



..:-.\

'[9~)b,..:;.;..l~),) &jl.:,.o. .s.lI»?I)),)~:;Ai"JiI,k,.,~..I..'Z4.l.., (!lJ'~~JL
;. ',' v

Vo TT.~• rols J.:;..lJ~J.)~Jl Eo ")' or.; ~ - Ia(E) = -':~(Eo)vo_
, . ',,,, ",' ~(Ft) '"
:~·Tu;.),,)'j.!j'OJ"';"'~ (t-v} "',)~J

I
t(E)= (E',) , Co -v):Ea 0 Vo

...I..'Z4U""E jl JA::-.J~IIf!t' )I..\i.. t(El.l~

\ V~ C')'td = ---- = -'\ '-v "
Ia(Eo)vo or IaVT

y.l,)li.. •..:-.lo..l..:o,)lA::..\ ga(T)'.=\ ~fp),) 4 h:-Cl,)J (, ,-Cl) o~b~j'~l,)~
• ..:-.1. 0..1..: 0,) I,) ( , -v ),JJ~ J,) o~ .;.5'..>.:.'t .s '"n , td

~~£ ~ .sl"n ~:;Ai" ~ ~l..jI-V JJ~

"J\ X \ .-:t

') \ t

1")" X \ .-"

H,.O

D,.O
Be

,) , \ V I (..::..~lf)C

0)",;... ~T),)..I..'Z4o~£J ~J-jlJ.p. .sJl..)?I) fl

~/;
'rVT(Ial1+ I'.lM) j

• ,) ~~ . ~I -'0 ~ ~• ~'.' 'Y . YU"".7-) " 'J~ .•..

v; I:aMtd= - -
. ~, . ~ . ...:t-~TvT""~·""aF, .""aM

ij,)-J:..l$~ J1. ),), tdMo~J.:..f'~I"n .h:...~~~l..j·4)')t.. .•U:!,);) J...lJ;.&JJI
~. ;,; ,,', 1. i, -.,";,. ,); ';Io,,:.::~' .~i



~,!JI.).1.A- .s1y,1.:u•.,I...;4u--(0 ,-., ~~L- ) ..;..,.:.."...~) 1..1'""O.J'&o! f ."s-...::-I (, - f) ..rily,

td= tdM (\ - f) (1\ - v)

~I~ ~~':~u,:5-I)~),) ~T 4J.1}'Yrs- "":-~ ..::-1 yy.1.. '.V loll:..

J~ ~Jl~ ~),)),) .Aa.boj,!.1~~4 yT.1 n-·u jl ~~ .1.~ 151)1,)

•..:.-1u31T"i)pl) ."s-~Tjl .Ja.
koo='I'ITf= \

~..ri •..::-1 f=.)o.& IJ-1..ri~.1 llT=Y)''\O (~-,) J.1~jl •.J..:4u--f=-'- 4
'I'IT

(v-v).1(,-v) ~·;bL-jlo,)U:...l4.1 td=Y)' x, .-fsec ~)b yT 1.S1y,(,-v)J.1~

Ip~td=Y)' X ,._f(, _.)tl\t)=I)'''X \ .-fsec

c.S1I.)9G),) u3Tc.S1I.4J.1}' Y rs- .,).xr u-- y,),) I).}) 1..1'""1511.)91).!:ad ~4 ~ l::l

~ }f/" 1I.4J.1)"Y I.;J"; ..::-1 .}) 1..1'"")pl) ),) JT 4J.1)"Y rs- j IA;",:...:i1.r~ ~.r"

, • _v ,).1.Aa.lp )I.>.i.. ~.r" )pl) ~),) .J.:...y,.};I..I'"" 1.S1I.1.S;)I~."s- ~ ~ 1..Ie:)

...::-1~lS

),) ~ d.Ai 1.S.,r-=:.\j' 1.Sl..t.4J.1)""';.J..:o)~1 ..:;.........i IJ-I 1.S1~1),) ."s-1.S).,.1.~

l..l4J.1}'Yjl ~,)I..\.JU l.J:!j ..:.-1~y'J1li)l:-l ~y. IJ-I .~ u--l.Sj4 l..l)PG~

!l),) .sly, •..::-1 <.S.,r-=:.\.j' l..l4J.1}'Y \zjl.;:....)n"·U .};I..I'"" ...::J~),) - ~ <.S.,r-=:.G

)~ ~~ ),) ,) )pl) ~ 1...1.::1)1,).,y.J..l>1y:.. ~ ,<.S.,r-=:.U .sl..l4J.1}'Y ~I

~G..::.i~4Jl,..j),) u3TI.SII.4J.1)"Y ~l....i~ if) ,~ -~~)ii),)<.S.,r-=:.\j' 1.Sl..l4J.1)"Y

.~ u-- ~~ .}JI..I'""Jpl) ~~I) ~, .".,..L...JL...),)•.Ai~u-

~4 G ..::.i~ <.Sl..l4J.1)"yjl<.SlojGJ-i ..:;.ilS:'; 4J.1}'Y y~ ~ ."s-~iJl

<.Sl..lJ-i .j.:! 4JL.j4y,ly,:r} Ip 1.S.,r-=:.\.j' 1.Sl..l4J))"y)~ ~~),) ."s-..:.-I ~I.1 ',)""::'u-

jl IJ-ly,~ .J.:.il"p- IJ-i .h...,,::..4JL.j I) 4JL.j IJ-I •..::-t .slo~j <.S1I.~I.1),) JI.,,::..

'..IAt ~lS lp' y~~ ~ J-i ~ jl 4J.1)"Y~ y~ ~,)~u-- ~ k"" ~~

,)1..\.JU4,-:-L:=..~I ~) l..l.:;J~ ,)1.Mi'NF(t) )l1.:u .,)""::'u--..IAt J-i),) 4J.1)"Ykoo

~lS lp..::.ils:..:;4J1..r.--'..:.-1 t .J:W),) ~lj'),) ..,......s::....>" •.. :iL. /"),)( ..::-1l..l4J.1}'Yy~

,..::-1 ..ri'y, ~

(~-v)
I- Mean Generation Time



:.)1.) .k-u:!j U)~~ lJ1..~·U""')~)')L...U:!IUJI ..::..)~

dNF(t)
NF(t+lp)~NF(t)+lp dt

.~\.r).),):!j U)~,,-! ~ ('\-v) .,)')L...).)~ U:!llJ.)\.))1)4

dNF(t) ke» - ' ..N ') ()---~--- Ftt ,·-v
dt Jp

jl ..:.:-1U)~ -".)L... U:!' ~l~

NF(t) =NF(o)cxp (koo1; ')t (I ,'-v)

..::..ZY,):!j ..::..)~"-! lJlyU"" I) (, I-y) .u.)L...•..:.:-1 t= 0).) ..::J~ lJlj.:.oNF(° ) ~

NF(t)=NF(o)et/T (H-V)

T = Ip ( I,..- 'v)
koo - I

• ..:.:-1 lS.r.>-tJlSLt.lJJ,}Y)~ ~.).&,).) ~- .)y::,U"" 6.l.::-<U IJy:..)I)~.;.J.u

J~4 ~IT"I t= 0 lJl..jtJ I-Y J~C!.J;...)y:..)') ~ U""if) ,.-vJl:...
~ \J:!I~ ).)1) U)J.i ~ •.;.;.)U"" ,~ d-:!I)I ,) •• \ "-! u ••• jl ke» ~

.4~1
~)b (, ,..-y).u.)L...jlU:!I,):!~,..:.:-1"-::ilt ,.-~ .Ar.~}J Ip ~ l't':!)I.) l-yJ~jl J-.

I ._i
T = -----~-- =.)ISecIJ"'-I)'"

...:.:-1~lt~,;. t~,.;.;S' U"" I~ d-:!I)l el•t ~"-! (U)..liJ)y.; \Jl!1..r.~

).) )J.::.n) ~lt .) \ ~~4 III •..:.:-16tJ."s- ~ .J...:Z~b..... ,.-yJ~),) .s-\S~~

n ••• 4e' . .r.'.r.1f.:!",.#4(..::..)J.iJ)..::JL~lJ1j.:.oJ,~b ..I.bly.~~ \. ~lt ~ ifr
~lt~ ifr ).).))""U"")l.)uIJ~~ u)J.i4 );1) I~I).) Jl .-4~U""d-:!Ijil )'11)'1

~ lJJ-4'~-.J...:Z~ ~~ .)y.."-!.)y. )i ~I ~)U"" ulJ~ n ... "-! lJi U)J.i

• '>":;;U"" r~
.::-1 6~ ...;~ lS.r.>-tJ\SLt.lJJ,}Y~ 0T).) .s-~J":!~ U:!).)",;~y.

lSLt.IJJ,}Y~..I.bly. 6.)1.) lJL;.i.):!j).).s-\S):,t."-! • .;.;.) ~ ~""':;';I) ~IJ )y:..)I) ~

lJ1yU""1)Lt.)y:..)I)~ ).)J..I.b')U""d-:!I)t I) )y:..)I)~~ lS'~')\..,,~li ).,,1"-! lS.r.>-tJ

. .),?J,;:;.f'Jl...T"-!

I. Reactor Period



\S~~~ \SlfiJ;lJj l, Jji)IJ

4-'.1 ~jl ~/' ~f:ii.J -'::-l..,..J..:2....1ij":1,).J;;n) ~ ,j.j~..::..l.z...~)~

~.:;....I4~ LI)! tY!>.r> ~4) J::W" •.:;j.fP)~I) lS~LJ lSl.t.0.J}"Y 'lSl.t...\J."..

lS~lj lSl.t.0.J)'Y 4.J.f ~ r'>b.Jb.)~ ~~yZtf if} ~~4~L. I) ~ ~llSl.)I

..A:Ttf~~.JoI.J~y.c..l..$~j~.:.X~ "':.f.'Ujl~'~...!tfP)~

~~4 JI.i'"! .;:....1LJ>:....· ~~...!tf P)~ ~~ 0~ d)l~ )?I) .!..~

lSlot>0.J.J"'YlSl.)I0l..j~lj~ JJ~IA..,.w;40l(..jl JA::-. .A:~~jl~~.,1.i~~Tjl .i..:Zl:-i
, ' ,f

(r I-Cl JJ~lA...).;:....1.)Ij ..::..)-"",oI.Jd) I~

. -- do
ST - La <1>T= -. (, t - V)dt

J~ n.J .;:....1l..S")I~lSJ)1 ~Uol.J 0~ ~ Jb.)~ lSl.t.0.J.i,i ~ J~ ST S
~.:!)b("I I-Cl) JJ~lA...jl..i..:Z4tf~jl~ lSl.t.0.J}"y

T

<1>T = .I .nVTl 7t

(\ p'~ ".)

(q-v)

...:;....;y~..j ..::..)-"",~'0IY·tfl) (, ~-v)~~lA.....:;....;1 td ~ lp J~ 4"rO-":14

STdlilT

=-...- <1>r ;-Jp-d - .,! (~Y '":""''1') ,L· . t .... ' .a

~ J~ koo ~.rYoI.J ~~4 ,J.j.i..:Ztf~lj JT)}.oI.J ..:;.Jl~ lSl.t.0.J,;Jy il...J.f1
" " ~ ''' .. : - '." ..

. (,-"1 .J~lA...)4 ~y....u.'r A.l'l

ST = kcoL.<1>T

JT<J-,}:";(, .-. P).--s-J.aAj ~ 1.)I~.JJ..:.::......t.lS~t..:;.;lS;:~ lSl.t.0-,}"y j I ~ ,;..s,Jl... /'oI.J-------------------------------------.--.-----. -. -,.,- .."

\ - Precursor



· .ST.(JT ISl~~-,.)j"';)= ('.-:.~)k,OOtl1WTd • "

r*'" \J.!I.)I~ •.~~IJ'~ ~r~~Y. ~ ~-' ~ ~wjl ~ lS.r.i-w~-,';jj ~
y .••••~Y ISlI.~ "-:!,r,oJ ~\fto4 ,A,~~j\~ lSlI.~-,,;y J~~ lS.r.i-tJ lSlI.~-,,;y

III ...;;...1~J..:;..I.:.5"'~J~ lS~w·~l.i.~,-,)"y ~UjJ y~jl Jl) J~t 'pJ~

ST (lS.r.i-wj.$~';:'~;Yj\) =pA.C

~I~ ..,......•••.)1~Y~ ~ C-'~Y ~I,,-:!~' ~l'" A.~UjJjIJI) J~i p~

~)\~":J;4 ~l.::i~';jl •..;;...1 ~..r-,_-:L..)~ ~I

81'== (I -~)kootaWT+P~C ('A-V)

-,-:!T~..;;...~~~)IJ""lS"a\S'.)I'lS\~~lA... (, V-V) ~~lA...)~~I) \J.!\~~1~}}4

pAC " ' d~1' " ,
(,-~)k<»WT+-=--"-c1)T =lp-d'" ('\-V), ~., ta

~J~ •..\~TIJ' ";;,,,~~.r.J J:i)'~..1.:.5"'IJ"~' I)~.J..lSlI.~ ~.~ lS1~.sb;.;.

~ ,:;,••.:1.)1';' , l.S~lJ-' JT '·:::";\..<::..Z<.SlI.Jj';Y~Y .:"J..:; ~ J..:; o~b ~L:;.;(0-')

Jl... •~koo~aW1'/P 4..;;...1 .)I1.)!lS....~wlSlI.~-'.; ";.:\;Jy.:"J..:;.l1T8iafW1'=koo~aWr/P

~~~~ ~ '~)JTIJ' ~~-'~ ~Y ~ ~,"-:!,r,oJ ~)~ lS.r.i-w·~-,';y./' ~~

~lfto 4 ~Y ~ ~I .~kooi:aWT/P 4,~\.)I'.)I'~ ~Y lSlI.~ .>.:-'Y Jl,r-..

. ..1.:.5"'IJ'~' .r.j.A.J~lA...~ C ~~~IJ' "-:!~. i..c J,,-.

, ·de '~J3KOo~a:4lT ~', .", (T v)-- - ---'--I\.C .-
dt p

; :,~ .. ~.
c4 Wr~ IS'.)I -'-:!4 ~ J..:;:...J. ~j J::-il~~ ~":J~~, (r .-v)i (, 'I-v) .:,,":J~lA...

0,- I., ° '"..• ~."....u-',i.) •.•~.

JI~J?IJ t==,oJL..jLJ,~ 4 if)·.~~ )ii)~I) oY-,J~L,....4"~Jl... : ..
J~ )~I), ~ lSJ",k~ ~~IJ' .,)I~,koo )~~I.d.J ~,~ .J..:;~-.s""kOo -:- 1-,.;;...1

.~ ~ t= 0 j.t ~Jl..j, ~ IJ WT ~ ••I tj":J,.~~~ J'~ ~4 J'1~

~~.~ ~.r.j .:")-",,,~,l&iIYe'"..s-(J.!l if)4 JIYif I~ oI,ll•••••• \J.!l,,/ '

cp=Aecot (T I - v)

\. Decay COnltant



(rt - v)

(n--v)

J

c=coe{J)t (n--v)

C!I"':;\J.!' ~~bJI.J~ .~y:;,~ --4~AS'..::..••1 \)4~ QU.l.:; •••,o!> ~U" .):!~lA...Co J A AS'
'--4\.1" ..:.;.....~~.):!j~ 'J (,... -v) ;J~L....J~

~VaAc,,=~---
, p((J)+J.)

~;).Jl..!"w~....A~y:;,l..!"o~b;l} (, '1-v);J~L....J~(n-v)J (,..,-v)c .••:bL....Jco.?J

.••••Tl..!" ..:;....~~!.):!j ~!IJ AS'

(, _ ~)koo + J.Pk~__ , =<01
ro+A P

~y:;,~y.):!j ClJ-"""~~~ ~ IJ AS'..:.;.....I...~

_k_oo_-~' o_,l_p_ + 00 ~__

koo -, +(olp I +rolp co+A

~. ~ .J.,~r ..:.JI... \J.!' J~ J ..:.;.....1'~-'::;:nJ .\.! J~ (,.. '('-v) ;J~L.... ~ ~

l.:u'~~l..!" 0~1~~~ P ..:;....,)\~l!J..:.:-1 "::'"~l )?IJ
ka:> - ,p=----

koo

~"'::'l..!"~~ .):!jClJ-""~~~'J ~J..bt..J?'J ~s;:-~ISI.)<

(rc-v)

,,:;,,;y.):!jClJ-""~~~IJ~.):! ~1..,.i·l..!"IJ(,..ro-v) ;J~L....

p= mlp +, .,~._ .. .1 (,.i --v)
, +rolJ- \ +())lp Cl) +A

LP.! )iUJ~ jl~ ...:.:-I 1S';::=:'t.~J';y oJ./.:s::;~~IJ ;J~L....~WJr-' ;J~t- \J.!'

ClJ-"""~TJ~,..:.:-1 JI~ J"';JJ-:nJ ~.fl AS'..I..ZJJT~4--44,~-,::::nJ ;J~L....~I

•..:.:-1 ~ ~~IJ ISIJbJpl) u~y:;,l..!" d..:.J1... \J.!' J~ ...:.:-1 ~ P J k> ,

J?IJ ~"'::'l..!"~ ..I..Z4l..!"~ PJ k < \ ..:.:-1 JI~.:.:-jJ?IJ ;.?J ~~Cl)~~

- GO 1ft pAS'JA~l..!" ~~ (,.. Cl-V) ;J~t-.. '..I..Z)JT~4--44...:.:-1 ~ ~~'J 1S1;l~
.;.;S' ... l:;• l..!"~'

,- Reactivity



~.::-I)~ u.. , 1; IJ ••• 0=!koo ~~ 1.Jo1,r ~~I) 'f'·V J~
~)b (,.o'..v) o4.l,)l....jl :~

1)"\-\p= ~\ .-1"
\)' . \

~I Ip..:;Jl...Ifl~,).~~~ k);)~ ~ ~.JL.....P 1..:-1 kJ,) ~ ..•~1.?OJJ¥'~~TjI

•..:-1 p= \.. X \ • -I" = .)\/. I~ ~),) '-r"""""".r.

~ .l..Z4~ roj'~r..,)lA...J)pl) C:!~I) W=!~I~\)(,..,-v) I~~\)o4.l,)t....

(,. .-v).J (, 1-v) J::....il';'.,) o~,)t....~~I~ (,.,.-v) .J (T ,;,;V ) •.:::.'~b\A... 4Ji .sIr..

o4.l.,)l.....s~~)~4 4Jl-.~ ~J:=-ilfi.,) .:.~,)t....J.o.d 01Y..r )l.,...;..:.I~ .~

(RHS) .,),)l......:-1) .:.;.....-~) c.f.J) IJ.!;:.&-/•..::.-1pj •.I.S~jlJ.l:" ~I.r. (,..,-v)
0L:.iJ~),) ~ ~).,,1.~.~4..r..:;.. ••lo~0,)1,)0L.';.j ,-V~),) ~ ~).,,1.~ro '-r"""""".r.

)Ij~&l&j ~);) o4.l,)l....~~~) • ..:-1 ~ J..;O.W J.- ~I;I,)~ Ifl' oJ...::;0,)1,)

..:;..1l.• .J,) .~ ~ ~ I) P ~ r..,)li.~ 1.11;' ~11~U.~ IJ.!I~ J~ '..I.i)b

.l..Z.u.ly:. o~.,) .p ~ r..,)li.~I'p ~~,) P..::4- r..,)li..~I.r. ~. :..::.-I•.l..Z 0,)1.,) 0l.:;..i

. .l..Z4~ r..j.:.)~~ jli~lj:IJ.!\.r.~ .,))b.,)~.J -.-P.J +p ~I~ Ci>,. , ro, ~~)J,)~

rot . rot ..

w1'-A,e 1 +A,.e ,. (TV-V)

~ .w~ ..1,)\1.. A ,A• \,,). Eo ,. ,

~UJ •..:-1 ~ ro,.J ~ ro, ..:-1 ~ P..?J ~ ;)~~ .~;) I-v ~~ j1

~ljii eG)·t~ l.r-' •• ~jJ r~lr;,)jJ~ &.l/jl (Tv-v) ~~lM rj,).:.)o/- 0L.j ~

...YJa..)..Ii l.1 IJ.:J.....A ~ ro,..J rot c.S4~ J,) 1..::. •• 1 ~ p ~J I~;) ':')o/-~.w4t.!~

~ jl JJic,J~jl ~~...- (,.v-v)ihLi:.. rj~c,j4.t- O!I)!~ •..:;....;\(l)jJI ~ (I).,. )t.G••

~~)iIP~ 4 ~..;;.Jlio.J,)..!'),) .•..I.!4~ d-&fr" e0tt~~jJ l~ j.I;)J)~
rot

.~. ~ If J.:..oe '

wt
47-40 e ' . (" A - ,,)

l.?Y- I;)"';~ d,) 0L.';.iT '-IJ ..\.:.tU)I..I.:!~~~ ~lf\! )~I)~~ 1) tb, U"'~

T ..... \.---.
ro,

(To. ....•.vT

~.,; .Jlj':")-,"" ~ 01jS~ ~ Jl' iJl4.i )~) ~ '.r. ~

~ -i" et/T (t. -Y)



,. q, .'

-RHS
.--- I

.-----.• p = )

~
\
\

Negative-p

I
I

'1
I
f

~;":'t"~1AC:U)"Y•.Jf~ lSl.n ~_J~:n)jJ"t.... r-) I-V ~

.t.;!J\!:in)...,,,t.... ,.J,.;U-- Q.f )i;)" •.J.f~~ laM '-?4-4IlS~li lSu,c:,.J)"y•.J.f~~w}i
"""t.... . ".Y-U--.;.~ LI)I (jJ ~I" oNtol;'l) (r-t-v) <l,l!rL...J~ c:,L... J....I...

•..:-1 .):!j .::.)-"",,41 ~ ~~G

, (DIp 0>' ~ . ~i " C )
P= ,+coJp + , +mJp i-=: ciJ,~Ar' "'.h ' . "'.\ - V

...,,,·t....~G..::- r-) ~...:-llS~li ~u,c:,.J.;,.ti~li •.J.f4l1-'!.r~i) Pi ~G U:!')"

.:.p, p l.! ~ p ~1.n ~) ~ \S1)b ...,,,L... ."s-""..zU-- ."I"c:,~JL.T 41 (""-V)

..:;..iA,~~I.J" ~4-4I"~ U:!l)" L..I,..:-1 ~~I ~ t~)~."u .~I

~~L..j ~l,j14 i.S~t"~.J)"Y •.J.f~ ..:.JI...~..:-)" ,Jt...~)".f"!)I" ~9--f'I

.~ l.! .:..':~. p ~ ..:-1 ...,,,la.. ~) ~.JI 0>, 4)J.:)~~ eO>' t ..::..-41 ~,,)1~

jl ~I-''''·U ~T..:;..;..."...."s-lS)~G lSl.n ~x .):!"!i..· •..:-I 0>1 ~.r.i)p-I) ~;.)

•..:...::I•.J,.;.",b ~~ ~~') ~.n (r-v) J~)".J ""..zU-- ~l-. ("',-v) ...,,,la... ' ...., -

~ ~)" I) I-V Jl:.. (..Jr- )~I) ~;.) r-v J5:.zjl ."lA:...I~i-v !Jl:..

.• (..:-1.~.,),,) r-v Jl:..),) ;l.).lS)l.u,..c:,w) if ~ I) •• I 41 I) •• jl koo

.t.;!~I) ,...•vJl:..)" •..:-1 4U' Ip~ \ •-f ."s- ~·.,)I.) iJL.;.i I-v Jl:..),).ja



T ~. , •
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\- Fourier's Law

Y'- Energy Conservation

y- Thermal Conductivity
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V
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,_ Divergence Theorem

T - Steady State Equation of Continuity

'/'_ Poisson's Equation
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\- Heat Conductivity
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4 ..::-I.r.'.r. ":;":;'.J- ~ 6:.! jl 4J.::.<;Jl.:i..~L.hl~IJ.!1.r.~•.)".::.~
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,)~~ J..)y ~)I.;'"~ L: ~ ~u U:!I),) cJ~ U J..Z .Mol."..:.o~,) 1..1::/1 (f-" )
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..::-1 .;.,.. ~ ~ J..:..I,) J,) T - I
T( 0 )=Tm -T

• ...\..:Z4 \5" .:;..a.." •• .k...J'::")Y"'" ~ J,) T m ~

(f f-A) "-',)I-J,) IJ""""" yl~ iJ:.f U:!~~ 4 ~,).; ~lf iJ1ii\5" JL..T4!
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.,)"::'If' ",)b

q'" == Se-J,l x (OV-A)

)ai),) ~ y~ ~~ ~I L.lf' ~I ~I.r. p ~~ .~ ~l.f .r.,)lA..P.J S JS'

'" .f"•,)>-"If' ~.r
(,..,..-,,) ",hI.... , ~..la1~ o)l.J"" ~I.a "'-',)1....),)(OV-A) "'-',)l-lJ,)l,) )'.J4

•.l:!TIf'),) .r.j C1)-"", ~

d'T ~e -px== 0
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jl..:;....1C1)~ .o-~Tu" ..:;....,)~uil..T~ "'-',)I....If'~ y~
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•..I3).JTIf'..:;....,)~~):r~ Ir~ ~y4 G Cl' .J Cl JS'
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.l:!TIf'),).r.j C1)-"",~ C1;1.J""~),) ~jy ~I.r. Jl.&i~I)

T=T,+(T,.-T,)~+-S_[, -e -J.1x_~(\ _ e-pa)]a kp' a

(O\-A)
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JlA::il~.)~ ~l) •.>.5" If' J.A:::..."IS::::...,) jl Qt.:.~ I) C1)I.J"",)y.. ""'.Y~'J?G ~~,)
~.)J-"" J,) \J"J lJyli4 (jlf'~ ~L.) ~rr:--~L. ~~ tb J...~~ ~ jl C1JI.J""



q"=h(Tc-Tb) (,. - A)

1.../JtA:i1~~ .0~4~ h.J Btu/ft' -hr ~.r. JL.)"~jJ q" ~IJ U:!'J,)
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l~ifrJ,) ':l.,..- ~L. ~JI.;a-~J,) .o~T jl ,.;5"IS' I~ <J4~ ..:-1 ~ ~
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\- Newton'. law of Cooling
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),,-..)!,)~ ~1;:...t.JJ>'''''''''''J,)~.J..:)~ IoJJI.J"" J'-:- J'~ .)~1 ~~J,)iS'~J~

~.)! (.".,,) ~jl·'c.;;I;ll"~,,1i ~!J ....\:5'"~I~ ~~~ .~~~~ 4
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J.,)YJ"V& I~':"~ 4~jl' ~ ",s-'~I:t~).J~~-"",~LA4\j:! ~~I~,
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JI.Il. ",)-'JtJ'~4 *<:iTb·jl~l~ 4A.j oJI.>--~p ;j~ cfy~ t.f'::"':'"..jl •.J:.:S'
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.pAcdzcpdTb' ,
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\_ Erythrocyte

,.- polymorphonuclear neutrophils
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L.\S"~I Jlf.. - JJI ~

I ~ tjt ..,.J I".; ,- t •

~,;/~)U)~ Eo .sJ)l" 4>0 (1$';;4) o~,,: l::...l)6J L.lS"~~l ~)4 6::

~l" l..lS"~l t"; J,)•••••": If, t..lS"~I » o)~ " J.,.a.i ~:r.; ~'),) *
~~~ J)\.bl



L,,"

~b~.)~-, Jou-.Ji . .)"":;t,J" .»)1-, I-I •~ ~lk.. a ..:;...L;...,;~.l;LQ,...~~ fi~

:4 .),y. ..l.1>1y>- filfi P ~).) u/lJY.r. u~ \ \_'\ 41.-1-"-0 ~Ua..

cmr/g ~fi (Jla/p)air 'Mev ~fi Eo' y/cmT -sec ~fi ~o ~

.~~ IJ\yt,J" '-.S';~"'u.. U)"""~ ,) (,-\.) 4I.)t- •..::-1 o~ ~~ Eo '-.Sj)').)-'

xo=c~o (,.-,.)
4S"

C=.)·,o\Eo(po/p)air (,\,,-,.)

.::-1~o j I o-,U::.. ,)"":;U"'c;J1,;. .l;u...j'~ u-lL.lf' ~I '-.S}.i ,.l;J.a.IJ.),y.4 • .::-\ Eo j lu"IlJ

.,),)f t,J" ~ ~~~.r,a:.. P .u.w),) X~'-' )l...u.. ~ •.H_-,

..
..rPo

..
....

.l;LQ,...~ fi '-.S,)-'J-' '-.Sl..~ ~I '-.SI;..I) 6.:i ~) 4 ,- \ . ~

~I).) .~)t,J" Iftjl ,);-t,J" ,»)y>-fi o,)l..~ IJy~ ~~)4.J" Ji .),y.t,J" iJL..Tcl» ~\;.:...

.,),y. o,).f:J ,»)"... fi l..~ ~\ '-.S}.i filfi cl» 0)"...,

~u=cI»oe-l1a (t - , .)

.,)-')~ w=jl .»)y..fi.J"),) l..tr~1 ~u...\:....::-1Eo 1S])1),) J.,)~ ~~ p ~

"r-' , Ja.)t,J" .::-,) jllS))' ,J'~'.x }I ).) .laM.~I IJ~ ~~),) , J~ IJ1p~

,),I~-'Jj'l.rl 'Y~ ',)~lf' ~~iS,)-'J-'IJP ~.!''&3 J..}y-, ~r<J',,:i•.A:!~),)

0);' I r~yc.. J.&.~-,j~,,; r~'~J,) .;::fu.J ,)"":;t,J" J..}y x ~\ ~~'..fi o~~

.....• ,).;/t,J"

~ iSl)l.) ~(I-\ .),'~ ~Ua...l;u.... ~~ is])\ 6.:i ~J4 ~ ,)-'J-' iS~),)

~Ua..~~ ~iS')I.).~j' ~..,...c:~,.;:...;.rM.TT-I. ~J,) ~~T ~iS])1... - .

, _ Annihilation



.J~' o~ o..I,:.n.x~lII>~'p~1>1.•••• Eo),);';; iS~ ,~ Ii:!'),) •..::-1 (,..-1 .)~

~,)t- J.=...J4-f'1 ~~ ~~~ (,.-1.) ~ ~~ ("'-1') ~),) ~TJj:r.

.::-I~~ ~ oJ:.)I.x <.S~~'p~ 1~.••.•'-':b ~~ ..::-J •.::-1 o~ 4.,f"(f-1 .)
•.::-1 r~~~ 1~.••.•<.S~~lJ.J ~.rSO!J::iX ~I~ 1~.••.•~UI~ ~.J

.::-I~ Ii:!I "';..Iil>jl GJ~.J ~)l:-l "'-1 • ~ ~ ~ Ji,) ~t.-

Eo E

j;~ jl ~.J;>- lotS'"~I <.Sj)I'-':b "'_1 • ~ .

~f. j;~ ~ ,)1.".. .<.SIf. ~<)(E) O~t.- ~~ 1ii~.::-IJLn~.::tI),)

~ \teE) o~ ~t.- .):!,)l;i...~ ~la Q./ r4-i1 j;u..:. ~~.J L.lS"'~1 <.Sj)1

.,)~~ o,)u::"'I.):!j ~I) jl ~lJ."r.xo~ ~t.- lSlf.

E '

X :::i:::: ') • '\. ~ f ' C) <)(E)E{Jlalp)airdE
"



, ,
X=XJ3IIl(~a)e:-,J1a

,~".:.iJ'.~I~(,-, ,) oI,ht.... ~.J,,-!~..:;-,.J.;u...~Y:'.Ji~)~~\.j"";.r."::'~ Xo ~

jJ~ ~.r,-~.J ~U \::..';.tS::; ~;4 1$1.r. ~\.j"";..,.J .;.tljl ~.r,-G Bm(~a)
,~4if Eo I$))I;~

..:;-'.~.~b(,-, .) J.J~;~ 1$))1 "':""""'"'"f. *~l.".. jl 1.S~IJ..to:i1.S1f.Bm .r.~u..

~.r,-~I ~'~4 ~.r. J-:I- .>.il"";if Bm 1.S~~ .r.~u..~~"':'if .~~J.J~~UI

~ ~T .J.;u...~)."..;~ ,j.:... •.).J:.~iJ'~L:.i~jl..J;u...~~"-)~ I;.~•.J..:.f'l.r.~\.j~ 'jl
I • f.'.r. ~}.iBm .J":;-' "MeV .s))')~~~)~ ~ljTJa...~ ~...J'\!f.lf. ~a= , •

~ ~:>,y.;.".. .:.~"-~~f iJ' .;j".. Ij.;.tljl~-,,*-}1~ ..:;-t~~'-4~1 ,~4if

.~~U ~t.,;~ I) ~Ijl ~-"" ~If.~ .~,y..~1 .~ ~-",,4 ~\.j"";..,.J .:.~ ,~u...
J.J~)~~ 1.S~I."..I.SIf. Bm.r.~lA.. . ..:;-I~·\ ~~ jl oI.;...~~\.j ~ Bm ~~Tjl .~f
~4~,=,-~).I..IJ.~f~))U~).".. <s;)1.s1f. Z "':""""'"'"f. Bm ~)4 ~t.,;if l).~ .~l~

J).;~P ~ )~ I)~I.J ~\.j"";.r..:.~ ("\- I .) ~~t.....~).JT ":;-~4!I) ~."ua..)I..u..

• .).J:. ~iJ'..:;-~4!, C, -, .) ~ J/lk.. tu... j'~,)

~t...4! ~'''''; if ,) X 4! L:;... )~"-!.J ..:;-1(11 0 4 -=-L:::.. Xcr( , -, .) ~ ~ t.... ~ f.
~~.;~

X= C(IIb ( V - , • )

~1..u~.).J:.I.".....J,ity;.~lj' <s;'; (bb ~ •..:;-I.~.~I.)(,..-,.) ~~t....)~C ~
~J/lk.. P ~)~ I) \.S~\.jY..,.J':'~~t...~~I Eo <s))'.tS::; l..lS'"~If.lf.~..:;-I
.J(T-I') ~:~J~~~~b)'j4~.).J:.~if,,::-~,,-!~~T)~ l..lS"~I~'.J\S}i~ (,-,,)

~,)b ~~; ~I"";~(.,-I') ~.)t....).)Cv-, ,)

<S~~ \S1.rJ~iJ' •.>.i'.".. (~.) ~'j' ~l-"" ~1~'~ljl ~I.r,- ~I *
~~ \S~~ .<sIf. ~I,j' ~I-"" 'Ue! J'j.;;;..1 , JL.;~4! • ~ ~"-' ~~

J~ HTO <s1f.~ ..:;-I,.r.t-U 4 ~~~·<s1f. ~ .).J~ .;...~4 <S~~.J

,MtV j1rS" ~ ~<s~<sJ}1

~~F;;r~:J' ~u ~j:;;~ljT 1...~';"-..H I) ~d ~a= ~ ~~Tjl +

'. ~L' :.~~.~~~ .' .~A '1 .) ~l'T 1... . A, ... tu...·· I.:....,___ .__ . __ .ac._.~~ '.J).J~ .. ~",,).r J .~ ~ ~-J:i ~.lL ~ •••••.••.~L



1- , • J.J~

1;:..1) 6:i ..:;,.;.:;~~I..r. c.i-I;Y.r. ~lyl ~.;-P
----------------1'

Eo,

. ,/-LaX

Material MeV12471015

Water

0;52.634.299.0520.035.974.9
1.0

2.263.396.2711.518.030.8
2.0

1.842.634.286.969.8714.4
3.0

1.692.313.575.517.4810.8
4.0

1.582.103.124.636.198.54
6.0

1.451.862.633.764.866.78
8.0

1.361.692.303.164.005.47

Iron

0;52.072.944.878.3112.420.6
1.0

1.922.744.577.8111.618.9
2.0

1.692.353.766.)18.7813.7
3.0

1.582.133.325.267.4111.4
4.0

1.481.902.954.616.469.92
~

6.0
1.351.712.483.815.358.39

8.0
1.271.552.173.274.587.33

10:0
1.221.441.952.894.076.70

Tin

1.01.652.243.405.187.1910.5
2.0

. 1.582.133.275.127.1311.0 '.
4.0

1.391.802.694.316.30
6.0

1.271.572.273.725.7711.0
10.0

1.161.331.772.814.539.68

Lead

0.51.241.391.631.872.08
1.0

1.381.682.182.803.404.20
2.0

1.401.762.413.364.355.94
3.0

1.361.712.423.554.82:7.18
4.0

1.281.562.183.294.697.70
6.0

1.191.401.872.974.699.53
8.0

1.141.301.692.614.189.08
10.0

1.111.241.542.273.547.70

Uranium'

0.51.171.281.45~.601.73
1.0

1.301.531.902.322.703.60
2.0

1.331.622.152.873.564.89
3.0

1.291.572.133.023.995.94
4.0

1:251.492.022.944.066.47
6.0

J.181.371.822.744.127.79
8.0

1.131.271.612.393.657.36
10.0

1.101.211.482.123.216.58



(lV=fPoBm(pa)e~ . (A - \.)

cJlJ,)la.. l.!

fPb=f>uBm(pa) (~-, .)

. ..;...1(f - I .) 4J,)t- 0,)~ ,))y..). ~".u I) fPu ~

tu..~4! I ,'11/Cm'-SeCl.J~~ TMeVI .•\3"'~I~)~~ '-'0 Jl:..
o,)~ ,)JY"-..x t,$".u (UJI) ~b... ..;...lY."uz.. .~y..~,))'-';:..::;::l..., • ":':"'~4! lJ~r

• tu..~,) ..::.-),) ~lJ~ .r.l.J~ (er) l..lS"'~I ~ ljit ~".u (y) !.a.ip

~j)IJ,) Y.r- t,$1.JlflIp = ,)' t 0 vcm' /gf9:!) 1,)(V - Y') J.J~jl (UJI) • J-.
.~ ••I TMeV

J.Jl~Tjl

Jia=')OI"X 1'=0)1" , p=·,)·toVX II)T't=')O,,,cm-1

p= IU'" t g/em"
~)1,) (£-1 .) 4J,)t-jl

fPu=' , 'le-a,)'" = I' 'I X 0)'''' X , •-"= 0J'" X I'" 1/cm' --sec

0,)1,) ;.!,)\1.~101-"" cJ~ J..s.~~ ~ I) pa= ') I A t,$l..xTMeV J,) d-:ljil""r":!.rio (y)

Bm=TJV"jl"::-'l.JJ~~ .,);.JT"::-,)4!pa=v, pa=t t,$I..x('-I .)J.J~J,).~

~ ..;...1..x1..x~ 'ji' t,$".uVI 1,Ji ~

(l)b=(I)uBm(pa) = 'J'" X I ." X T)V" = IJ 0' X I • t 1/em' -sec.
~~I.Jl~ XJI..IA.. (t>.

X=C~= 'J" 11~Eo(Palp)ail'ctb

I\-T' J.J~ J,)' .~ ••Io~ yt..... <.Sj)1 VI'),) (J1a/P )air, Eo= TMeV J.JJ"""),)

(J.Ia/p)air = ') ."'""cm '/g
Qt,$).,J. ••.t.

X = 'J •, 0~ X T X •J ' TY''' X IJ 0 , X \ • £ = t "),, mR/hr

(£-1) ~jl .u..;...IVII (t> .:;......;,~ cJ,)).JT "::-,)4! t,$'.Jl~,) ';o,)l... tf.J) ~

•.AA,)~,)4! 'mR/hr ..x1.;ilol-lj~.r.l.J~"J T X I " l..\3'"~1t,$".uT MeV t,$j)I),)

,).Y':''''' ..:;..l """ ),) VI '.Jl ~

x == U· '\ X \ • £

T'.JT X \ " == t A)" mR/hr



f ~f

Bm(tta) ';':ljl~~.J~4..r .l;u.~.r. ~"... I;..G~~.s::·u4 J..~~ J"'; ~

~ L.....t'.Joi I ~ ~) ~ .;.: Ijl ~ I~ • ~.r.)\,)~ tf 0:!G I ~}; L.....) ~ lJI"r..r .l:WG
Sr/sec oJ'.l.i 4 lJ\.-l. iSl,Uw ~ ~ i J~ lJlp~ • .::-1 o~ ~b...iSjL.J;~

~lr"rA ~~ , ~L..0:!I)~ '~.;/IJ' P)~d.f Rt~~ is.J..!'.I;~ GcJTl..i1).1 ~

.~Y.;:!j ~)-""'~cJ!"r..r I) .l;l.Aa.&-lS.J) lSl4kAi)~

X =XoBp(ttR)e-IlR (, . - I •)
~~ Xo.J .::-\ cJ\.-l. iSl.uu .~ ~lr"rA ';':Ijl ~~ Bp(ttR) ~I) 0:!G~

~ .::-1 .l;l.Aa.lJ~~)~ ~lr"r.Jll

s
C»o= txR'

(11-1')

~)b (£ .-'1) ~~\.....l.J"l-I.r.

(, Y- I')

C»u = Se-IlR
txDf

jl .::-1o)~ .cl!.! ~Ijl is;;

SBp{ttR)e-JlR ( . )
C»b = --t-x-R-"-- I t - \ .

.J Bp ~ ~ ).Jhl.!~ 4 oj:!.J~•.::-1 o~ o~b (,. _\ .) J.J"":-)~ Bp o..w; ~b... .):! ~lR.•

•~.J))\,)~ ..l.t4lSlojJ..J~t......)~ .l:W~ J.:::-A ,iJlA::.. ~I"r ~\,) Bm

,McV is;;' 4 \, Ay/sec o)..Ii ~ lJ\.-l. iSl.I.kAi~ ~. ,.-, • J~
)~ ~lr"r.x ~.l..Z ~I~ Ji .~~o~t,))Ij ~T is.J..!'.I;l.Aa.~),) ..l.t4~ •.::-1

't~4 ..l.t4) ~ .l;l.Aa.t~~4 'mR/hr .xl.r. .l;1.A..&

~ yL- I) ~ljllS.,u ~ ..:;....10:!1~..Ii~.JI i t.Joi 0:!'jllSl~t......),) .Ja.
III . ...IA..l.1I)p,)).J-' ~lr"r.Jll ~~ ~

C»b= XI')' '\~•.E(~/p)air ,
f"i.;l,)(A - '1") JJ~jl o,)l.i.:: •• 14JE= I MeV, x= ImR/hr ~l) Iftl),)

. (tta/p)air= ')' Y A' cm'/g

Wb = I / ') , '\ ~ •• x , x ')' ,.A ' = 0) t ,. X \ " y/cm T - sec



,.-,. J-,~
cJI-A 1S14.Iai.i ~ 1S1..,t tJlu~.x ~'.Jil ~~

Eo. fLoY

Material MeVI247101520--Water
0.2553.097.1423.072.91664.56982

0.5
2.525.1414.338.877.61.78334

1.0
2.133.717.6816.227.150.482.2

2.0
1.832.774.888.4612.419.527.7

3.0
1.692.423.916.238.6312.817.0

4.0
1.582.173.345.136.949.97.12.9

6.0
1.461.9]2.763.995.187.098.85

8.0
1.381.742.403.344.25 -5.666'.95 -

10.0
1.331.632.]92.973.724.905.98

Aluminum

0.52.374.249.4721.538.9.80.8141
1.0

2.02. 3.316.5713.121.2..17.958.5
2.0

1.752.614.628.0511.9-:18.726.3
3.0

1.642.323.786.148.6513.017.7
4.0

1.532.083.225.016.8810.113.4
6.0

1.421.852.704.065.497.9710.4
8.0

1.341.682.373.454.58'6.568.52
10.0

1.28. 1.552.123.013.965.637.32

Iron

0.51.98-3.095.9811.719.235.455.6
1.0

1.872.895.3910.216.2'28.342.7
2.0

1.762.434.13. 7.2510.917.625.1
3.0

1.55 .2.153.515.858.5113.519.1
4.0

1.451.943.034.917.1I11.216.0
~.O

1.341.722.584.146.029.8914.7
8.0

1.271.562.233.49'5.078.5013.0
io.o

1.201.421.952.994.357.5412.4

Tin

0.51.562:083.094.576.048.64
1.0

1.642.303.746.178.8513.718.8
2.0

1.572.173.535.878.5313.619.3
3.0

1.461.963'.135.287.9113.320.1
4..0

1.381.812:824.827.4113.221.2
6.0

1.261.572.374.176.9414.829.1
8.0

1.191.422.053.576.1915.134.0
10.0

1.141.311.792.995.2112.533.4



------~--
- .

Eo.
/lor

Material MeY I1 247101520
-Tungsten

0.51.281.501.842.242.613.12
1.0

.1.441.832.573.624.646.25(7.35)
2.0

1.421.852.724.095.2~8.07(10.6)
3.0

1.361.742.594.005.929.6614.1
4.0

1.291.622.414.036.2712.020.9
6.0

1.201.432.073.606.2915.736.3
8.0

1.141.321.813.055.4015,241.9
10.0

1.111.251.642.624.6514.039.3

I..ead

0.51.241.421.692.002.272.65(2.73)
1.0

\.371.692.263.023.744.815.86
2:0

\.391.762.513.66'4.846.879.00
3.0

1.341.682.433.755.308.4412.3
4.0

1.271.562.253.615.449.8016.3
5.1'

1.211.462.083.445.5511.723.6
6.0

1.181.401.973.345.6913.832.7
8.0

1.141.301.742.895.0714.144.6
10.0

1.111.231.582.524.3412.539.2

Uranium

0.51.17\.301.481.671.852.08
1.0

1.31L561.982.502.973.67
2.0

1.331.642.233.093.955.36(6.48)
3.0

1.291.582.213.274.516.979.88
4.0

1.241.502.093.214.668.0112.7
6.0

1.161.361.852.964.8010.823.0
"-

8.01.121.271.662.614.3611.228.0
10.0

1.09-1.201.512.263.7810.528.5

'" I

O)tI'X,.T- ,."xB (R) :("=!J,)(£wl.)..J,)!.tw·!_ p p e-JlR 1 J
tnRT

:,)~~·..ISI- .

,=". V X , .' 1lp(~R).-.R ". "' •.••AJ "'-'" .,

•.::-1 Berger ..J,)!.two)"...,4l Bp}'~,) t.A!W*
Bp= , +Cpre-pJl.r

\Slojl..lSILJ~ .::.~bc..),) ~IJU:!UI o,)!.A:..143LA....l::...•..IS),) \SJ;I4l~ (3.J C ~
•..::.-1<JT M J~jl ~



oA,),)l- ~IJ ~ ~)4 JI.;.I~r\V!'':'.)~~R c.J,)j.JT ~.)~ .sI..;! ~4'~G ~I
.:J;"';"pR~..;! oA,).)l- ~G ~~ .sI..;!:~, ;.!~c.JlS:.lpR ~..;! (RHS)

~)I:' ( v-r') 'J-,~ )1 6)U::..,14 .~W~ ~.rP..P J) 'J ~)

III ...::-1 p=.). 0 ~ 0 X v)/I. '\ == ·)1'\ '-Cm"-'

B (pR)e-~R
, :::::;"')'fY X ,.1': p. (, 0 - , .)

.. (JlR) ,

64;,S-,)~-, ( \ 0-\ .) oA,).)l- ":;"""\J';':"""" ~I ~ •.)I.)c.JL;;.i(1- \ .) ~J,) .s-.s~~



/

t1A

~I,) ~lp. ~ Vl~1 •..::-1 ~ 1..:.~ ~~,,)~ r-) ~J~ ~ ~l,)

R='Joo/t \1,= \ ~cm 1.lJ.1~I RHS= \ I pR=,~p ISI""

~Io(!~ ~~~ G'~ l,lii ~Ijl '-:N.~.u..::-I ~ 1S1~b...;.,.lL lSly.

IJ)~ ~ ~ ~I Ui)"~jl ~ •..::-1~T ..::-,)~ ty Ui~1C!~~.1 ,)~ IJ~
: ~ .;...1 J.::-i4-J'l

Bp=A, c-a,pr +ATc""""':a,.Pr=LAuc- a.pr (, ,- , .)

~ tjil'-:N.~~ ~.1.J"o"( , .,-, .) .J,)L...~~l.SJ;1 j,I~I"J a,..1a, ' A,. I A, .u

1J,)f,)~4 . *..::-IJJ,)Jl,)~I~I~~ lSjW;u-.~L-jllS)l::-f lSlfJ .;...IH"t.Joijl
.l..Jo!.r~Ijil ~.;...~4 J.;u...~),) I.,;:!jl~ J:.. J..,.I.1"::-~~4 Bp~"::-~ r

.u,)~1J" ~.1 ,))'~ .)Y':'.1 .~ ~I.JlllSlI.~~~

A,+A,.==,

y.ly.A,..1 ,)1,)~t,.:.IJ~ A ~ ~ A, ~~Ui~'-' ~w ~ I) A, ..::-'Jl,)l.AJ

•..::-1~ .,)1,)(,.._,.) J.1~).) a,. , a, , A.,;:!,)lL•..::-1(\ - A)

r*' J~I jl lS,)lJAilSly.~ lSlI.';-;).) ~I':';I ~~ tYUi~1 •.)U;:...I
..IAI."...~b... ~I':';I lS.,u.1.)J"""y.IJ.1.1.t1S.,tlih,::.Jl...J'»,).~..IAI."...~~ lSjW;li..
I) 1Jl~"J.JIl~~ 4>b)l~ (t-,) ~ 4 (,..-, .).1(V-I.) IJ~.)L...jl•.)U;:...I4.~

. .)).1T.;....)~ IJI"JI.J'"

JJJ... J ~ ~ ~t..,.;..,~lA~ ,._, •

IJT~jl 1Jl.....A~~ .uS'Y/cm' - secIJ)Ji 4 ~~ lSl~~ ~

•.)1.)IJ~ (0-'.) ~).) .))I,)JI.Ja.;...~~ J.;li..~ ~).) .)~~ ~~ ~I

~~ lSIJl.) dz ';"'~.1 z t~ ~ .!ljli ~ ~ J.) .u ~lI.~ •..:-1 .~

4 ..::-1y.1""p oUwJ.),)~"" 1J.1-'llS.,tli~~~ Uil r*"'.1..::-1YKzSdz 'Y/lec

,..Szdze-prd<bu=----
t Kr'
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Energy Energy

Substance

(MeV)A-Ol:lOl:lSubstance(MeV)A---~t Of,

Water

O.S100.8450.12687-0.10925Iron0.531.3790.06842-0.03742

1.0

19.6010.09037·-0.02522 1.024.9570.06Q86-0.02463

2.0

12.6120.053200.01932 2.017.6220.04627·--0.00526

3.0

11.1100.035500.03206 3.0'13.2180.04431-0.00087

4.0

11.1630.025430.03025 4.09.6240.046980.00175

6.0

8.3850.018200.04164 6·1J5.8670.061500.00186

8.0

4.6350.026330.07097 8.03.2430.075000.02123

10.0

3.5450.029910.08717 10.01.7470.099000.06627

Concrete _

0.538.2250.148240.10579Tin 0.511.4400.018000.03187

1.0

25.5070.072300.01843 Lo11.4260.042660.01606

2.0

18.0890.042500.00849 2.08.7830.053490.01505

3.0

13.6400.032000.02022 3.05.4000.074400.Q2080

4.0

11.4600.026000.02450 4.03.4960.095170.02598

6.0

10.7810.015200.0292-5 6.020050.137330.01501

8.0

8.9720.013000.02979 8.01.1010.172880.01787

10.0

4.0150.028800.06844 10.00.7080.192000.01552

Aluminum

0.538.9110.100150.06312Lead0.51.6770.030840.30941

1.0

28.7820.06820-0.02973 1.02.9840.035030.13486

2.0

16.9810.04588
I

0.00271 2.05.4210.034820.04379

I

3.0 10.5830.04066

I

0.02514 3.05.5800.054220.0061l

I

4.0 7.5260.039730.03860 4.03.8970.08468-0.02383

6.0

5.7130.039340.04347 6.00.9260.178600.04635

f

8.0
4.7160.03837

I0.04431
8.00.3680.23691-0.05864

10.0

3.9990.039000.04130 10.00.3110.24024--0.02783

\.!.
-£

* From H. Goldstein, FUI/damel/talAspectsojReactor Shielding. Reading, Mass.: Addison-Wesley, 1959: now available from Johnson ~
Reprint Corp., New York., .~
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~"';;.!j O)".-~ iJl~~ G Jt#1 Jlr=t J;)l,))t.}~•.,....')I~

S foo e-t~u=- --dt ('1'\-\.)I 'I' t
Jla

~.)tl) iJT Jt~lS"JJ ,,)I,)i~IJ.=W),,J.~JI~~ G( T \-1 • )~,)IA.. cSr-S"JI#I

:~b iJleI,)~lS" -..k;u J,lj *Jl#' ~.J~ .s- En ~I";'jl ~

foo e-tEIl(x)=xn-t tit dt
X



o • ,
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''''---j-

23456

. ,l-----+-,---L-n-~m-
(0-."

x

8 9 10 11 12 13 14

x

E,.(x) .J E,(x) C!l~ ,-\ . ~

.1...•••1)C!~0=' (,-,.) ~ .~.,..tIJ"..!"U;~jl...J;L.i,.~l.i....jl ~)l::-1).)E,(x) C!~
I) Ea(X) 'x.rf;j! J'!~li.. \SI.)'l •.l.A~IJ"~l:.iX=, t ~ X.J'!.)u,. \SI.)'l E,(x) C!li~

.~).JT"::-~~J'!j 4fiiZ ~')jl ~li..jl \S)~ ~l.;.~L)..::J~4~,~;

E'n(x)~ e-X[ x~n + (x~nr] (,. t -\ • )

X=,.. \S1.rJ..::-I.~b)IJ.A..jl,~j! • .1 I ,"I. JaAi El (x) )1J.A....::-1 X=\. ~.J

,_ •..::-1 .). t '/.• ~t

t~~ ~jli ~j' ~li 4)b ~Ijl \S"u ,)I~J;L.i,.~ ~ ,•.Jl._~ d.;.
4 ..::-I.)'ll.;. z

.,
., .t

d~b=Bb(J.lr)d4)u 4.l~La..jl .s-;.SJ~~~J' ~ ( I A-' .)
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dcDb= 8Bp(pr)ze-;Udz, ----.
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.;.~,;E, C!L.-~,;1.J.)""'; .))"",;1~.J~ 4SY;.:.JL..41~~ ~I~~ i)~~ ~l) JI~:i'

:jI _..:;..1 .;.a) ~ ~ \.,; ~

s
~=T- LAnE,[{ \ +oD)J4a] (1''' - \ .)

.sj)'~\. 'y/cm' -lec..:;...;.I~~L.-~~~4S1~~~ ,...t .Jl:..
T)omR/hr 41 lJlL.-~~ 0~L.- ..:;..'rj'j ~.,=,jl ~~~ .~.r.f~ )i.i).) TMeV

•..:;..1 1')'" og/cml" ~~ .;u r.;i:' • J....,;1

~ljil~Y; X= TJ omR/hr JI.lL.J (v - , ')..J (,.. - \ .) o~.)'-jl.J-.
~ .;..1 ,;11,,1!

cDb= X/C= 1') 0/' J' "0 ••E(JIa/p)air

~.)I.))lj~ •..:;..1(JIa/p)ai,= ')' l' ,..Acm'/g (A-,..) J.J~ jl.J E= l' MeV ~I).)

: ~) I,) ~.)'- J.) ;.!.)lA.,

cDb- 1') 0/') , '\ 0 •• X l' X ')' l' ,..A = YJ" V X , .' photons/cm' - sec

lA,.=\ -A,=- IV)'"'' l A,=I")'"'' l (,..-1') J.J~~.)i

a,.='J""t •• .J I+U,=.) ••ovo UIS.uJ.41 ,..:;..1 u,-=-·)·tT"
Jij 0).,..,41 (, 'I - I • ) ~.)lA.. III .)~'J" \ +u,. = \J' ." t" III l oAiT'J"~

• -\!T'J" )-.)

,.'
Y)" v X , • T = ._--[,;..),11••E I ( .) •• 0 v 0 pa) - 1't')' A" E \( U •• I'd ••pa)]

T
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\= I) \1" X , •V[EI ( ')'0 vOila) - •J\t El (I) • , At' l1a)] (YA - \ .)
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y=x,+a+x".

Jl.oT4t iJ~1S" I))~ JI .~iJ~ r ~..r. I) rs..;;.....1ij'~JI}::il IJ.!I ~L- .sl.r.

~ ~~..rM:!,) III .,)1.)i~1 (,-, .) ~),) 4tl:... ..:..J,:...J,) 4...t I.i..j I

2=~
r y

a
fs==--r

y

f, ~ .slA..:..J,:.. - '-.\ • ~.

S f" QC) e-p.rJy
<bu=-..· .. ---dr,. f

Y

S f. 00 .~
<b =- -"--dtu,. t

IJa

,)>>--j,Ui.J~~.J [(n'-I.) ~.)l".,.]~..:.:.J~)'" ~ ..;;.....IISI~I) iJl.A ~'" ~

~~,.) cJ.~iJ\.,.i1S" J~I iJ.,,~. ' •.J"j..s.4t .~~~ ~I~ )'j J.;U,.. ;.J~ ..;;.....)'")U
"').JT..;;.....~4t '(,.,-1.) ~.)l".,. ~ ,~I) iJl.A jl iJ\.,.i1S" IJ..:.:.J~0:!IJ'"~ljil.sjJ

(. 'r"'o);.Jl~4t~_~ ~t..-.s'.?! ~
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~ ~ , ••, ..:-J),) .s- R t~~ <s1_,):!b ~ ~ ..r ...::-IVll ..\Ai 4Jl......

JiUa.., a -=-~~~ ~lt ~ ,~ltU"" SY/em' - sec iJTo)..\i ..r f9'!.JU""P),)

•...::-1 J.;u-, <sG I,) ( , ._, .) ~

..:;..l\...JiUa..iJlyU"" I)~ _,):!l,))~ I.S~) P 4lui),)~ljl 1.S."li~,).JY-.J! lJ.J.J.j 1.S."li

4J,)l-jl ~u 1.:.J.,)pT ...::-,)~ iL. ~jlJ.-\... 1.S."liI.S.JJI~'lt ~~ W"... ~

:~ .~ ~IJ~~I z =R Jl~tJ~~J....ro~l.U IJ.I~•..I.:! TU""...::-,)~(, ,_, .)

~u = ~ fR z•..•••dz
o

o

•..::-1~),) r ) I~ 1J.?,;r. (-' - = seee) aseee ..rCOle

: ~I.) iJlc! El C!li

(n-,.)
• ,)pT ..::-.)~ JI...T~I) ~ljl <s,.tU iJI~U"" ~u... ~~)lt

~u =.~ LAn{E,[(, +Iln)f&a]-E,[(, +an)f&aSee8]} (n -,.)
T
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.).""..~.J Jpu...lSl;'.) ~ C~.J l.S'.r.:r-i -'b , .u~1.J; ~~ ~ ..:;..l1..J!LIa...

•.).J;~;U-"-l ~4 ~ ~T \.J=.JI~ ~jl)Li

~~".l .

.);Y--.r. iJ.J..\i lS"u ,~ ~~.;..;.;.I~ ~"-l Sy/sec iJT J). ~I......- jl }I
4 ..:;....1.r.1.r. dz lSlA~jt J..-I... P ~;.)

df)u= Se~dz
t ttr'

•..:;....lll.S~4.J~4 jl ~~lf.J 1, ~

~~Tjl.~.)~ 9 ~.Jlj "-l zjll; (,..£-\.) ~.)t....~..:;....I;:t.!



r=Rsece

z=Rtano

dz =Rsec ,ode

.~ Tv--;,)flj "::".J.to"4t ,)JY- j.lJ.J..I.1~~ij '::".J.to" U:!I;,)

. Sf·· 0;
• = -- e - pR.ece do

u tnR
-9,

~j.lJ'~v-- t;lJT~ f,)';-uil.!j;1~~)-~ lJl~~ I; ("0-1.) 4l,)l... JI):::i1

. ,)"::'v--lJ~ .1'lj"::".J.to"~ ~ ~'~.J,) ~I; I,)C!liU:!1.~.,; 1).JcM' JI):::i1C!li
e

\ F(e, x) = f e-xsec9do (n -,.)
o

~1j.X ~j. '; F(e, x) C!li(IT-\.)~ ...::-In/y j';:....f".r.!,)I.i..4t,).J..bw..O~

.alo~ x ~ ~~.J ~ F(e , x) C!li~~..\Aly:.. o~,) •..\A,)v--lJL:..i0- ;IJL..I.:.t

X.J (n/y~,)ji ) e .)-;':..:.1'l,)1.i.. ~Ij. •..I.1l.!v--~I.;ile ~ ~.J ~lf" ~~t

. ,),;-~l........1'lj~t; ~~ lJl~v-- I; F(e,x) C!li

F(e, x)0Ii:,{ 11:e-J, __ f_) (fV _,.)f YX \ AX

C!li(,. .,-\ .) 4l,)1- .::..;~ ' ..::-1sece= -see9 lJ-" ~ ~ j.JT,)l.!~ 4 '0.,....')'4

,)"::'v--~..::-I ,)) C!li~ ~ ~j C!li~ JI):::it ~~Tjl.J ~4v-- ejl ~.Jj

F(--e,x)=-F(e,x) (fA-t.)
4JUi;,),)~ j.lJ.J..I.1~."u ~I.)!(,.0-\ .) 4l,)l... 'F(e, x) C!li\fly:.. U:!l~ ~~4

.~.,; .1'lj..::..;"...4t lJ~~ ~ P
S

.u-:" -R [F(e, , pR)+F(e,., pR)] en -,.)tn

i~ ~ "iu;i ~ ~10.1'lI,).J~ JSl.-;,) ~":;";'1 ~.J; lJl.A L!...! ~I.;il ~."u ~(,...

.~TU'"..::-.)~flj ~I; ~.J4t .b III .~4v--

- Si~ert Integral Function

.4~'r C!1.:...4t C!l:.' U:!'fl.)1.i..~Ij. *
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S fe,. .~b=-R rAn' e -(\ +un)pRaecedetn .

-et
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= U1:R1;An{F(e" (\ +Cln)pR]+F[9,., (\+unlpR]) (t •.....\.)

(,..-,.) J~),) 4f'tSyU~ ~l~~ I) (t .-,,) ,u,)!A.. jl .,)U:...I~<s,)~~4-0-~ .

•~lt .1;u..w..~ ~ ~}1 '.jJJ~ .,)1,) r~1 tSl~ 1;u..<s'.n ~ ej;::';
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~ jpu..-,, ,).;$';Ij R .u..,li ~),) 1;u..~~~ ~;.),) P )i;;))-"," .uw }1
""',)1,) ~~~I~~ ,)~jJ~I ~-'~ ~J.J"~I),) , a < R ~4 a w..~

S
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S
~= tnR 1;An{F[9, , (\ +uD)pa] +F[9,. , (\ +Un)JIa]) (t\' - , .)
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a
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.b--RLAo{F[8,., (I +Oo)pa] ---F[." (, +u.)pa]). (u --,.)tK _

~,)y';"'~joi e,-' " -',)-'J~P' ..::-~ P ..;-: .J:.J~ ~,;.....::-~ R lfi-,J..J,)
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~ = tane,. ~ &,.a

R
I+ a = tane, ~ e,

: tU~~t..r "~.J
Sle-J.Ia

lJ)u --+. (t '\ - I .)
R ..•o tna(l+a)

• ..::-1 ~'4kAi ~I.jil ~~ Bp(~) tU
""tflt..:;...;."...~lA~~~I.;. ~'.J.it..r ..I31M..T..::-,)4.!..;-ilftl),) tU ~ ~I.J)

J.-~l.;. ~~t..r~.Jij;u...~~btUlA~ 1ft' .~.J))U;,)~t..r .~U..:;...;.~~I; ~

~1A.il,,:..'~lA.)'.J:!~":;"'~(f\-I .) IJ,)I..... .JJ.J)t..r)L)4.!~1.J:l,)') ~lA~ Jl..)l 44.!(£ V-I.) IJ,)I..... 6:.J4.!~(:;St..rI) lA ~ ~~, .J,) ..:;...~ .JA,)I.S" "::-~4.!I)

• JA,)"r "::-~4!~ ~~t.J,)),) I) lJ)b .y..?;j! IJ~I..... 1ft' I~j ',).JT..::-~

J6-t~ 4$lA~ t· ••
~lA~ Ja:.1,)),) L.lS"~1~lA~ '+iT),) tU~Tt..r ,)~.J4! Ja:lr ~I

~lA~.J';";.,)f. jU lA)pl) ~lAj;u...jl ~t.J.it..rJl:..~'P4! •..I3I~ t..j.J.i.~ ~
lAcJ.J';";.J..I3).JTt..r,)~.J4!L.tf~, j;u... Ja:.1~)~~~l~ ~lA~)"';'.;.)I),) ~j;l~

~jl..j;u...),) .~wt..r""=:J.J.iJT ~L.tf~1 .,)b j4aH Ij~1; I.r'~~~ J5'~),)
• .::.,jf)ai),) j) ,) ~";lf ~L.lS"~, 1ft'~~ lA)pl)

4.oli),) Sy/cm1"-sec O).lf4 L.lS"~, ~lA~~.JL.. a ":;"'~4!~~
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~IJ j! x J~ef,'dx .:;.;..\.;.,;o~ ISI~ ~ jl J..-~P )~ ~»,"-.;l~~ IS;; )\.lL
. ! i ~ ~T~;~~~ ("'''-1.)

d~u = Sex) E, [,,(a -:;} ]dx
',' • '1' ,<,. '

a ' .

<f)u-:-+f S(x)E,(I'(a-x)]dx
o

(tA-'.)

.J~l,... "::')""'Ifl\)~ ."::-'<i'llf)\~ S(x)=S.s' ~if .,j>j.:YJ d~~~ 4Jlp~
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•
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x
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Sex) = Se-kx (~ •• _ , • )
....• '; ..

~I ).:l.1'~ ~ ~ c:J~U!14 (£,,~,.) oI•.blA..;.j.4j)I •..::-1~l.;')I.Ai..k 45-
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. A .
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lSlA~ J~ ~I:!j~ j..,1"; J~.J..I...J~ V=-'j~~ji lA~l:!~ Ifti '~41f lA~l:!~

• ~~If .~I.n I.,tAjllS~1:!j

.lti,,~~

~.J"" ~.r-l- Ji~ ~4i ~~If lA)~ jl lSl~)~ ~I:!~ ~ ,ji.J

J.;.b ~IJ~ jl ~~ ~ ' ..:-":l4)~~ ~ ~JI.J""~)~ ~lr,,-!J..J!r.lS"~ lS"

•~lilf t~)\:;..~ 1)J..sv,!1•.>J~1f 1~l=:!JS:JJI~" .• lS~ ~)\; ;I)~ ~I:!~

~ I:!J"-J~ J~ ~ ~ "j.:.. jl ~.JU::..lS~l:::-!).,b~ ~ J..s e:f VII

.r.*-Ie:f 1.lJ.>J~lS"~l:!o":l~'-e:f ~4 l..l..1~TrW' ..:~~'h;.v,!1~~.J4..:-1 ~.J';';

...i).jl ,lAU.~."JT~ .IS'J\. J~ '..:-I~I;~~~ JI,,:.. lSlA~J"".r.~ ~...:-,~~*.~I:!~ lSlA4.iJy~ ~I;I~ .l..JIr';:"'~

\ - Fumigation

"'-Lofting

T- Looping-

t - Turbulent Diffusion
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4J.>lA.,jlX IlJ .~~ c.J~.J c.JL.jjl ~\; c.J4~ ~ ..:;.J.o~ *x~ I.S"if}
.~TI.S"..::-.>~ 4>L.jC!. \; ~

c)x

K'V'x =M
)I.f"~ J.!,J c.Jl..AK .-1." ~ ..::-I4S).JT.>4~rj~•..::-I~ '-:'"l.iP K ~J.>lA.,~IJo? ~

'>.J)I.S")I.f"~4>.J';~ ~).>~ cm-1 ~.J..::-I cm'/sec ~ ~j.>.c:f)

t_o 4>L.j).> ~ ~.r.f1.S" );~).> o~ I~).> ~'-' 4S1~ .~ ~ JI"..

.J.A'>IS'.)~I ~~ uf""l..~ ~I.>~ c.J4~ ~I.J Q. ~.J\'" ~.h.r.1~14luJ~~

jl..::-lo)~~.;!.Jl)'>l)j."......4Sjr~IrrW~( y- \ \ )4)')lA.,J..~.>I.>**c.J~c.JI.;\J'"

Q. .....,r'/tkt
x(r,t)= (tttKtY/' e (A-II)

~~IS'~.i.Jj.! l..t':' ~ ..::-1..,.\.oT..::-'>~ if}U:! ~ ("-I I) 4l.>lA.,•..::-ll~j 11.1,..\ir ~
+ ..::-1.Jljo)-""'~~IY:" '~L:i ~.hftI /1 .J

(.. -. \ \)

Q. [\ (X' y' z' ) ]x(x, z, t) =(._+V/f/ll: T{ K_'I/' exp - tt Kx + Ky + Kz

'~~IS' Z.J y.J x ~1Al;:...1)).>~ ~1.iP Kz' Ky' Kx ~

.u:::...>~.J V .>~.k....,,::... ~ J'" /1 •.>j).J1S' i-._.1 .>1.lJ~ uf""l..~""""'.t':'

4l.>lA.,o)Jol"U:!I;.>,.J.:5" tJ '-'lAx ~ .>~ .k....,,::... ~l;:...I) ~ ~~ ~)."J.. ~~

o;-"",U:!I).> • .>1.>;11 I) ( - vt) )1..\1. x .s~~.J .>1.>~~ 4>1~1S''-' ('I-I I)
~TIS').).rJ o)-""'~ ~ 4l.>lA.,

\AI...:AI).J~~IJ" Ji~;.> c.J~~ ..:;..l;~ c.J.>I.>c.J~ ~I;! X ..::-).>U ,).Jl)I.f"*

•..::-1~ 4:.i.~ i.J~ u-JI 4S])1 c.J~ 01);"",

~ ~u Nualear Reactor Theory ~l;;,)"I 'I T ~~ J~ c.Jlp~ **
I.•.~.)""4SIAc.J.J}~c.J~.>5 ~ .::.-IIS'}if' 4l.>lA.,y (Y- \ I) 4l.>lA.,.if~I.r~.J'4

.J.5"IS' C}?

XZ ." yz 'xy ob.¥ J",...t':' ~ .»1.>if} U:!I~jlci ('I-I I) 4l,)lA.,J... +

.) j ..•.;,)(~~~ ~~l (.$1A).".-4~~ .lS::....>~IA".".,...~) ..:;...1 4»U:..
c.Jlt~ ~ o~~ ~\.Jl ~I ('I-I \) 4l.>lA.,1.fJ,..:;...\c.J;I.iI.U:!I'-sl)I.>o).N~ Y:"..:-, .::.-).)



4i~ .)It;,),,..~J.~joo ;,)~ cSb:..IJJ;,) ~~ ~ .:;,,)~;/t •..:.u- ~I ..A.4 ....,u~#"'t
..tf )4JJ.)'t* cJt.iU'"x .s\t..GJ,) "~ jl.u- d"!J3~ J~t~, • ~~ b~.r

Ji.J (\ ·-fl f4l,)l,w~ ifl.l'-1 Jl) ~I.J .>f"J'-' ~~.rJt;'4t cJt.,,1~'J '4iJ.,.. u.e'

: .JtTU'" .,;-"4t J:li .o.s1,...Jl) ~, r~f'-1 .,),)"U'" r~'.us- IS" Jc..,;" ~.",Kx

x(x , y, z , t)= (K~\'/' 8(x-vt) expt,#t y z

[ \ '( y' z' ) J
---+-

ttKy :Kz ,

.;;-1~l.jI...I~l..:.~I1I,)(!ulftl •..I.:.oLiU'*l:J.) ~Ij' .o.)!- U:!~,)~ !(x-Vi) ~u
,y,1..., x.:c;Vt ~ jl x rlSj.) ~T Jt}::ll uSJ ,...::.••1.;...x=vtJ,) ~ ~~J.) .u

~,).~ .u-.)'.)LJL:J.):!j ~).,..~ iJljjU'" I) (\ I-I \) .o.)!-~jJ.r~ .~t ~b
~. z -' Y cSlI:.\;...l)J"'~.i'" ~J.) xJ"'" ~ll:...~pv;;"r ~ ~~J':"jr~jLi

• ,).JAU'"

d>}Jl... •..)~U'" ~~J':" jl v-J~ ~ ~I~ ~li'~ b~.r (\ \-1 I) .o,)!- .
•.),rU'" ~ U (Curies/sec*-') _LJL.j ~'j J.) .I~Q.' .~~.~ LJ~J':" .u-¥
~ ~).,..~ x/v LJL.j J.) x ~).) , Q,'dt ~ 'dt ~L.j ),) ~~u •.)L.

jl~1 ~)l:s- LJT ~ ~,).JAO"'~U;dX..:-~~JJLi

Q,'dtf" ~ y' z' )Jx(x, y,z, t)dx= __•.IV 'V \.ol.exP -tt\Ky +tK,: (.~T""" \ \)

41,,\4. ~~~~.) .~~U'" v==dx/dtUJj: oo\!~O"' dt LJL.j J,) ~ dx .u.-u ~

:~TU'")j.rJI::I~~ (, r-j;)
. <'n--'H)

Q.' [' ( y' ZZ ) Jx(x, y, Z I t) t1tVt(Ky~)'/' exp - '"it X;+ .:x:;,

x.~vt .u- 4t~U ~ (\ ."~H).o.~lA...s~~I~I~( 'r-:II)~:-?!-.~ ' :.
• ,).JAO"'r~' Q.=Q' LJ.>',»)I.}lu .>.r.fU'".;J.j.) ~



~I~IJ •.••••11J".lC!.1) Z.J Y IS\:..I))~cJ"'~ ~ ~~Y,lf ~~~ ~')I~,- jl
,: ~":'lf.~I~.r.!)~bJ~ flz (ay IJ~

TC'y= ttKy Taz'= ttKz

AJ~'-~l ~ ~dr)- '~i.J~ .b.!l~~ (,,..-,,) AJ~'- J~l )~.A.!

.J t 4i.J ..\::-A X ~u )~ ISlfil~l ~I ~)-"",,~l)~ ~'~Y, ~",i az.J ay ~f.

:~l~ l"="1.".. 4..Lif. ~, r~1 ~ .~l X:::::vt

'. Q' [( y' z' )]X(x , y, Z) = _ exp - - -, + --,TKVeyaz Tay" az

•..u..Lilf IS~"".J ~I J.J:JI~~1~ ~.}.A.! I) cz.J ay ,;;... ~')~

)t.:.:il ~~.Jo':" Ja.1~.A.!~~ l~)~ lAcJ"'~ ~ ~l ~ d'J Jl,...A.!U

.»)l~~~.J Ur'j IS')I~)~ .bAi~.Jo':")~ h t.w)l )~ ')1".- lAcJ"'~ (~).) .""~~

~~.A.! 1S.r~ ~JJ ~';l..T.A.! cJl"JIS") .:Jl,.. ~1)~ ~ AJ~'- J-. ''''''''IS' )t.:.:il

~J-. ,~I ~U ~ Z ~ ~l d'}~ .~I~ ~\:..l.J.;:SOI)~ ~.J) ~I .~).JT

:~, .rJ ~»"

x(X, y, Z) Q: {exp[ - (~ + (Z+~)')J + exp" 7tvayt1z Tay \' az

[_(1- + (z-b)').]}Tay' Ta.'

: " ~I f.lf. Z=O ~j ~)~ ~ ~ ~U' .~U::..I~

Q: [( Y' h' )]X =----"-'---exp - Yay' + TC.'· (\. - \\)

~ y=o cJ"':'" fSf J"'.la.:. .)"'!Ur)~X)I..I1.•..\il~ ~ xjl JI:.- fS'-~~
~~I f.I,J! ~ cJT IS.J))~ •.»1.>IJJI.u..

~ (b' )X= - exp - --I (\'\-\\)
7tvayC'•. " Cz

~ ~~cjII~~l·~ ~ Q.' jfl) Cl .,-II}....,.~'-~I ~ ,~.,,:..jl(.$)~)'>

~"':'IS'~Li' -:J) ~~ X/Q' ~ AJ~'-~

\ _ Standard Dcviation - Diludca.FActor .
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I Je'..\f ~,~

~jl 4I..pij ~.)i at.J ay ~4 J.s. J,!L.....;.) 'll4 o'll.)L... .)..-'.;If'"jl ~

J.) ,J~ cJlp~ ,,~ •.);1.\ 4SY:' .b:lr~ ~ C!1.,1U=!'~..::-I~ .~~ ~
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.~4~ ~1';;IJ'..\:4 ..:.Jl,...jl ~J'" 4I..pli~ ~ .).J;~;Ui::H.J .)~~ I$.)~

10&

la:" 5•

I
i

A-E,;tremely.unstable
.,-. B-Moderately unstable
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D-Neutral
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~ C1z j C1y?*J:r. j,!,)1L 4SIJ',).rjl..l,e~ ~~'r '.b..)~cJL:J LAJs:A.u ",,,-,,,,~

•..\:.J~~ ~jl J.-IJi rW ~I';'JI~14 ~Ir~

is',)f ~cJI.,1~ ."t... .sW,)~ ~~ 4'~~ J.tT,)~ .:..0.1 y-,,"" ~I J.)

JJ~.)j ~"...u...cJl..j.tcJu:::.~),) 4S~~1.t ~Ir~ ~ Jo(...~ -'-:t'rJ.) ~rl.\.f'
J.",.. J,) Jwl ..:.1~1.! ..:.Ul...."i,,).,.::.~ ~ .)UT .sI.".. J,) 4S1•.)l....sW,)~ ~ 4.i'i'

.s.,r."rJ"..:.Ul...."i W,)~ ..::-1Jl..l,e~U.J#:'.A,)JLAj.tJ J,) .~l,) ~l-,,"" .)~ .b..,,::.. 4St.:...1J

JIa-,. iJl~1 ,;p 4S1~~ cJl~1,S"'IjJ .~I,) ~l.,... 01..l,e~~) r~T ~LAj.1J4f~

.JJ1~ •.)I" "-I,J.,~J,) LAJol:JJ1V!l •.)J.tT.:-,,~ JJ::..~~lr.t' C1e ,W,,~ ~,U
~ ~1.Jf rr:/ ..:.~jJ,1 J""l1,)I!1.t..l,eWI,S"'ull(jJl ~ oel...oa:- .u,)J\.) "~.t ~~"

.~,)I,S"' .:-,)~ '~"UT cJt..jjl ')LA~ J;;.

f-" JJ~
~~ 4SJ1~~ .l.tlrJ ,,~~I4$t.:...IJ Jlc- iJ'~1 ,;p ~bJ
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1'0
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10

I •
o

o

JI~~U ."W1t.iJi ' A

.b..,,::.. ~J I~ ~ U , B

JI~~U~, C

r-,D
Jl~~ ~1.jIJJ1U, E

.b..,,::..~JI~~t F
Jlw\!~."WIJ.,J I G

..::Jaj .;.. ,... twJ I J,) ..u "UT cJ~~ 4$1,;.~ xV/Q: ~, ,..." ~

Xv/Q.' .u"~~~,, .~,)~t.:J (,.,.,,) ~ht-..jl ."li:...1 ~ ~~~ .l.:tlr

J.a-i~I c!U ":'J.Jol'~ ~~ ~ .J..\...J~ pi""'" J'..I1.~ QI:! ~Ijil '-'=ll

....:.-.~"jJ,) xv/O: Jl..l1.pi""'" (B.t A) ';Jlw\!~U~tr ~J" .~l:!~ ~W"

~,) ":'J~~ .~II,S"' ~.)I!.)Ii..~ ~.JM~ I.ri'!) (;:...¥..I:.t- ".t"\"') ~.)~ tJ 4$1~

JJ.;.)I~.)•.);.fU"'JI.J....:.-.jl.,r)J,) ~ xViQ: pl"""'(E.t F»)Iw\!~ ~I~J.)

).) ~A ~ ~I"; J,) "i.,...,... cJ"'~ ~ ''':'J.Ji .slJ..::-A4SLA.~;ci ~LAcJl:!~
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iJl..~ •..)JJL..::-,)~ :.r¥' ,)'ll,;!x~~ (I "-1 I) ~I,)L..... ~ iJ,)b)I.J4 iJl~·1.f"
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. ay =1 aaz

r"",.,fIS"~)~(, "\-\ d 4l,)L...~)..J,)jt~,.,fJ:-ilfi~j' J.:i•.;....I~L;,)-'-' a ~
h' .

lnx= - flnaz- -- + InC
faz'

. III ,.;....1 ~L; J,!,)lA..jl~'; C.s-

·1 dx ( T h' ) daz.T dx = - -;;; +.f az" . dx = 0

~I..I'll.:U

h' = f az' Cl /I. - I IJ

",bL...),) (,1\-, d .u,)L...w,)',)l)j~ •..•••.'~4•..;.;,)IS" ~ I) plJ... ~ J.r 1ft'

: r"") b ( I "\-, , )
Q'

Xmax = ( (I •• - 1\)1tev ayaz)max

(, A-\ d 4.I,)L...jlJ.,..I".. x)I..u... \SI..I'l ..1:14az-' ay.u-...::-I ~ wl~ (ayC7z)max.u-

.,)~~~.

~.J~4 ~'.J:!,)G .;....1 ~ wlt;:- .u-cJ.!1 wlS:.IJl"..u· .~tJt~IJ~li~

~.}J )~4tWI~'1S" G )1,)1ft1•.:-1 M:J~.f)a;),) ,).J-2 ~~. J..;.;,)'~ ~),).;....I
~ Q.'o.,.s-,))jT.;....,)~ (,"\-,,) 4.I,)L...),)Q'oexp(-At) ~ Q.' w,)..FIft~~4

~~I •• .;....I(.~~)\S.r-f.jl..u1 ~L.jlJ ~u· wL.j t.J ~j1!iJ'~L; A '~~IIt~lJ

~,,;,~w. ~I..I'l,wL.j ~j,.tJ.J ~l.i' 4.la.iijl .u.,..li~..I'l (, "\-1 I) 4.I,)L....:s

( , '-1 ,) .u,)l"...•III •.;....1,)4.:.:,s. r V .u-~ ,)IS")Ij~ xiV ;l..u... t ~~~ .;....I.~
•..I:1TU""),) J,!j 0J""'~

Q: [ (AX 'h')1X 0 . exp - -=- + -ref. _ I I)1tVa~z . V ,~

j1t-"'"'';'- 1ftI ,~.~ dL.T~ ~~ JI"..),) wlt;:-),) ~ ).)I-'a. ~ ~
jl,~l oWlk.. jl ~)~),) .,)~...r0.1:,) dL.T~ (r .-1 I) .iJ,)L... \S,.,f Jr.-ilfi,)
(.jl~ ~lI.~') .tJu.~ ~l••~· ~~ .u-u';} ',)~...r.;ol..i.1 wlt;:- ~~.

),) pl-'"" ~t..J-...~~. J~),) w4~~ .;....1~I.J ,~! .,)~...rw4~ ~I••~

• ,)~...r~,)ji)~1 ~~ (, r-, ,) ~

.r-'I". tw)1),).u-~!J:,)~~ wl.!~ ~ .r>!J..~. ~ t-t, cJ~

.if~ I) ,)~~:,)~TF t"; la.!'r),)



~)\,) (, A-,d.IJ,)la...jl .J-.
Oz =htVT = Y \;" m

.~4u-- Oz= " \),,;:... \ ••• • tw)1),) A:J,)y::,if 6..1:,) (\ , -I ,) ~jl

J.O.l,)4!.:-I.:f--,:=.n.J:!'I)lSl&~ ,).,.::.n) "j',)\""~),) • ~6Jw...~i.1)\:J:I
}I .~W .:..:.; GL,;.4!J..Izii~ 4 ~jl ~l.;:....I,j..\iy::,u.)).".::.)I)~.J!.r.),)iJ~L..

.,)"':'u-- iJl.:.;.\...6)\:.5);) \.t'. r-1,.)\;.'lS~••iJ4,r:- ,)~\'-:"'~-''' iJ~L.. ,)~, ',)j"".)4

}I .,).)Ju-- cJ~L..jle~ jl ~ .iJ.,pli~' u.iJ4,r:- J.;51~~.".. .)y. ~4! 0='

: ;).f""~.r.j ~).4! ~ ~I-,)).)iJl~'if t) ~-,1J.;5,~0='

•.).,.:. U-- ~.;A.i .r.j U)-"'" 4! iJL..::.;. L.. cl) ~~ 1..l.::1\

DB = cAv " ('" - \ \ )

V.J iJ~L..~el- A , .>.:..u ~ ~fp l)TI.I'Lf ,.:-I~.r.-J ~\J~fp ~ c A:J

•..:.-' m" fsee ~ ~J.)"-:"~;;-. ~'.JlS\) I.) DB A:J.)y::,U--)-,T.)4..:-.)4 .k...,,::.. ~ .••" _ J

~ J...oL...~I.J) tW).).J..\:S' u--m":; .) w.J .) Cl 0l:!C)1..ki..A:J.:-1 d.) iJL:.iule!.r.-J

:..\iy::,U--iJle!.r.J~I.J) ~'4! ~ ~.)U--)lj I) I:z.J :Ey lSu.4~ 0z-' ay ~lfp.s~4!

~ f' T + DB ' " T T +' DB' (~y = 0y -=- .J ""z = Oz --=- T T - \ ,), ~v ~v

.~TU--).).r.j U)-"",4! (, ,-\ ,) JJ,)lA...J~ iJI.".:s.4!

~ (hf )x= , exp - ~-,T' (Yf - , ,)
~vI:y:Ez Y z

J.t,)j),) iJl:!;:- ~ i.P? '?~t:....lSl.r. iJl~'U-- ~ I) iJ~L.. ci) ~fp ,liwl

.J:i5'1.J:!,)1)~lS.JL... j~~ ~ U--ifjJ~~l.".:s.4! •.)).JT":-,)4!;.".::.)I)iJL.=.;..L..~

.t.:-lic.~ .-4'4U--)~1 Q.'m"fsec ·u..w':4 ~L.=.;..L..jl~..:-I Co~ 4

.~\.r':-)~'.r.j~1). ~.J~ i.JL..:.:.L..~,)j)) ,) -,=:f'l.J:!,)\)

. (' ~ )c= - C
DB 0

~t~ ~\ •• lfJ~jl ~I.i~l ~~j~ 0 -"

,fJJ.j ~l ~;)j );) ~.:-I (s"~1 4! ~ujJ~. ~l:.. U)"u lSl~ .t!J,r-i
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SI cgsEnglish

Quantity

UnitSymbol. Unit SymbolUnit Symbol

Length

metermcentimetercminch, foot! in, ft

Mass

kilogramkggram gpound mass

lIb or IbmTime

secondssecondsecsecond sec
Temperature

kelvinKdegree KelvinoKi
degree Fahrenheit

°

I Fdegree Celsius.
°c

Force

newtonNdyne dynepound
v

Ib or lbf,-
Pressure pascalPadyne/cm2dyne/cm2pound/inch2psi

Energy
jouleJerg ergfoot poundft lb

Power
wattWerg/secerg/secfoot pound/secft lb/sec

Heat
jouleJcaloriecalBritish thermal unitBtu

,.-, JJ~
SI ~L..JJ~~Factor

PrefixSymbolFactorPrefixSymbol
1012

teraT10-1decid
109 gigaG10-2centic
J06 mega

M10-3millim
103 kilok10-6microIl102 hectoh10-9nanon
JOl dekada10-12picop

~
<
<
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~-';'-l,~~l"'·~f-··,,,·'~~--~~~I'~:~_""02~··[35 ::;~10·'3 -3 -

]0 I i 10 I 61.02 0.03531

106 I 103 i I 'J 6.102 X 104 35.31

16.39 0.01639 . _ 1.639 X ]0-5 . I 5.787 X 10-4

2.832X 10' 128.3! .. 1":"2832_. _'728._. L.. _
"l-,' ,JJ~

r~

grams
kilograms·poundstons (short)tons (metric)

1

0.0012.205 X 10-31.102 X 10-610-6

1,000

12.2051.102 X 10-310-3

453.6-

0.453615.0X 10-44.536 X 10-4

9.072 X 105

907.22,000 I0.9072

106

1,0002,205 1.102I
-------~----

--_.._.,--~"--~-----.----.,.------------
..J
<
..I>

v- ,JJoA..
i>l..j .

-
_._----_ ..._-~----~_ .._,._ .. --..........- --- -----------.-.'---

Ilinutes
hOUTSdaysyears

1.667 X 10.2

2;7,78 X 10-41.157 X 10-53.169 X 10-8
1

1.667 X 10-26.944 X 10-41.901 X 10-6
60

10,04167i.141 X 10-24

,440

2412.738 X 10-3

5.260 X 105
8,766365.241

-_ .. _- ---.---"----
---"--.---'--

~;~;ds· .G
1

60
3.600

8.64X 104'

3.156 X 107
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watt/m2* watt/cm2cal/sec-cm2Btu/hr-ft2MeV/sec-cm2

1

10-42.388 X ]0-50.31706.242 X 108

]04
10.238831706.242 X 1012

4.187 X 104
4.1871 1.:327 X 1042.613 X ]013

3.155

3.155 X 10-47.535 X 10-5]1.969 X 109

1.602 X 10-9
1.602 X 10-133.826 X ] 0-145.078 X 10-101..

If.' JJ~
~A~ ~'.Mb ;_~~\j

watt/rn-K* ~tt/cm-oCcal/sec-cm-o CBtu/hr-ft.oF

1

Uf22.388 X 10-30.5778
]02

10.238857.78
418.7

4.1871 241.9

1.731

0.017314.134 X 10-31

,,... , JJ~
~~J

kg/m-sec· poise = y,{cm-seccentipoiseIb (mass)/hr-ft

1

10 10002419

0.1

1
,

100 241.9

O.O()l

0.01 12.419

4.134 X 10-4
4.134 X 10-30.41341

";;.I

>
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Atomic aa.tar.t
number

NuclideAbundance, "/0 'Half-life *barnsbarns
. --c---

-',

0
n 12 m

I
IH99.985 332 mb

2H
0.015 0.53 mb

3H
12.33 y

3
6Li7.42 940

'Li
92.58 37 mb

5
lOB19.6 3837

llB
80.4 5.5 mb

6
12C98.89 3.4 mb

13C
1.11 0.9 mb'

14C
5730 y

7
14N99.63 1.88

15N
0.37 24pb

8
16099.759 0.178 mb

1'0
0.037 0.235

180
0.204 0.16 mb

53
135} 6.7 h

54
135Xe 9.17 h2.65 X 106f

61

149Pm 53.1 h
62

149Srn13.83 41,000f.
90

232ThlOO 1.41 X JOI0 Y7.40
233Th

22.2 m151515r92 233U 1.55 X J05 Y578.8531.1
234U

0.00572.47 X J05 YJOO.2
235U

0.727.13 X J08 Y680.8582.2
236U

2.34 X 10' y5.2
238U

99.274.51 X 109 y2.70
239U

23.5 m3614
94

239pu 24390 y1011.3742.5
240pu

6540 y289.50.030
241pU

IS Y
13771009

242pU
3.87 X J05 Y18.5<0.2

*m = minute, h = hour. y = year.

tCross sections at 0.0253 eV or 2,200 m/sec. (From BNL-325, 3rd ed., 1973)fNon-l/v absorber; see Table 3.2. p. 61, for non-I/v factor.

\
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Gadolinium Gd64157.257.950.0304549000 1492
Gallium

Ga3169.725.910.05105 2.96.50.14800.3318
Germanium

Ge3272.595.360.04447-2.3 7.50.10230.3335
Gold

Au79196.96719.320.0590798.8 5.836
Hafnium

Hf72178.4913.360.0450810284.5980.3606
Heavy waterll

D20 20.02761.1050.03323 0.0013313.64.420 X 10-50.4519
Helium

He24.0026Gas <0.05
Holmium

Ho67164.9308.760.0319966.59.42.1270.3007
Hydrogen

H11,00797Gas 0.332

I

Indium In49114.827:310.03834193.5 7.419
Iodine

I53126.90444.930.023406.2 0.1451
Iridium

Ir77192.222.50.070504261430.03·0.9870
Iron

Fe26 55.8477.870.08487 2.5510.90.21640.9251

Krypton

Kr3683.80Gas 25.07.50
Lanthanum

La57138.916.190.026849.09.30.24160.2496
Lead

Pb82207.1911.340.032960.17011.40.0056030;3757
Lithium

Li36.9390.530.0460070.7 3.252
Lutetium

Lu71174.979.740.033537782.5810.2682

Magnesium
Mg1224.3121.740.04310 0.0633.420.0027150.1474

Manganese

Mn2554.93807.430.0814513.32.11.0830.1710

Mercury
Hg80200.5913.550.04068375 15.26

Molybdenum

Mo4295.9410.20.064032.655.80.16970.3714

Neodymium

Nd60144.246.980.0291450.5161.4720.4662
Neon

Ne1020.183Gas 0.0382.42
Nickel

Ni2858.718.900.091304.4317.30.40451.579
Niobium

Nb41 92.9068.570.05555 1.15 0.06388

Nitrogen

N714.0067Gas 1.8510.6
Osmium

Os76190.222.50.0712415.3 1.090

Oxygen

0815.9994Gas 0.000273.76
Palladium

Pd46106.412.00.067926.95.00.46860.3396

Phosphorus

P1530.9738. 1.820.035390.180 0.006370

(yellow)
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Thallium 1'181.204,3711.850.034923.49.70.11870.3387

Thorium
Th90232.03811.710.030397.4012.670.22490.3850

Thulium
Tm69168.9349.350.03314103123.4130.3977

Tin
Sn50'.118.69 7.2980.03703 0.63 0.02333

Titanium
Ti.22 47.904.510.05670 6.14.00.34590.2268

Tungs~en
W74183.8519.20.0628918.5 1.163

Uranium
·U92238.0319.10.048330a = 7.598.900.36680.4301

0{=4.19

0.2025
Vanadium

V23 50.9426.10.072125.044.930.36350.3556
Water

H2O 18.01531.00.033430.6641030.022203.443
Xenon

Xe54131.30Gas 24.54.30
Ytterbium

Yb70173.047.010.0244036.625.00.89300.6100
Yttrium

y3988.9065.5 I0.037331.287.600.047780.2837
Zinc

Zn30 65.377.1330.065721.104.20.072300.2760
Zirconium

Zr40 91.226.50.042910.1856.400.0079380.2746

*Based on 12C = 12.00009.
tFour-digit accuracy for computational purposes only; last digit(s) usually is not meaningful.
~Cross sections at 0.0253 cV or 2~00 m/sec. The scattering cross sections, except for those of H20 and D2O,are measured values in
a thermal neturon spectrum and are assumed to be 0.0253 eV values because Os is usually constant at thermal energies. The errors in
Os tend to be large, and the tabulated values of Os should be used with caution. (From BNL-325, 3rd ed., 1973).
§The value of 0a given in the tablejs for pure graphite. Commercial, reactor-grade graphite contains varying amounts of contaminants
and 0a is somewhat larger, say, about 0.0048 barns, so that La ~ 0.0003851 cm-I.
~The value of 0a given in~he table.is for pure D20. Commercially available heavy water contams small amounts of ordinary water and
0a in this case is somewhafIarger.
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dq, 4 ,-:-"",'.:;.:..ds, JS')J»~ .(,..-,..~ ) .)-'.;! q, +dq, =c 1S1.ua.a;"-i J.:S'd";a
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dS'l'=h,dq'l'

ds,..=h,..dq,..
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jl .~\.A;:...I4 ~l~ .:;..~ .lS:;;..~)~)b)!~ ~\j)~~ <s1f.JS'~I)

'~·.JI·' L ~T " ~~ dV-ds ds ds· ~(""" .. .i5:.J ~ . 'I"&J~ ..•.:..•.. V" U':'"")! •.. If ~. - \ , ., ./.J-' ~ ..) iJ"" ))..7" -=-
~).) )b)!~I.5J.,.p JI~\4 )!'f. ~ ~ <s.J)).) )b;.~ <s~~ o\A.l.J-" JI.}:;:i1

~,..::-\ ~

f ~.~ f-'F . ndA= divFdV

A .y
~

•.;;..•.•\~.r.flff.)~ I) A ~~~ ~jl r;}1..:.-.;),,~~A ~ .••.)~.).JJ. -.S:::~)I~f.n ~
loT- 'f.\;.u ..::-1 divFdV •.)l.••o)-"",,~~ Jl}:::il ~4 4.JS-)l::~V ~}i

- f -" .-.Ilo.
divFdV= F • ndA

A
.:0.

~ <s.J))~ <s.):':S"JI}8I.J ..::-1 dV ~~ ~).) 1" ~IJ).Y-.) divF ~G u=1).)

.~.):':f~ i~1 dV

: ~)~ ('I" - '1") ~ dV uJa- <S.J) ).) <s.):)'J'~1 i~l 4

+ [{F,ds,ds,..)qr+dq, ~ (F,ds\ds.,)q,]

+ [(F~ds,ds, )q.,+dq., -(F.,ds,dsr)q",J

).) F\ .J (;;~ -.;).~ q, +dq, ~-').) F, 1',*,-, ~..::-l ~u=1 ~ .;;... 1.S1&..:;...~

: ~.J; ;.!) ~)-""'~ ~t,JU'" ~ .:;..)l:-'"~.JI. ~I J.=i.1~-';>~q, ~.J

~

[{F,ds,ds.,)q, +dq\ - (F ,ds,d.",}qd = (}q,(F ,dsrds.,)dq,
. () '. ". "

= -(F,b,h,.}dq,dqrdq,..
(}q,
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530 884.0.02117
I

.5108523.9672.71196.6
540

961.5.02145.4658536.4657,51193.8

550

1044.0 .02175.4249549.1641.61190.6
560

1131'.8.02207.3877562.0625.01187.0
570

1225.1 .02241.3537575.2607.61182.8
580

1324.3 .0227'8.3225588.6589.31178.0
590

1429.5 .02319.2940602.5570.11172.5

600

1541,0 .02363.2677616.7549.71166.4
610

1659.2 .02411.2434631.3528.11159.4
620

1784.4 .02465.2209646.4505.01151.4
630

1916.9 .02525.2000662.1480.21142.4
\640

2057.1-.02593.1805678.6453.41131.9!

650

2205 .02673.1621695.9423.91119.8
660

2362 .02767.1446714.4391.11105.5i
670

2529 .02882.1278734.4353.91088.3
680

2705 .03032.1113756.9309.81066.7
690

2892 .03248.09428783.8253.91037.7

700

3090 .03666.07438822.7167.5990.2
705.44

3204 .05053.05053902.5 0902.5.

*From J.H. Keenan, F.G. Keyes, P.G. Hill, and J.G. Moore,Steam Tables. New York: Wiley, 1969. (These tables are
available in both English and metric units.)
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1900 628.76.02517.2025660.1I483.4 1143.5
2000

636.00.02565.1881671.9464.41136.3

2100

642.95.02616.1749683.6445.01128.5
2200

649.64.02670.1627695.3425.01120.3
2300

656.09.02728.1513707.0404.41111.4
2400

662.31.02791.1407718.8383.01101.8
2500

668.31.02860.1306730.9360.51091.4-

3000

695.52.. 03431.08404802.5213.01015.5
3203.6

705.44.. 05053.05053902.50902.5

*From J.H. Keenan, F.G. Keyes, P.G. Hill, and J.G. Moore, Steam Tables. Ne:-.v York; 1Vjley, 1969. (These tables are
available in both English and metric units.) , .
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SpecificThermal
Temp.,

Density,
heat~:t,

Entha1py,conductivity, k,Viscosity, Jl,Prandtl

oK
g/cm3 X 10-2.J/g- .•.JIgW/cm-oK X 10-3gl cm-sec X 10-4number

300

0.7939 5.19415891.57 2.010.664
350

0.6830 5.19318491.74' 2.230.665
400

0.5993 5.19221091.91 2.440.665
450

0.5339..
5.191

23682.07 2.650.665
500

0.4813 5.19126282.22 2.850.665
600

0.4022 5.19131472.52 3.230.665
700

0.3453 5.19136662.81 3.600.665
800

0.3026 5.19141853.08 3.950.665
900

0.2692 5.19147043.35 4.290.665
1000

0.2425 5.19152233.61.4.62 0.665
1100

0.2206 5.19157423.86 4.940.665
1200

0.2023 5.19162614.10 5.260.665
1300

0.1869 5.19167814.34 5.560.665
1400

0.1736 5.19273004.58 5.860.665
1500

0.1521 5.19278194.81 6.16.0.665-

*From R.D. McCarty, "Thermophysical Properties of Helium." National Bureau of Standards Report NBS-TN-63I ,
1972.
tThe tabulated values are for a pressure of 50 atm. However, all of the listed properties except density are nilatively
independent of pressure. The density, to a good approximation, is proportional to the pressure ..

J
.A
..•.
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d'cIl ,d<l> I n' )-+- -+'a'--cIl=odx' x dx \ x'

JJ L.....).) "":J.J--f .s- ,.,l.;4 .)A,., l.! ~).) .),).s. n 11 .J.;::."J:, ~ ~ 'y-.) 11.. n.J a .s
.li~\.f" ~-",,Y-j ~)-""'~ ""J.)\"'" Ji::••..•yl~._p , .,l.;4~~~ J.s

JD(OX).J Yn(OX)

: jl ..::-1 ~)l-:-,J'"'i .J..l.)\"...\.f"y.-s. yl~

cIl=AJn(ax) +CYn(ax}

t~jl J-I J.".- C!1~ b Yn(an).J In(ax} ~I"; .J.;::.....ot> liilt .x.)1l. C.J A .s
• ~\,j\.f" t.J.).J JJt

J.!T\.f").).):!j ~)-""'~ ~ .J..l.)t... ,..::-1 ~ a" c.?,J

d'cIl ,dell ( 'n' )---+-. - - 0'+-- eIl=.dx' x dx x'

~-'" Kn(ax).J ID(ax) ~J""-~ Ji::- .• <.Slf.l~ ,.,l.;4 ~ l.! ~).).),).s. n./I

jl ..::-10J~ ff~ yl~ .s-<.S)"J.~ .)~U""

<I>=AIn(ax)+ CKn(ax}

J.-. tfi~ C!I";~)~ Kn(ax).J In(ax) ~!.tj .J.;::....J:, ~~ .x';\l. C.J A .s
• ~4\.f" t.J.).J J.Jl t~j'

<.S'~ U""J.:.&." JH.••..•).) jlci .).J" rtS").) G ~ ~I"; .x.)1l. , - 0 J.J~

• ~, o.,l.; • .) I.) ~ I;.. ),) .);1..~ J.J'..lt:- • J.ot> ,) \.f"":;""',) ~
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I.3 0.59370.53250.2865-0.54851.4690.79730.27820.3725
1.4

0.56690.54190.3379-0.47911.5530.88610.24370.3208

1.5

0.48380.56440.3824-0.412-31.6470.98170.21380.2774
1.6

0.45540.56990.4204-0.34761.7501.0850.18800.2406
1.7

0.36900.58020.4520-0.28471.8641.1960.16550.2094
1.8
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J.,J.

-_._----
centime~~

meters·kiloritet~sinchesfeetmiles
1

0.0110-5 0.39370.032816.2J4 X 10-6100 I10-3 39.37 '3.2816.214 X 10-4105 103I 3.937 X 1043281' 0.62142.540 0.02'542.540 X 10-510.083331.578 X 10-s30.48 0.30483.048 X 10""12 I1.894 X 10-4. Uj09~'~_ 16091.6096.336 X 1045280I

t - \JJ~

eJa..

cm2 m2", km2 in2 ft2 mi2

1 10-4 , 10-10 0.1550 1.076 X 10-3 3.861 X 10-11
104 I l'O"'& 1550 10.76 3.861 X 10-7
1010 i 106 I 1.550 X 109 1.076 X l07 0.3861

6.452 I 6.452 X 10-4 I 6.452 X 10-IQ 1 6.944 KJO-3 2.491 X 10-to929.0 0.09290, 9.29 X 10-8 144 l' 3.587 X 10-.

2.590 X 1010 I 2.590XI06 I 2,590 4.014XIO' 2.788 X 107 1
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~-, •.b~
,eA" •Y.U.

erg joule*kilowatt-hourgram-calorieBtuMeV-

I
10-72.778 X 10-142.388 X 10-8 .9.478 X 10-116.242 X 105107 I2.778 X 10-70.23889.478 X 10-46.242 X 10123.6 X 1013

3.6 X 106I8.598 X 1053412 2.247 X 10194.187 X 107 4.1871.163 X 10-6I3.968 X 10-32.613X 10131.055 X 1010 /' , 1055 2.93LX 10-4252.0 I6.586 X 10151.602 X 10-6
1.602 X 10-134.45(j X 10-203.826 X 10-141.518 X 10-16I---

,~., JJ~
OJ,Ji .

watt· kilowattmegawattBtU/hrMeV/secI 10-310-63.4126.242 X 1011103 I10-334126.242 X 1015106 103I3.412 X 1066.242X loll0.2931 2.931 X 10-42.931 X 10-7I1.829 X 10121.602 X 10-13 1.602 X 10-161.602 X J 0-195.466 X 10-13I

t~., UJoA..

0)'.••••.efo u11~ _ 6;.Ji .)~~

wan/m'· watt, cm'cal/sec-cm3Btu/hr-ft3GeV/sec-cm3
.

I 10-'2.388 X 10""0.096626.242 X 10610' I0.23889.662X 10·6.242 X 10124.187 X 106 4.J87J4.045 X J052.613 X 10"fO.35 1.035 X 10-52.472 X JO-6J6.46J X 10"J.602 X 10-7 J.602 X JO-133.826 X J0-141.548 X JO-IJ
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Qu'antit y

Atomic mass unit

Avogadro's number

Boltzmann's constant

Compton wavelength
of the electron

Electron rest mass· .

Elementary charge

Neutron rest mass

Planck's constant

Proton rest mass

Speed of light

Symbol or definition

amu

e.

Mn

h

c

Value

1.66053 X 10-24 g
931.481 MeV

0.602217 X 1024 (g-mole)-I

1.38062 X 10-16 ergtK
8.61707 X 10-5 eVtK

2.42631 X 10-10 cm

9.10956XlO-~8 .
5.48593 X 10...••amu·
0.511004 MeV'

1.602192 X 10-19 coul

1.67492 X 10-24 g
1.008665 amu
939.553 MeV

6.62620 X lO':-27 erg-scc
4.1357i X 10-15 cV-sed

1.67261 X 10-24 g
1.007277 amu
938.259 MeV

2.997925 X 1010 cm/sec

·Compiled by B.N. Taylor, W.H. Parker, and D.N. Langenberg, Reviews of Modern Phys
ics 41, 375 (1969).
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Atoms or

Atomic or
Nominalmolecules

Element or
Atomicmoleculardensity,per cm3t.oa,tUs"Ea.ttl• t

molecule
Symbolnumberweight· 'gfcm3(X 10)4)barnsbarnscm--tcm"

Actinium

Ac89227 515
-AlumiJl,um

Al1326.98152.6990.060240.2301.490.013860.08976
Antimony

SbSI121.756.620.03275 5.44.20.17690.1376
Argon

Ar1839.948Gas 0.6780.644
Arseni~

As·33 74.92165.73..../0.046064.370.19810.3224
Barium

Ba56137.343.50.01535 1.2 0.01842
Beryllium

Be49.01221.850.1236 0.009.26.140.0011370.7589
Bismuth

Bi83208.9809.800.028240.033 0.0009319
Boron

B510.8112.30.12817593.697.23 0.4612
Btomine

Br3579.9093.12, 0.02351 6.86.10.15990.1434
Cadmium

Cd48112.408.650.0463524505.6113.56 0.2596
Calcium

Ca2040.081.550.02329 0.43 0.01001
Carbon

C612.011151.600.08023 0.00344.750.00027280.3811
(graphite),§ Cerium

Ce58140.126.780.029140.634.70.018360.1370
Cesium

Cs55132.9051.90.008610,29.0 0.2497
Chlorine

Cl"17 35.453Gas 33.2
Chromium

Cr2451.9967.190,,083283.13.80.25820.3165
Cobalt

Co2758.9332 "8.80~0899337.26.73.3450.6025
Copper

Cu2963.548.960.084933.797.90.32190.6709
Deuterium

DI2.01410Gas 0.00053
Dysprosium

Dy66162.508.560.0317293010029.503.172
Erbium

Er68167.269.160.0320316211.05.1890.3523
Europium

Eu63151.965.220.0206946008.095.17 0.1655
Fluorine

F918.9984Gas 0.00954.0 "



:Esdcm

0.06684

0.7453

0.7167
0.3802

0.01988
0.09563

0.3426

0.8038
0.3559
0.1099

0.08131
0.1787
0.03791

0.6314

0.02783
0.3333

:Ea·t-l
em

1.160

0.6622
49.93
36.66

0.1384
0.8050

0.1532
5.804

10.89·
0.003989
0.1861

161.0
0.8875
0.4293
0.007994
3.725
0.01347
0,02162
0.02022

as.f
barns

1.3

6.2

1.5
3.3

J.2
7.7

3.2

o
0.975

6.2

4
9.7

2.2

20

--~----
Atoms orAtomic or

Nominalmolecules
Element or

Atomicmoleculardensity,per cm3taa.f
molecule

Symbolnumberweight·gjcm3(X 1024)barns
Platinum

Pt78195.0921.450.0662210.0
Plutonium

Pu94239.052219.60.04938aa=1011.3
"

af= 742.5
Polonium

Po,~ 2109.510.02727
Potassium

K19 39.1020.860.01325 2.10
Praseodymium

Pr59140.9076.78 '. 0.02898 11.5
Promethium

Pm61
Protactinium

Pa91231.0359 210
Radium

Ra88226.02545.00.0133211.5
Rhenium

ke75186.2200.0659688
Rhodium

Rh45102.90512.4 I0.07263150
Rubidium

Rb37 85.471.530.01078 0.37
RuUienium

Ru.44101.0712.20.072702.56
Samarium

Srn62150.356.930.027765800
Scandium

Se21 44.956I 2.50.0334926.5
Selenium

Se34 78.964.810.03669:11.7
Silicon

Si14- 28.0862.330.04996 0.16
Silver

. Ag47107.87010.490.0585763.6
I Na

l
Sodium 1122.98980.970.02541 0.530

Strontium
Sr38 87.622.6.0.01787 1.21

Sulfur
S1632.0642.070.03888I

0.520

(yellow) Tantalum
Ta73180.94816:60.0552521.0

Teehnetium
Tc43 99 19

Tc114rium
Te52127.606.240.02945 4.7

Terhium
Tb(i')158.925I

8.33 0.031S725.5

r
<r
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"I" •

dV=dxdydz,

dV=rdrdedz

,dV =r' Ifnedrdedcp

~lA:.cJ'.,r... .)!I.)! cJT ~lA:.4&J.".. ".:-1 S)I,)j. ~fU~~~ f S,).).$. C!\.j cJl:!,)lf

IjJ •.:-\ 4&J.".. sl::..l) ).) f ~t;J

~f ~f. ~f (
,gradf==: --a,+ --at+ -- a,..

~s, ~s\" ~S,..

...:::-'q,. C.J q~~c , q, = c c~~.)! ,),yJ- ~~IA)I,).)! a,...J a,..J a. "
"br.iT 0'

o )

~f I,)f-==:---
~s, h, ,)q,

: jl J..:.j')~~ljJl~\i o~ .IS::..,)),) cJl:!,)'.f~lA:.4&J.".. ",)~IJ' ~

gtadxf=~ ~x

gradrf=~ ~r gradef=- uf
fela

gradef =_\_ <>fr ~
\ ~f

gradcpf = rrift& ~cp



: ~)h ~)~ ~,; jl •...:;..;,,;c)[,rU"" .u,)l-.. ~I)~~,) ~I,j. ~I.:... -la;!.J)

~ lb ~ ~ .divFdV == -. (F,hrh,..) + -(F ,.h,h,..)+- (F,..h,h,.)]dq,dql'dq,...~qt . bq,. ~q,.. .

: ~)b dVJl~~ ~...zjl

• ...:0. I [a a d J
dlVF = h h - (F,h,.h,..)+- (F,.h,h,..)+ - (F,..h,h,.), ,.,.. ~q, . elq,. dq,..

: rt:!)l,)·J.uI,;.JI~li .l~,) J,) h .)':!,)\i.. ~pl,)) I.J 4

+ oFy + clFz
oy elz

.s14i1.".::••I ..::,l..,.a.: •••.•• lS:':...,,) ),)

divF= _, _0_ (rFr) + ~__elF, + aFz_
r or r c)8 ( oZ

I

.- , iJ ,a
dlVF =- --(r'Fr) + -- -- (riaeFe)+r' ~r r •••e c)9

jl..:-lo)~c)l:!,)I./F, ~" .•• ..::-1 .s,)~~Y ~- c)l:!,)I'/~lj).J:!,)J..'~~'
, ~fF =- -.-'

I h, ~q,

~4 ~~),) lu,iJ."..V!, o,)~.,)JII4.,))1,) ,)~J l.~.~,) .sl,j. \P!~ ~I.J)

: ~ TU"" ..::-,) ~ r:r-"~'j

'.'V'f= " f-~(h,.h,..~) + ~(b,h,.. ~)h,h,.h,.. iJq, h, ~ql c)q,. h,.· aq,.

(cl b,b,.) elf J+ ()q,.. h,.. elq,..

4:!JIYI~~\k:.l~ .~",)J,) r:r- .•••-j..,~~::.i c)!1~ ~y4 ...:-1 o)W .s1)1,)~I) ~I

j I ...:-1 0) l.:&
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Specific volume, fe libEnthalpy. Btu/lb
Temp.,

Pressure,Sat.Sat.Sat. Sat.
OFt'

psialiquidvaporliquidEvap.vapor--.-T PvIVg. hfh[g"hg
32.0

0.088660.01602330201075.41075.4

350

134.53.017993.346321.8871.31193.1
360

152.92.018112.961332.4862.91195.2370 173.23.018232.628342.9854.21197.2380 195..6.018362.339353.6845.41199.0390 220.2.018502.087364.3836.21200.6

400

247.1.018641.866375.1826.81202.0410 276.5.018781.673386.0817.21203.1420 308.5.018941.502396.9807.21204.1430 343.3.019091.352407.9796.91204.8440 38 •...2.019261.219419.0786.31205.3

450

42.2.1.019431.1011430.2775.41205.6
460

466.3.01961.9961441.4764.11205.5
470

514.1.01980.9025452.8752.41205.2
480

565~5.02000.8187464.3740.31204.6
490

620.1'.02021.7436475.9727.81203.7

500

680.0.Q2043.6761487.7714.81202.5 .
510

743.5,'.02067.6153499.6701.31200.9
520

811.4.02091.5605511.7687.31198.9
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Specific volume, re lIbEnthalpy, Btu/lb

Pressure,

Temp.,Sat.Sat.Sat. Sat.
psia

ofliquidvaporliquidEvap.vapor
p

, T
vfVghfhfghg--

14.696 211.990.0167226.80180.15970.41150.5

100

327.86.017744.434298.61889.21187.8
200

381.86.01839'c2.289 355.6843.71199.3
300

417.43.018901.544394.1809:81203.9
400

444.70.019341.162I424.2 781.21205.5
500

467.13.01975.9283449.5755.81205.3

600

486.33.02013.7702471.7732.41204.1
700

503.23
I

.02051
.6558491.5710.51202.0

800
518.36\.02087 .5691509.7689.61199.3

900
532.12!

.02123 .5009526.6I669.5 1196.0
1000

5<t4.75.02159.4459I542.4
I650.0 1192.4I

1100

556.45.02195

I

.4005 557.4631.01188.3
1200

567.37.02232.3623571.7612.31183.9
1300

577.60.02269.3297585.4593.81179.2
1400

587.25.02307.3016598.6575.51174.1
1500

596.39.02346.2769611.5557.21168.7

1600

605.06.02386.2552624.0538.91162.9
1700

613.32.02428.2358-636.2 520.61156.9
1800

621.21I
.02472 .2183648.3502.11150.4
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Specific heat, cp'
Thermal conductivity, k,Viscosity, ,.,.,I Density,

Btu/lb.oF

Btu/hr-ft.oFIb/hr-ft, Ib/ft3

Temp.,

Sat.10002000Sat.10002000Sat.10002000Sat.10002000
OF

liquidpsiapsialiquidpsiapsialiquidpsiapsialiquidpsiapsia

32

1.0081.0031.0000.31850.31980.32))4.3404.3094.27962.4162.6362.85

300

1.0291.0231.017.3952.3981.40130.4520.4600.46857.3157.5457.77
320

1.0351.0311.024.3944.3969.3998.420.426.43356.6556.8657.11
340

1.0461.0401.032.3921.3947.3977.391.396.40455.9556.1856.44
360

1.0561.0501.041.3891.3919.3951.366.372.37855.2255.4555.74
380

1.0671.0611.051.3857.3885.3919.346.351.35654.4654.6854.99

400

1.0791.0741.062.3809.3849~.3880.327.330.33553.6553.9154.23
420

1.0941.0871.075.3753.3787.3833.310.312.31752.8153.0353.38
440

I.lIIl.l051.091.3693.3728.3776.294.296.30151.9252.1552.53
460

I.l32I.l24I.l09.3640.3664.3713.280.282.28650.985I.l951.62
480

I.l541.149l.l31',3575.3595.3642.267.270.27350.0050.1650.63
'- ••• ,+

.., . .
500 I.l86l.l761.I54.3494.3510.3562.256.257.26048.9549.1249.65

520
I 1.231.21l.l88.3397.3410.3475.246.246.24947.8247.9448.54

540
1.28 1.225.3298 .3371'.235 .23946.62.46.6447.35

560
1.34 1.278.3189 .3256.225 .23145.31 46.04

580
1.41 1.341.3064 .3118.217 .22243.90: 44.58

"

600 1.51 1.44'8.2919 .2962.210 .21242.32 '42.92
620

1.65 1.62.2753 .2778.200 .20240.57 40.93
640

1.88 .2565.19038.57
660

.. '2.34 .2335.17736.14"

670
2.84 .2198.16934.70

680 ..

3.5 .20~6.161·32.98
690

5.5 .1854.14830.79

*From I.F. Hogerton and R.e. Grass, Editors, The Reactor Handbook, Vol. 3. Washington, D.C.: V.S. Atomic Energy
Commission, 1955. Density calculated from values of specific volume given in I.H. Keenan, et. aI., op. cit.
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SpecificThermal
Temp.,

Density,heat,Enth:llpy, tconductivity, kViscosity. /J.,PrandtJ
of

Ib/ft3Btu/lb-oFBtu/lb
0--

lb/ft-hr numberBtu/hr-ft- F

212

57.870.3305 1.706
302

239.91.309
392

56.440.3200268.947.1 J1.0890.0074
482

301.80.949
572

55.060.3116332.643.750.8350.0059
752

53.630.3055381.442.150.6870.0051
932

52.010:3015436.038.610.5880.0046
1112

50.510.2998490.136.240.5080.0042
1292

48.880.3003544.234.100.4$00.0040
1472

47.260.3030598.531.620.3990.0038
1652

0.3079653.4 0.363

*From 1{.N. Lyon, Editor, Liquid Metals Handbook. Washingfon: U.S. Atomic Energy
Commission, 1952, 1955. (
tlnterpolated from values given by C.J. Meisl and A. Shapiro, "Thermodynamic Properties
of Alkali Metal Vapors and Mercury." General Electric Report No. R 60FPD35~·A,1960 .

.,-£ JJ~
, ( Btu/hr. ft°F ) ~.;;1~:~'..IA~li

OF UraniumUO·
Pu02AluminumSteelZirconiumZircaloy2

200
15.804.23.60119 1011.8 <10

400

17.003.5 1241011.2
600

18.103.0 .1341110.8
800

19.202.6 1481110.6
1000

20.252.4 13
1200

21.202.1 13.5
1400

22.001.91.57 15
1600

1.7 16
1800

1.5 18
2000

1.4
2500

1.3
I··3000 1.2

3500
1.1

4000
1.1

*Data on UOz are highly variable, especially above 3000°F.
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x lo{x}II {X}YO{X}Y1{X}10{x}11{x}. Ko{x}Krfx}

0

1.00000.0000...00_001.0000.00000000

0.05
0.99940.0250-1.979-12.791.0010.02503.11419.91

0.10
0,99750.0499-1.534-6.4591.0030.05012.4279.854

0.15
0.99440.0748-1.271-4.3641.0060.07522.0306.477

0.20
0.99960.0995-1.081-3.3241.0100.10051.7534.776

C 0.25
0.98440.1240-0.9316-2.7041.0160.12601.5423.747

O.~O
0.97760.1483-0.8073-2.2931.0230.15171.3723.056

0.35
0.96960.1723-0.7003,-~.OOO1.0310.17771.2332.559

0.40
0.96040:1960-0.6060::1.7811.0400.20401.1152.184

0.45
0.95000.2194-0.5214-1.6101.05 I0,23071.0131.892

0.50

0.93850.2423-0.4445-1.4711.0630.25790.92441.656
0.55

0.92580.2647-0.3739-1.3571.0770.28550.84661.464
0.60

0.91200.2867-0.3085-1.2601.0920.31370.77751.303
0.65

0.89710.3081-0.2476-1.1771.1080.34250.71591.167
0.70

0.88120.3290 '-0.1907 .-1.1031.1260.37190.66051.050
, 0.75

0.86420.3492-0.1372-1.0381.1460.4020. -0.61060.9496
0.80

0.84630.3688-0.0868-0.97811.1670.43290.56530.8618
0.85

0.82740.3878-0.0393-0.92361.189.0.46460.52420.7847
0.90

0.80750.4059-0.0056-0.87311.2130.49710.48670.7165
0.95

0.78680.42340.0481-0.82581.2390.53060.45240.6560

1.0

0.76520.44010.0883-0.78121.2660.56520.42100.6019
1.1

0.69570.48500.1622 .-0.69811.3260.63750.36560.5098
1.2

0.67110.49830.2281-0.62111.3940.71470.31850.4346
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centime~~

meters·kiloritet~sinchesfeetmiles
1

0.0110-5 0.39370.032816.2J4 X 10-6100 I10-3 39.37 '3.2816.214 X 10-4105 103I 3.937 X 1043281' 0.62142.540 0.02'542.540 X 10-510.083331.578 X 10-s30.48 0.30483.048 X 10""12 I1.894 X 10-4. Uj09~'~_ 16091.6096.336 X 1045280I

t - \JJ~

eJa..

cm2 m2", km2 in2 ft2 mi2

1 10-4 , 10-10 0.1550 1.076 X 10-3 3.861 X 10-11
104 I l'O"'& 1550 10.76 3.861 X 10-7
1010 i 106 I 1.550 X 109 1.076 X l07 0.3861

6.452 I 6.452 X 10-4 I 6.452 X 10-IQ 1 6.944 KJO-3 2.491 X 10-to929.0 0.09290, 9.29 X 10-8 144 l' 3.587 X 10-.

2.590 X 1010 I 2.590XI06 I 2,590 4.014XIO' 2.788 X 107 1
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erg joule*kilowatt-hourgram-calorieBtuMeV-

I
10-72.778 X 10-142.388 X 10-8 .9.478 X 10-116.242 X 105107 I2.778 X 10-70.23889.478 X 10-46.242 X 10123.6 X 1013

3.6 X 106I8.598 X 1053412 2.247 X 10194.187 X 107 4.1871.163 X 10-6I3.968 X 10-32.613X 10131.055 X 1010 /' , 1055 2.93LX 10-4252.0 I6.586 X 10151.602 X 10-6
1.602 X 10-134.45(j X 10-203.826 X 10-141.518 X 10-16I---

,~., JJ~
OJ,Ji .

watt· kilowattmegawattBtU/hrMeV/secI 10-310-63.4126.242 X 1011103 I10-334126.242 X 1015106 103I3.412 X 1066.242X loll0.2931 2.931 X 10-42.931 X 10-7I1.829 X 10121.602 X 10-13 1.602 X 10-161.602 X J 0-195.466 X 10-13I

t~., UJoA..

0)'.••••.efo u11~ _ 6;.Ji .)~~

wan/m'· watt, cm'cal/sec-cm3Btu/hr-ft3GeV/sec-cm3
.

I 10-'2.388 X 10""0.096626.242 X 10610' I0.23889.662X 10·6.242 X 10124.187 X 106 4.J87J4.045 X J052.613 X 10"fO.35 1.035 X 10-52.472 X JO-6J6.46J X 10"J.602 X 10-7 J.602 X JO-133.826 X J0-141.548 X JO-IJ
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Qu'antit y

Atomic mass unit

Avogadro's number

Boltzmann's constant

Compton wavelength
of the electron

Electron rest mass· .

Elementary charge

Neutron rest mass

Planck's constant

Proton rest mass

Speed of light

Symbol or definition

amu

e.

Mn

h

c

Value

1.66053 X 10-24 g
931.481 MeV

0.602217 X 1024 (g-mole)-I

1.38062 X 10-16 ergtK
8.61707 X 10-5 eVtK

2.42631 X 10-10 cm

9.10956XlO-~8 .
5.48593 X 10...••amu·
0.511004 MeV'

1.602192 X 10-19 coul

1.67492 X 10-24 g
1.008665 amu
939.553 MeV

6.62620 X lO':-27 erg-scc
4.1357i X 10-15 cV-sed

1.67261 X 10-24 g
1.007277 amu
938.259 MeV

2.997925 X 1010 cm/sec

·Compiled by B.N. Taylor, W.H. Parker, and D.N. Langenberg, Reviews of Modern Phys
ics 41, 375 (1969).
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Atoms or

Atomic or
Nominalmolecules

Element or
Atomicmoleculardensity,per cm3t.oa,tUs"Ea.ttl• t

molecule
Symbolnumberweight· 'gfcm3(X 10)4)barnsbarnscm--tcm"

Actinium

Ac89227 515
-AlumiJl,um

Al1326.98152.6990.060240.2301.490.013860.08976
Antimony

SbSI121.756.620.03275 5.44.20.17690.1376
Argon

Ar1839.948Gas 0.6780.644
Arseni~

As·33 74.92165.73..../0.046064.370.19810.3224
Barium

Ba56137.343.50.01535 1.2 0.01842
Beryllium

Be49.01221.850.1236 0.009.26.140.0011370.7589
Bismuth

Bi83208.9809.800.028240.033 0.0009319
Boron

B510.8112.30.12817593.697.23 0.4612
Btomine

Br3579.9093.12, 0.02351 6.86.10.15990.1434
Cadmium

Cd48112.408.650.0463524505.6113.56 0.2596
Calcium

Ca2040.081.550.02329 0.43 0.01001
Carbon

C612.011151.600.08023 0.00344.750.00027280.3811
(graphite),§ Cerium

Ce58140.126.780.029140.634.70.018360.1370
Cesium

Cs55132.9051.90.008610,29.0 0.2497
Chlorine

Cl"17 35.453Gas 33.2
Chromium

Cr2451.9967.190,,083283.13.80.25820.3165
Cobalt

Co2758.9332 "8.80~0899337.26.73.3450.6025
Copper

Cu2963.548.960.084933.797.90.32190.6709
Deuterium

DI2.01410Gas 0.00053
Dysprosium

Dy66162.508.560.0317293010029.503.172
Erbium

Er68167.269.160.0320316211.05.1890.3523
Europium

Eu63151.965.220.0206946008.095.17 0.1655
Fluorine

F918.9984Gas 0.00954.0 "



:Esdcm

0.06684

0.7453

0.7167
0.3802

0.01988
0.09563

0.3426

0.8038
0.3559
0.1099

0.08131
0.1787
0.03791

0.6314

0.02783
0.3333

:Ea·t-l
em

1.160

0.6622
49.93
36.66

0.1384
0.8050

0.1532
5.804

10.89·
0.003989
0.1861

161.0
0.8875
0.4293
0.007994
3.725
0.01347
0,02162
0.02022

as.f
barns

1.3

6.2

1.5
3.3

J.2
7.7

3.2

o
0.975

6.2

4
9.7

2.2

20

--~----
Atoms orAtomic or

Nominalmolecules
Element or

Atomicmoleculardensity,per cm3taa.f
molecule

Symbolnumberweight·gjcm3(X 1024)barns
Platinum

Pt78195.0921.450.0662210.0
Plutonium

Pu94239.052219.60.04938aa=1011.3
"

af= 742.5
Polonium

Po,~ 2109.510.02727
Potassium

K19 39.1020.860.01325 2.10
Praseodymium

Pr59140.9076.78 '. 0.02898 11.5
Promethium

Pm61
Protactinium

Pa91231.0359 210
Radium

Ra88226.02545.00.0133211.5
Rhenium

ke75186.2200.0659688
Rhodium

Rh45102.90512.4 I0.07263150
Rubidium

Rb37 85.471.530.01078 0.37
RuUienium

Ru.44101.0712.20.072702.56
Samarium

Srn62150.356.930.027765800
Scandium

Se21 44.956I 2.50.0334926.5
Selenium

Se34 78.964.810.03669:11.7
Silicon

Si14- 28.0862.330.04996 0.16
Silver

. Ag47107.87010.490.0585763.6
I Na

l
Sodium 1122.98980.970.02541 0.530

Strontium
Sr38 87.622.6.0.01787 1.21

Sulfur
S1632.0642.070.03888I

0.520

(yellow) Tantalum
Ta73180.94816:60.0552521.0

Teehnetium
Tc43 99 19

Tc114rium
Te52127.606.240.02945 4.7

Terhium
Tb(i')158.925I

8.33 0.031S725.5

r
<r
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dV=dxdydz,

dV=rdrdedz

,dV =r' Ifnedrdedcp

~lA:.cJ'.,r... .)!I.)! cJT ~lA:.4&J.".. ".:-1 S)I,)j. ~fU~~~ f S,).).$. C!\.j cJl:!,)lf

IjJ •.:-\ 4&J.".. sl::..l) ).) f ~t;J

~f ~f. ~f (
,gradf==: --a,+ --at+ -- a,..

~s, ~s\" ~S,..

...:::-'q,. C.J q~~c , q, = c c~~.)! ,),yJ- ~~IA)I,).)! a,...J a,..J a. "
"br.iT 0'

o )

~f I,)f-==:---
~s, h, ,)q,

: jl J..:.j')~~ljJl~\i o~ .IS::..,)),) cJl:!,)'.f~lA:.4&J.".. ",)~IJ' ~

gtadxf=~ ~x

gradrf=~ ~r gradef=- uf
fela

gradef =_\_ <>fr ~
\ ~f

gradcpf = rrift& ~cp
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~ lb ~ ~ .divFdV == -. (F,hrh,..) + -(F ,.h,h,..)+- (F,..h,h,.)]dq,dql'dq,...~qt . bq,. ~q,.. .

: ~)b dVJl~~ ~...zjl

• ...:0. I [a a d J
dlVF = h h - (F,h,.h,..)+- (F,.h,h,..)+ - (F,..h,h,.), ,.,.. ~q, . elq,. dq,..

: rt:!)l,)·J.uI,;.JI~li .l~,) J,) h .)':!,)\i.. ~pl,)) I.J 4

+ oFy + clFz
oy elz

.s14i1.".::••I ..::,l..,.a.: •••.•• lS:':...,,) ),)

divF= _, _0_ (rFr) + ~__elF, + aFz_
r or r c)8 ( oZ

I

.- , iJ ,a
dlVF =- --(r'Fr) + -- -- (riaeFe)+r' ~r r •••e c)9

jl..:-lo)~c)l:!,)I./F, ~" .•• ..::-1 .s,)~~Y ~- c)l:!,)I'/~lj).J:!,)J..'~~'
, ~fF =- -.-'

I h, ~q,

~4 ~~),) lu,iJ."..V!, o,)~.,)JII4.,))1,) ,)~J l.~.~,) .sl,j. \P!~ ~I.J)

: ~ TU"" ..::-,) ~ r:r-"~'j

'.'V'f= " f-~(h,.h,..~) + ~(b,h,.. ~)h,h,.h,.. iJq, h, ~ql c)q,. h,.· aq,.

(cl b,b,.) elf J+ ()q,.. h,.. elq,..

4:!JIYI~~\k:.l~ .~",)J,) r:r- .•••-j..,~~::.i c)!1~ ~y4 ...:-1 o)W .s1)1,)~I) ~I
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Specific volume, fe libEnthalpy. Btu/lb
Temp.,

Pressure,Sat.Sat.Sat. Sat.
OFt'

psialiquidvaporliquidEvap.vapor--.-T PvIVg. hfh[g"hg
32.0

0.088660.01602330201075.41075.4

350

134.53.017993.346321.8871.31193.1
360

152.92.018112.961332.4862.91195.2370 173.23.018232.628342.9854.21197.2380 195..6.018362.339353.6845.41199.0390 220.2.018502.087364.3836.21200.6

400

247.1.018641.866375.1826.81202.0410 276.5.018781.673386.0817.21203.1420 308.5.018941.502396.9807.21204.1430 343.3.019091.352407.9796.91204.8440 38 •...2.019261.219419.0786.31205.3

450

42.2.1.019431.1011430.2775.41205.6
460

466.3.01961.9961441.4764.11205.5
470

514.1.01980.9025452.8752.41205.2
480

565~5.02000.8187464.3740.31204.6
490

620.1'.02021.7436475.9727.81203.7

500

680.0.Q2043.6761487.7714.81202.5 .
510

743.5,'.02067.6153499.6701.31200.9
520

811.4.02091.5605511.7687.31198.9
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Specific volume, re lIbEnthalpy, Btu/lb

Pressure,

Temp.,Sat.Sat.Sat. Sat.
psia

ofliquidvaporliquidEvap.vapor
p

, T
vfVghfhfghg--

14.696 211.990.0167226.80180.15970.41150.5

100

327.86.017744.434298.61889.21187.8
200

381.86.01839'c2.289 355.6843.71199.3
300

417.43.018901.544394.1809:81203.9
400

444.70.019341.162I424.2 781.21205.5
500

467.13.01975.9283449.5755.81205.3

600

486.33.02013.7702471.7732.41204.1
700

503.23
I

.02051
.6558491.5710.51202.0

800
518.36\.02087 .5691509.7689.61199.3

900
532.12!

.02123 .5009526.6I669.5 1196.0
1000

5<t4.75.02159.4459I542.4
I650.0 1192.4I

1100

556.45.02195

I

.4005 557.4631.01188.3
1200

567.37.02232.3623571.7612.31183.9
1300

577.60.02269.3297585.4593.81179.2
1400

587.25.02307.3016598.6575.51174.1
1500

596.39.02346.2769611.5557.21168.7

1600

605.06.02386.2552624.0538.91162.9
1700

613.32.02428.2358-636.2 520.61156.9
1800

621.21I
.02472 .2183648.3502.11150.4
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Specific heat, cp'
Thermal conductivity, k,Viscosity, ,.,.,I Density,

Btu/lb.oF

Btu/hr-ft.oFIb/hr-ft, Ib/ft3

Temp.,

Sat.10002000Sat.10002000Sat.10002000Sat.10002000
OF

liquidpsiapsialiquidpsiapsialiquidpsiapsialiquidpsiapsia

32

1.0081.0031.0000.31850.31980.32))4.3404.3094.27962.4162.6362.85

300

1.0291.0231.017.3952.3981.40130.4520.4600.46857.3157.5457.77
320

1.0351.0311.024.3944.3969.3998.420.426.43356.6556.8657.11
340

1.0461.0401.032.3921.3947.3977.391.396.40455.9556.1856.44
360

1.0561.0501.041.3891.3919.3951.366.372.37855.2255.4555.74
380

1.0671.0611.051.3857.3885.3919.346.351.35654.4654.6854.99

400

1.0791.0741.062.3809.3849~.3880.327.330.33553.6553.9154.23
420

1.0941.0871.075.3753.3787.3833.310.312.31752.8153.0353.38
440

I.lIIl.l051.091.3693.3728.3776.294.296.30151.9252.1552.53
460

I.l32I.l24I.l09.3640.3664.3713.280.282.28650.985I.l951.62
480

I.l541.149l.l31',3575.3595.3642.267.270.27350.0050.1650.63
'- ••• ,+

.., . .
500 I.l86l.l761.I54.3494.3510.3562.256.257.26048.9549.1249.65

520
I 1.231.21l.l88.3397.3410.3475.246.246.24947.8247.9448.54

540
1.28 1.225.3298 .3371'.235 .23946.62.46.6447.35

560
1.34 1.278.3189 .3256.225 .23145.31 46.04

580
1.41 1.341.3064 .3118.217 .22243.90: 44.58

"

600 1.51 1.44'8.2919 .2962.210 .21242.32 '42.92
620

1.65 1.62.2753 .2778.200 .20240.57 40.93
640

1.88 .2565.19038.57
660

.. '2.34 .2335.17736.14"

670
2.84 .2198.16934.70

680 ..

3.5 .20~6.161·32.98
690

5.5 .1854.14830.79

*From I.F. Hogerton and R.e. Grass, Editors, The Reactor Handbook, Vol. 3. Washington, D.C.: V.S. Atomic Energy
Commission, 1955. Density calculated from values of specific volume given in I.H. Keenan, et. aI., op. cit.
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SpecificThermal
Temp.,

Density,heat,Enth:llpy, tconductivity, kViscosity. /J.,PrandtJ
of

Ib/ft3Btu/lb-oFBtu/lb
0--

lb/ft-hr numberBtu/hr-ft- F

212

57.870.3305 1.706
302

239.91.309
392

56.440.3200268.947.1 J1.0890.0074
482

301.80.949
572

55.060.3116332.643.750.8350.0059
752

53.630.3055381.442.150.6870.0051
932

52.010:3015436.038.610.5880.0046
1112

50.510.2998490.136.240.5080.0042
1292

48.880.3003544.234.100.4$00.0040
1472

47.260.3030598.531.620.3990.0038
1652

0.3079653.4 0.363

*From 1{.N. Lyon, Editor, Liquid Metals Handbook. Washingfon: U.S. Atomic Energy
Commission, 1952, 1955. (
tlnterpolated from values given by C.J. Meisl and A. Shapiro, "Thermodynamic Properties
of Alkali Metal Vapors and Mercury." General Electric Report No. R 60FPD35~·A,1960 .

.,-£ JJ~
, ( Btu/hr. ft°F ) ~.;;1~:~'..IA~li

OF UraniumUO·
Pu02AluminumSteelZirconiumZircaloy2

200
15.804.23.60119 1011.8 <10

400

17.003.5 1241011.2
600

18.103.0 .1341110.8
800

19.202.6 1481110.6
1000

20.252.4 13
1200

21.202.1 13.5
1400

22.001.91.57 15
1600

1.7 16
1800

1.5 18
2000

1.4
2500

1.3
I··3000 1.2

3500
1.1

4000
1.1

*Data on UOz are highly variable, especially above 3000°F.
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x lo{x}II {X}YO{X}Y1{X}10{x}11{x}. Ko{x}Krfx}

0

1.00000.0000...00_001.0000.00000000

0.05
0.99940.0250-1.979-12.791.0010.02503.11419.91

0.10
0,99750.0499-1.534-6.4591.0030.05012.4279.854

0.15
0.99440.0748-1.271-4.3641.0060.07522.0306.477

0.20
0.99960.0995-1.081-3.3241.0100.10051.7534.776

C 0.25
0.98440.1240-0.9316-2.7041.0160.12601.5423.747

O.~O
0.97760.1483-0.8073-2.2931.0230.15171.3723.056

0.35
0.96960.1723-0.7003,-~.OOO1.0310.17771.2332.559

0.40
0.96040:1960-0.6060::1.7811.0400.20401.1152.184

0.45
0.95000.2194-0.5214-1.6101.05 I0,23071.0131.892

0.50

0.93850.2423-0.4445-1.4711.0630.25790.92441.656
0.55

0.92580.2647-0.3739-1.3571.0770.28550.84661.464
0.60

0.91200.2867-0.3085-1.2601.0920.31370.77751.303
0.65

0.89710.3081-0.2476-1.1771.1080.34250.71591.167
0.70

0.88120.3290 '-0.1907 .-1.1031.1260.37190.66051.050
, 0.75

0.86420.3492-0.1372-1.0381.1460.4020. -0.61060.9496
0.80

0.84630.3688-0.0868-0.97811.1670.43290.56530.8618
0.85

0.82740.3878-0.0393-0.92361.189.0.46460.52420.7847
0.90

0.80750.4059-0.0056-0.87311.2130.49710.48670.7165
0.95

0.78680.42340.0481-0.82581.2390.53060.45240.6560

1.0

0.76520.44010.0883-0.78121.2660.56520.42100.6019
1.1

0.69570.48500.1622 .-0.69811.3260.63750.36560.5098
1.2

0.67110.49830.2281-0.62111.3940.71470.31850.4346
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Bessel function

- modified

blowdown

baseload

boiling regime

Boiling

nucleate

local

bulk

crisis

partial film

full film

bubbly flow

burnout flux

bona fide

carcinogen
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Cell
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ClUlter control rod
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mean diffusion lifetime
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