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ABSTRAct 

fte total amount. of energy absorbed b,. carbon, water", heaV7 

water 8 alwD:.i.nwa and b1811111tb in Hole /112 of the Oak Ridge pile was de­

termined calorimetricallyo the calor1saeter cO!JS1ated essent1all.7 or t.wo 

cOf'ceritric 'alWD11lU.11 c1linders 1itltb ,aD. air gap botween. good thermal 1n-. . . . 
, , 

So 

sulation being', provided. 'at, each end; the steadToatate temperature difference 

acroas the gap, provided a aasure' of, the rat., or "at .production of' tb.e 

material insideo Calibration Was .0bt.a1ned by electrical heating of the 

inner' cylindero B1 use of an aSlWIled fast neutron apect1'UDl, the ·observed 

heats nere broken down into the parts ariain& from neutron scattering and 

gaana-ra7 ab80rpt1ono The resulte are probab17 accurate to about n, and 

energy absorbed by practlcall1 .&n1 material Ire. pile radiation at the 

point ot measurement can be estimated. traa the reaultso The tast neutron. 

nux. Obta~ trom. tbacaloriiaetrlc resultechecked well with a determi- .,' 

:~~ :k ~. :~:~it~~:~:eP:::t~:lt~ '1 . . "'*'... •. 
diacu ... d o 
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Io DtftODUCTIOI 

ot' basic importance in the etu.q of the etrect. ot radiations on 
, 

matter 1s the quantIty of rad1atlonenerg' which 1e absorbed b7 the material 

under stueV.. With most. eOllrCes at i'adSa tioD t.Ms quantit, 1a qu.1te readilJ 

eetimst.ed., For material. exposed to radiation trom a nuclear reactors 

bo.e.",r~ eYen a rough eat1mat.i,oa ot the <laant.it1 of emrg absorbed 18 
, 

difficult, and an accurate estimation practicallJ lmposslbleo Materials 

placed in t.he pile absorb energy by slowing down tast neutrons" by absorption 

of t: 1"&78 produced during lis810n and -t'rem the decay of t'ission products" 

and bT selt-absorpt,ion of ray. frQll,the radioactivities induced in the 

materials themeelveso The flux and spectrum are a.ot. accurately calculable 

in a t.hermal. pUe tor either the, tast neutroua or the t:-rayeo A large 

number of experiments on the etfect ot pile radiation on water and other 

materials has been performed by members or the Cbemietry Division at Oak 

Ridge National Laboratol7o Proper interpretat.ion or theae experiments 

obviousl,. requires a knowledge of ttleenergy absorbad b7 the material during 

it.a sojourn in the pile and, it' possible, the distributlon 01' this enel"Q' 

between that. produced by fast neutrOl1S ,and that caused bl absorption of /J:..rays" 

It wsa tbere-foN decided to measure this enel"gJ absorption by a calorimet.er., 

Such a calorimetric measurement. in tbe pile i8 subject to certain 

unusual difficulties" All parts of any eart ot calorimeter placed 111 the 

pile .Ul absorb radiation and generate heat, so that sOIDe special provisioD 

muat be made tor distingu1ah1n!~ between heat. generated b7 the sample material 

and thAt being prod\lced in the r~st or the appa~atus" ibis problom does not 

ari.e in orclinary calorinle-,.1"1, and an unusual design, therefore, needed to be 

devised" 

;> 
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In Hole 12 of the pile. a cOJ'l8tant.-temperature jacket ot flOWing 

_ter around the hole provides a favorable. themal environment torcalol'1-

metric worko Ear17 rOUSh experiments in wh1ch test tubes containing water, 

.rcu.,. and ot.her materials were lowered into th1a hole showed that pile 

adlatioll .a. suttie!'" to l'aiee the temperature. of the _teriala III8I'IJ' 

clegr ... above the 8UJ'I'OUI'Id.in., thue 1nd1cat1nB tm. teae1bUit7 of a 

calor1a\etric m.eaSu.reIIlento . A l.IIAeu.rement of· the beat produced in water by 

plle radiation wae later at.tempted by Itro. JobI'l Ghonnle7(1) 0 He \Iliad an 

evacuated dau.ble,·-walled aUica ve8sel shnped 11ke a Dewar flask, with 

water ill the inner container" A thermocouple was placed in the, water, and. 

another thel'mDCouple waa taped to the outside of the veasel.. The assemb17 

"8 cooled t.o a temperatura lIomewhat lower than the ambient t.emperature.1n 

Hole 1.2 and then lowered into the holeo The outer wan quickly wa1'lll8d to a 

tem.peratu.re el.1ght17 above t.t. ambient tempera~rej the temperature of the 

water 1"0_ more alow17 but reached and then exceeded the temperature of the 

outer waUo . At t.he inet.ant wheD. the two temperatures were equal, it wacs 

asa_ect tbat no heat. wae being transterred to the water trom the outs1de.ll 

and consequently the rate of tenaperature rise of the water indicated the 

rat.e at. which tbe water was receiving heat from radiat.ion" Difficultiea with 

this lletho4 la7 in maintaining i. unifora temperat.ure within the wa:ter specimen, 

the uncertaint7 that the outer thermocouple save accurat.ely the efCect!ve 

temperature of t.he outer veeselwall, and the uncertain c orreetton tor t.he 

Bl8.ou.nt ot heat contributed by the wal.l of the inner veasel and by tha con-

nection between the inner and outer veasela c 

In considering bow the measurement could be refined, it was thought 

better to abandon anr kinetic ~thod such as that of Ghormleys> and rely 

_---
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irlatead upon a etead7-atate method, in which 't.he total beat flow aeross 

a boundary 8urrololnding the material wae determil'Bd b,. the steady-state 

temperature clifterenee acr08e, thill bounda1'7 c This method alllO provided 

t.he possibIl1ty ot cl1rect comparison of the hoat generated bl the sample 

,wit.h heat. introduced electricaU1 Q l(eaalU"8r8nt s have now been carried out. 

wblcb are believed to represent the true beat production 1n umplea 

irrad1ated 1A Hole 1211 with an accuracy or a tn ,.r cent.o . 

II~ BXPERIUERTAL 

1" .ethod. ft. calorimeter consisted easential1.7ot two coaxial 

alum:lm.ua cylinders with a thermocouple embedded in each" Within the inner 

o7l1nder was plaoed either a oan contain1ng the sample, or an identical CaD. 
'. 

containing oDl7 all"" the beat generated within the inner assembll was con­

ducted ma1n17 acr0811 the air gap between the two cylinders, good thermal 

:l.naulatlon being provided at tbe endll of the c,.l1ndere" A colI ot tine wire 

was also embedded in the wall ot the inner c,.lincier" through which electrical 

heat could be imparted to tbe system at an accurate17 known rate" ,The 

relationship of the temperature difference between the. inner and outer walle 

and the total heat produced within the inner assembl,. was thl.liJ determined 

emplr1call7., !he difference in heat productlon with the sample present and 
. 

with the empt,. can present ... the quantit;r to be determine do 

The assembly was restricted to dim.ensions conformable to t,he size 

of t.h~ hole, which is about 3" in diameter., The equation for beat oonduotion 

betweeD ooncentrio ~llDd.rs 1.(2) 

. 2073}( 
QjLAt = " 

10&10 r2lrl 
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where Q/Ld't 1s t.h. heat flow per unit. length in calleecldegree telnpera­

tun dilt.nne., X 1. the apecUlc conduct.ivity.ot the mat.erial 1ft tbe gap 

and r2 aad I'J.. are tbe outer and 1Imer radii of the gapo Thus J the rate 

ot ileat. now depends Upoll the ratio of the outer and iDner radii, and not. 

upon the actD.a1.· wld\b of the alr gapo It ae neceeeal7 to make the :re­

siatanc. of the lap ~o heat flow a8 large .a possible in order to obtain 

aD accurat.~ IIl9aaJl'able t_pefttQl"e difference., !hi. reouirecl a large 

rat.io between outer ancl1nner radii., At ·the aame time the di8llleter of the 

'10 

inner aaeemblT should not. be too amall, because the I\&S8 of the sample should 

rona a considerable part of the total _sa of the inner aS8amb11 co Increasing. 

the width ot t.he a1r pp favors convection, which, it prominent, w111 eaUBe 

a non-linear ~latloD8bip between temperature difference and rate of heat 

t.ranalero It haa been atate4(') that with an air gap ot 12 DIID.p auch con­

yect.ion elt.ct.. are alreacl7 appreciable 0 In the present calorimeter a COD-

siderabl,. wider air gap .s uaed, but eonvectioil wa_ m1n1m1zed. bl plad.nc a 

thin sleeve of 8t)'1"o1'OUl (pol;yet,rene f08ll) in the middle 01 the air gap 

between the al.am1rl.am. cylinderso A linear relatlorudlip between the heat 1'1_ .. 
and temperature cl1tference was found,. and readi.q measurable temperature 

difterenees .ere obtained .. 

To m1n1m1.le end. ettecta a high ratio of length to diameter of sample 

can is ob'Yiousl.,}f desirable.. Since the neutron flux and theretore t.he rate 01 

heat generation in an:r aample varies along the hole j it is desirable that 

the can should be made no longer than necessary.. A length-r11ameter ratio ot 

lO was arbitraril:v chosen", 

2" Construction ot calorimeter 0 Figure 1 shows a section through 

the l~h of t~e calorimetero Diametere of the various sections ot the 
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inner and out.er cane are shown in Table I.. The innermost section of the 

1m~r f.S7¥nder carr!ec1 the beater wire .. ,A square thread, 40 to the inch, 

was cut OVer a length of 5" on t.his cylinder to receive the heat.er wire, 

an4 810t. were provided at the enda to bring out the lead wires 0 The 2S 
) 

alWldIUlll nona considerably dQring the cutting of this thread .. causing 

. a bula~ 01 the 01ltel" partS} the outside ot the pieoe was machined d01ll'1 

and tbet.hreacla obaaa"& lea'l'1n& a shallow gJ"00"t'8 in which the heater wire 

•• dsq ntted. The beater consisted Or. W902 CII.ot enanteled and double-s1lJc­

oOvered '38 copper 'Wire.. !he leads from the ends or the can to tbe spiral 

part consisted of' 3.,1I or the total length or wire.. The length ot the 

spiral was exaot17 equal. to the ineide length of the sample can 80 that the 

distribution. of beat produced b7 the heater and b7 the aample should be 

a1m1laro The heater wire leads were brought out at the top and bottoa ot 

90 

the as.emb17 through ceramic plugs swaged into the aluminum, and upon emerging 

trGlll the calorimeter were connected to large diameter lead wires} which led. 

to the outside of tbe p11eo 

Ia estimat1ng the electrical heat input to the assemb17, when 

compar180n ia made betwe.n electrical heat input and temperatllre difference, 

it was aS8Wl18d that ).,'-' 'ot the heat was being generat.ed in the leads and "' 

therefore sbould not, be counted., Since the leads were surrOWlded with In­

sulating material, they Were p:reswaabl;y warmer than the spiral part ot the 

wire eo that their specitic resistance was probabl7 somewhat higher; and it 

this temperature difterence was as II1Ucb as soOc 0 the probable correction ' 

figure should be IIJ rather than 3 .. 3%" This introduces a possible error ot 

a f'ew tenths of a per cent in the determi.na.tion Q Anotherpossibilit7 is that, 

because at electrical heating of the lead wires, the end losses of heat -7 
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be el1ght13 leBS .Important when the heater 1s on than when the heater, 18 

ott and the eample is auppl.y1ng the heat.. The error irom this cause is 

prObablY negll81bleo 

'able 1 

D.t.amItt, .. 8 of Calon...ter Parte . 
10DoI 1n~ - Yo, in .. 

Sample can 0500 ,,520 
., 

. (l) ~5312' ,,620 
r Inner wall (2) .,.620 0680 

(,) 0680 ~ 7')1.) 
, 

1 
I 

(1) 20250 2071' Oalter wall (2) 20175 • 20500 

100 

The inner can _II helc1in place by sleeves of polystyrene,\l machined 

to a thickness of 1/32" B and insulation at the ends was provided by pieces 

ot st,rotoaa" . ThiB· material bas a density of OoOZ7 .&/cc.and a specific 

, beat conductivity of 1 0 0 x 10-4 egs. units (4) .!1 and is readily macbinedo fbe 

Styrotoaa was found to be surprisingly tree of radioactivity atter being 

exposed in the pile. Atter being in the pile over a month the material 

beClillle yellow and var'! brittle but remaimd sutficient17 cohesive to main-

tain its function o Fi"CIIl t.he conductivities of Styrofoam, polystyrene and 

lead wire materialsg it is calculated that the heat lost by conduction out 

the ends was less than l~ of the total heat produced in the inner assembly" 

To avoid heat 1.oss by any chimney etfect arOund the sample can, an aluminum 

plate was placed across the ,:»ottcm of the inner assembl;?' and the top ot'the 

aainple can was provided with a shoulder which rested on the upper end ot the 
./ 

~nner cyllndero Th~ center apace below the inner can was blo~ked with 

/ 



stJTofoam to prevent convect.ion 108888" while the pol.Jstyrene guide on the 

88IDple can .erved tbe same tunct.!on at the upper ell46 

11 .. 

UBins the tormla for cylindrical heat flow given above, and taking 

thecon4uctlv1t7 of Id.r .a 0 0 3 • ]0-4 0,,,, wdts" one calculate. traa tobe 

aotual 4imenaioas of tit- aueiblT t.hat a heat lnput. of OoOO12S cal./aec. 

mould si" a temperature dUterence across the sap of S02OCo, whereas tbe 

obaenwd temperat",. 41t'teruoe .s 0Dl7 10 560c 0 ft- discNpancJ' probabl;r 

arises tram t.he 'effectiye heat condUctivit7 of air being increased by con-
" 

vection, although this convecti ... not strona enousb to produce .... non­

linear1tJ'1n the relationsh1p between heat input and temperature difference", 
, 

Also. eDd 10.... tbrOllgh the air ~p would cause A! to be smaUer than 

.,ected tftllll the tolWlla, which applieerigorous17 onlT to infinite c;ylindera., 

30 :sleetr1ca!. 1he beat input wacs determ1ned bl a1multaneou8 

'aeaaure.&l.l!'rat, of CW"Nilt and reatatanceo In the reaistance meaeu.rement, tbe 

reaiatanoe of the ,,..foot lead wire. connectina the actual heater to the 

aeaauriag in8t.rw:lent was el1m1nated 'b7 u.e at the method ot potential terminal 

c_pall_tion, as aeed in Mueller tJp8 bridge.('):o The circuit uaed is illua­

tn.t .... in P1gu.re 20 Measurement of the currBftt,which _s drawn trOll a atorage 

battel'7. was accompUshed b7 detena1aation of the potential drop aeroa8 a 

known J"e8ietanoe of Oo9W4 ohllle .. evaluat.ed by comparison with a teede and 

lorthl'up atandard ohm, wari'arlted b;y t.he makers to be accurat.e to 001$0 Itis 

estimat.ed t.bat the Curreftt Ileaeu.rement a&7 be 1n error b7 O.,.~, leading to 

an errol" of Ool$ in determinations of the absolut.e beat inptlto 

'the t.bel"llOCOQple ctrCuit i8 al80 eh_n in Figure 2" 'lb.. 1ron­

COft81:-antaa thermocouple JunctionS ~ the ealor1ll'let.er were made of ,~ wire; 
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POT. No.1 PORTABLE PRECISION 
POTENTIOMETER, RUBICON Co., Cot. No.2702 

POT. Nos. 2 S 3 WHITE POTEN­
TIOMETER, LEEOS a NORTHRUP Co., Col. 
No. 7620. 

B3- A.C. RESISTANCE DECADE, LEEDS 
a NORTHRUP Co., Col. No. 4750, TWO 
USED IN PARALLEL. 

R S STANDARDIZED RESISTORS (N 1.11.), 
C(lNNECTED IN SERIES a"%r PARALLEL TO 
OBTAIN FULL SCALE READING ON POT. 

@) GALVANOMETER ¢ LAMP a SCALE, 
LEEDS a NORTHRUP Co., Cal. No. 2420b 

'®' REFERENCE JUNCTION, CRUSHED 
ICE. 

c:& HOT JUNCTIONS, WITHIN WALLS 
OF CALORIMETER. 

HEATER ex THERMOCOUPLE CIRCUITS 

FOR PILE CALORIM TER 

RE 2. 



after _er81na trQll the calorimeter the leads were joined' to 120 wire of 

the aaae mat.erialo A a1ngle Leeds and Northl'UP galvanometer (TJpe lIS 

havinl a aenaltivitJ' of 005 micrOvolta/ .... and a pertodot 105 aecondlf was 

geed lor mea.ureaumta with botb White potentiouterao 

130 

In the tust rWl8 _de with the calorimeter, a II1stake in wirinl 

was made b7 connect1D& the thel'JllOCOQple leads to the m.easurin& 1nstl'Wllents 

through a 4~le thl'OW .. itch; this led to spurious thermo~oup1.e rsacl1ngl 

due to chanael in rOQlll teilaperature, and all the resulta ot these experi­

_ntl had to' be rejected o Alt.er the thermocouple wiring was changed, 

. flbackp'ound"heat1q (produced 10. the aasembl.1 b7 pile radiation when. an 

eiapt7 .. pie can wal present) Ihowed no s1sn1t1cant fluctuations with time" 

40 §!!ple cans., The 'a.l..um1nuna sample cans were welded at both 

dec The laaaple material was placed in ~he can through a 5/32" hole at its 

top" the cans were made aa unitor. in dimensions as possible and their 

'weight. were unitOI'lll to within! 00.0' !be po17at7"1le piece eb01ll'1 1ft Figure 

1 "ned a8 a closure and u a guide in lowering the can into the calorimeter .. 
, 

The can was connected to the po17etyrene piece by a steel pill abown in 

Flll&N 1 aa a dot-at the upper end ot the can" The cane were lowered Into 

the calorimeter b7 an alum1nUIIL wire wbich was looped around an alUll1D.wD ~ 

at the upper end ot the polJat.1I'ene guide" When the can was in place J there 

was a clearance of 1/16" between the upper part of the pol.7at7l'ene piece and 

the inner wall ot the calol'J.m.eter 0 

water ana hea..,. water react with al~nwa at a cOnsiderable rate, 

l1eld1ns bydro~en, untU the alum.1Dwa haa been seasoned by long contact with 

water and a gopd protecti.,e t1.lra haa ,foDBd on the m.etal.; fbis reaction is 

hilhl7 e.zotherm1c, and it. waa necessa17 to be sure that it was not oc'currins 
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at. an appreciable rate during the measurement periodo The cans, after 

tilling with. water or D~, were accordingly placed in an 011 batb at SO .... 90° Co a' 

and the gas re81.Jlt1ng f'rQll the aluminum corrosion was. collected tl'Cllll time 

to time and aaea8\lredo After seaBoning at this temperature tor eleven days 

the rate ot h7drogen production bad decreased to about O~l cc". per hour. 

corresponding to a heat production ot 0 0 26 cal/hr" (based on a heat ot , 

reaction of 66,400 Calr/810l.(6»11 The rate or corrosion in th. pUe was . 

preswaab17 aau.cb 1... than th.is because the temperature was only about. 2IJo C" 

Also, ,i~ 1e known that the corrosion of alwa1nwa Is not appreciably accelerat.ed 

by radiat.1ODo Even it the corrosion rate had been as rapid in t.he pile as 

it _s at 800 outside the pU., after eleven days of pass1v1f1catlon, the 

rate ot heat productlon Would stUl have been le.a than 00 5J. of that produced 

by radiation in a water SUlJ)lao The error due to evaporation ot water ~8 
\ 

negligible, since the polyat1"ne closure fitted very snugly, and atter t.l1e 

assembly had cOllleto a constant temperat.ure 1n the, pile no tendency to 

breathe was to be expecteclo 

!he aample materiale u.sad were redist!lled H:z0, D:;fJ taken trOm 

stainless steel drum. No .. KOWP-32 of 99<185 mole per oen' isotopic purity; 

graphite ot pile qualltll1 powdered by maChining,; C ~ P" sranulated blsmu.th ll 

99~. pure; and 2S alwninUlllo, For the alUlll1num sample a solld body of alumi ... 

nuia was ueed of the aa.me shape and size ,as the sample cans, and the weight 
, . 

df the alum11'1U11l "sample" was taken as the dlrterence between the total weight 

ot -this bo~ and the weight of the empt7 sample can used for backgroWld 
, 

determinations 0 

5" Results. 'Runs were JIlade at oightQ During an7 run the ~la 

po .... :r was held constant to vltb:1n'''' 001$0 ~ empty can was n:rst placed 
, " . ...; , 



-' ,in the calorimeter and lett until the temperature difference between the 

thermocouples was constant .. usua1l7 requiring about. 3 hours o Electrical 

heat was then sometimes introduced and the current maintained. constant t.o· 
\ 

... 0 0 1$ until the temperat.ure d:l.tterence bAd apin. become coutant at a -
h1gha .. levelo The.apt7 can was then pulled out and replaced bJ' a can , 

cont.a1n:lng a sampleo Several t1mea, atter the t_perature ditterence bad 

ag$1n become constants electrical heat was adeledo 
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The "background" values of teatperature ditterence, obtained with 

an empty can and. no electrical heat added, are shewn in Table 2-Ao When 

normalised to :3500 Do the values nuctuate randaml.7 around a mean value 

. of lS1 .. 93 Ilicrovolts until t.he last night, when a definite drop in back­

ground waa observed.. Thls drop was ascribed t.o a change in effective can-
o. . ~ \ 

ductivit7 of the air gap.. caused b7 radiat.ion deterioration of same of the 

mat.erials present, probab17 tha St.J"rotDalllo For the earU.r nights, t.h,e 

probable error in the background (taken a8 0,.6745 tilles the root mean sqUare 

deviation) was 0064 microvolts" All readings were subject. t.o an error ot 
.. , / 

about. 1 microvolt., caused.. by galvanometer reading errors and the uncertain1iY 

/ 

\ 

in det.erin1nin.g. Juat. when ,the t.emperature difference should be taken as constant 

(aince the temperature ot the cooling wat.er in Hole 12 drifted slow171 and 

the resulting drift in t8lnperature of the outer calorimeter waU was followed 

with aome lag b7 the inner wau)" 

The dete~tions of stead.y-state temperatura difterence as a 

function ot electrical heat add.ed are shown in Table 2-B and. F1.gu.re 30 At 

the beginning ot the series 'ot runs 1t _s found that turning on the heat ins 

current. had no imlne41ate effe~ on t.he BlIP appearing in the thermocouples" 

ind1~ating t.hat t.-he th~,rmccoU~t' and haati~ ,p1rcui,.. ~ere ~ttect1ve17 
i ' 
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ineulated from eacD other... Near the end ot the series" how..,er~ this po1nt. 

W&8 agala choc_d 8114 it; was found tba.t tum.1zag _ the heatlDg ourr8nt; pro­

du0e4 an wtaa ...... detleo1i1OD 111 the t.hel'lllDooup1e-01roult; galftlu_tero 

t,he defleotion belas greater when the plvanometer 1I8S ccn.nected to the 

outer themoooup1e than when. ccmneoted to the inner tbermoeo1.JPleQ It wa_ 

c4nelUded that an .-18ctr10a11eak bad developed between the thermocCMlple 

c11"Cu1t and the heater cs1rcu1to Measurement of resistance between tihe 

tihermocouple and beater leada bi- an ohaeter showed. a resistance or 100,000 
. -
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obms" The deflection was proportional to the current' supplied to t.he heater" 

The. obaerved ptlenaaena are constat.ent with the presence .of t.o elect.ri~ 

leaks, one occurr1Ds between OM ot tiha heater leada and the lead to the 

outer thermocouple, the other frc:a the other heater lead to the inner thermo­

couple, botb leaks preaUmably being ot the arder ot 2OO)lOOO ot.uu.. The reault 

of tba88 l.eake wUl be that an error 18 pr'oduced in the thermocouple Nadine 

1Ih1cb ia proportional to the heatins current CI In the laat three elect.rical 

heati~ determinations, atter the etrect was noticed, 1t was corrected tor; 

80J'1l8 or the preT10us runs -7 hays been subject to 8QIU error from thia 

cauaao 

The plot, Figure Jot shows that the relationship betweea t_pera­

ture difference and eiectrical. heat inpu.t is lln.ar; the beat yalue ot the 

factor cOMect.1ng temperatura rise (in microvolts) and heat input was ob­

tained by least aquares o '!'be value ~bta1ned on the last n1gbt~ with the 

DaO sampl~ pre_ut, waa also corrected by assuming that the temperature 

ri8e produced b7 the electric current should drop b7 the same tactor as the 

backeround heat, clue to change in gap conductivity; the value sh~n in the 

table as "du.e to heating cu.rren~tt was corrected, b7 this factor, and teU 



1n 11ne with the other clete.nrd.nat.ions" (!he "corrected ba CkgroundCl at. 

arQ' &iven t.1me 4~ \he laet nlght was obt.a1ned b7 lJ.near lnt.erpolat.ion 

bet-weeD t,be back&lOWKl values observed. at t.he be&1nnins end. ead ot t,he 

night.:.) IrQD tho aaatt.er1Dg 01 the poW" 111 Figure 3, the p:robable error 

in th. slope .... to be about loSS; t.he cOl't'ectlon tor leakaCe tJ'Qll the 
~ 

heatlDa t.o the t.tt ... couple c1rcuit, in aQUe of tbe polnt.s sbou1ct 1ncreaae 

t,be pl"Obabl4) error a little, • ..., to 10 'lSo 

Data OD the material samples, and values of the heat produced 
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per gram in tbe various materials b7 pUe racliatlon. are shawn in Table 2-00 

"able 2-A 

"Backp'ound,1I Temperature Ditterence. wit.h Empt,. Can 

It" 01 Empty Can '1050481 .. 

temp ~ dltt ~ 8 Corrected te Devtation trom ~, 
Date If •• rowr . P' 3500 Do A.v;e. (161091) 

~V , 
1-8-48 14:30 . 3650 l~9 152~47 010" 54 ' 

7-9-4+8 1,00 YI'fIJ 164 1530Cfl 
I . ' ... 1.,14: 

'1t:J) 11'!IJ ' 163 152013 fO,c.?O .. . " 

7-10-48 21:00 I 3900 171 153046 +1 .. 53 
'. ' . . 

'1-U-48, ,8:00 3900 16808 ' 151049 GlO .. 44 
. r; .' ,"., 

7-12~48. 14:,00 3750 . 162 151020 -r.O.,73 
", '" ,"" 

7-13-48 4:00 1750 161 150027 -1066 
20:00 3900 169,,5 152 .. 12 fO o 19 

7-14-48 4:» 3750 . 162 1510 20 -0,,73 
20:)0 3750 158 (147047) -4,,46 

7 ... 1~48 ' 9:00 3750 154 (143 .. 73) -8:020 -I 



table 2~'B 

Temperature Rises Produced by Electrical Heating 

T~mp ~ di.t'1' q. )I.V due to l~ 
Date T1lne POlfer Material PV fieating clU"rent l~ amp,,- R~ ob.m.s 4 .. 186 x 00967 j 

- I 

7008-48 16:00 3650 . &Q.pt.y can 253 94,,6 000,11 22,103 0.02169 
. 

7=8-=48 21:30 3750 &npt;y can 415 2'202 ,01052' 2203'4 0"0'718 

1..,10-48 - 23:30 3900 -Empty can 182 12,,2 .. 02255 210856 O.~OO2S7. 

7-U=48 06:00 3900 Graphite 213 22¢2 ,,03lD7 2l..902 0.,00488-
, 

-7-12=48 19:00 3750 . &apty can 302 139,,2 ,,08021 22.,1.69 0~0)295 .. 

7=13-48 02:00 1750 Aluminum 400 119"O ,,07419 22~?J)7 O~O2836 

7-14-48 01~30 3750 Bismuth 644 245eO .,10433 220719 0,,05713 .. 

--7-14-48 06:30 3750 &apty can 408 245c2 ,1052) 220299 0005/04 

7=15-48 0):00 3750 D2<) Z71 6008(a) 00516) 220081 Ou0136O 

I 
----~ - - - - -~ ---- ------ -- ---------- --------- ---~------------ ---

<a> Corrected for change in heat conductivity of gap 8S shown by background ohangeo 
.-;. 

lO 
o 



table 2...c 
He.t Produ.oeeS, b1 Radiation AbeoJ'bed 10 Jlater1ale 

~ 

P.VabOft Cal~/fIAO~ 
Baokgr .. procb&oecl bJ' 

"'Date time Power Material It" of Sample JA.V 001'1"0 Supt- . Cal .. /_oo per 
Jaro 1D 01"8118 Read1118 t. 3500-. at 1,c:IO Jar. IlU or _'erial 

7=9-48 05:30 ' 'Y1'JO R2<> 16<>~53 253 84,.20 0 .. 01950 00001217 

7-11-48 03:30 )CX)O C 10 0 1002 192 20 •. )8 0,,00472 o .. fXXJ467 

'7-12=48' ,'22:00 'J1~ A1 43,,69l2 281. 110 .. 34 0.02555 00000585 

7-13=48 22:~ 71 SO B1 890103' 399 220047 0.05106 00000573 

7-15-48 00:» 3750 D2D 160 6532 214 55 0 63 0,,01288 o ,,000774 (a) 
, 

0,,001226(8) 7-15-.48 05:30 7/';0 H2O 15,,7651 240 8304' 0 .. 01932 
.-

, . 
'- .. - - . - - --- --.. ----.- ~ - - -'- L...-. 

<a> Corrected for change in heat conductivitJ' of pp as eh&WrD b7 backarouncl change" 

." 

pj 
(I 
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6 0 Probab~e errorso Various SOUl'C8S of error are diSCUDSecl above J 

and a S-1IC7 of J)I'Obable 81"1"Qr.B 1s shown In 'lable 3.. The' errors In t.he elec­

tr1eal beat.i.ng clet.ezm.1nat..lDna appear' as a cI:1rect percentage ot t.be reeult, tor 

eaell aample, but nading errors &ad. pUe power fluctuations appear as all errOl" 

1A the ftlDe of the Clb88l"Yecl t,aaperature dUterenee, which w1ll give a percentage 

eft'OI'I iDve~elI' PJlOport1onal to t.he rate or heat. product.1cm iD arq sa!!lP1e. The 

pe .... tap error _It est1mated tor eaeb mat.er1al s8J)ara~. and t.be resUlts 

appeQl' In table 'J the coumed. error 1&, taken u t.b.e square root of tbe BUIll of 

the squares of the separate 'probable errorso The 'Probable error appears to be' 

4 oS, tor carbon ancl about ~ tor the other mater1al.so 

"10 ~ 1181"1 Ji2sp!riment - monitoring fast ne\ltrons by the n,p reaction 

on e\lltvo '1'b1s exper:1snfl'lt _s performed a year ago (Augu.st, 1947) wen differences 

m the clecCll'lpos1t1on of aqueous sulfuric ac1cl were found at different positions m 
Role 12. The rut nautron Aux., as given by the absolute rate of the n .. p reaction 

on S1Iltur, was cietArm1ned. at 'three positions jn ,Hole 12, cle81gnated as positions -I, 

-2 and -3.. locatell respecUvel.7 () .. 16, and 24 inches below the c:mter, plane of the 

pUe. In the present. stuq the aalor1laeter was located. in position -1. and. we have 

ror C01IlJ:I&I'1soD the .rast neu.trcm tlwe cleducecl fItom the m.ea.surecl value. of the heats, 

with that obta1necl m this 'POsit1ml by the n,p reaction QQ sulfur. 
\ 

Samples of CoP" ¥fl,. were sealed. in 4 lDJIlo I.D~ fused. s111ca tubes, 4ft 

in lea.gth, aDd kept 1n the pile for about 24 bours while the pUe "''as ma1ntaineci 

at constant po'~r 01' 3600 Do After removal from the pUe, the tubes l-18re opened. 

and caretul.l1' measl&1"8d amouilts of BUlturic acid. and water "' .. r{: m1xecl to. e1ve known 

411ut10D8o Aliquots ot the resulting solutions liel"C taktll, neutralized. 1-l1th excess 

NIfl.OB, and gmtly evaporated to dryness on a cover-glass by means ot a heat lamp". 

The cover-glasses wer.~ then mountef;l and ooverecl with a piece Qf ceUop.ane in the 

usual ~er, and. plaC«l op the s~con<l shelf' ~.f a standard beta count:1ng setup" 



22. 
./ 

'fAI,tB a.. Probable ir'1'OI'8 

~.-.-

1. Ba1Uate4 ern!.!.!D_eleotz:!!!!...!l!!L ilLp'!!. {~? , ...... _ ....... ~ .. .,j. 

Abaolute .1eotrioal heat bput 00' 

lIeat1D& of lead 1f1 .... ,004 

Slope of heaUag oune loT , 

Caablud error li>a% 

--
20 .t!.'!~~ ttr:!!'! 1a obl .. !rved ~~~ dirterelloe ~~ ____ .. ,_I 

Pile power tluct\l&tlOA 0 .. 2 
, 

Baokp'oUDd error 0.64 

Readlnc error 0.,6 

ComblDed, error 0084" 
- -.............. -... 

I. Per_tate errore tor each material --
Mater1al H2O 1)20 0 , 'AI ','M 

Bea' mp'" error. ~ 108 1,,8 1 .. 8 108 108 

tapa dltt. error. " 1.0 1.5 4 .. 1 0 .. T6 0.88 
• 

Oambi_d error, " 2 .. 1 2 .. S 406 2.0 109 
-.~ ... ,-.... 



An absorber at 5505 m.go of aluminum was placed between the samples and the 

counting tube to rc:m.ove all the soft betas arising from. the sj5., The r'eathtll' 
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curve of the radiation being counted was determined and found to agree exactl;r 

\-/ith that given by 8. standard specimen of p3Z o 

The counting rat.es of five aliquots or unshielded sulfuric acid and. fo~.r 

&liquots ot cadmium shielded acid were averaged respectiva1y to give the values 

presented in Table 4" The halt-lii'e was determined for each separate Bpecimen 

by the me1:.hod of least squares over 8. total coootlng period of a month, and 

aver-cl.ged. 14 .. 6 days with a. mean deviation ot 0.,25 days p to be compared with & 

literature value of 1403 day's for p,2" The absolute geometry of the setup 

was detennined by cartparison with a standard sample of p32 supplied by 

Dr .. Lloyd Zumwalt and stated to have an absolute activity known to 1. 5:t~ The 

radiochemical purlt7 of the material was shol'&ll by the complete absence. of '1-

rays and the agreement of the Al a.bsorption curve and halt-life with that of p32
0 

Chemical separa.tion of phosphorus from the irradiated sUillples was therefore 

unnecessur;y <> The results of the determinations for position -1 are shown' in 

Ta.ble 4, t.ogether with the calcula.ted values of the number of D$!p rellctions pro-
/ 

duced pel' sec" per co.. of H2SO4, 

1- Table 40 '~()!J.itor:lng 'Ta;i' nux bx i~p renc145m on sult~' -~ .. 
expOSed oc991! dQ: at 'fPoeit1on .. 1~.1n H~e .Y. 
£t. ~ Oak ~e P1;l.e. 

Surrounded by 
r- "_ .. ,--I No Cd· 24 lI11 C,," 

Boo ot allquo~o ... 1 I 5 
Aft. oounting rate JIlin:" 1 ~ a 'I 

corrected to time of removal fr'o'a'l I 9284 
pl1. -1 

fot.al diSintegratiOns 8.0:1 zag S at 
time of removal from piles 4orreoted 
tor o.baorpticm. and geometry I 29'13 

Bo. ot n.p event! ooo~rring 880;1 
(co. ot &01d)- I S.,551x 101 

4 

6644 

2788 

3 .. 324 x 107 

1 - : I 

~tlc of C4 Bh1el~ed/n~~ shield .,. 9306% "_""'00 ................ _r~ ~ ......... ~_1 
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III 0 D lSCUSS ION 

1 " Division or the measured heat into fast neutron and loaN CQ1I1-

ponents. The relative cont.ributions of tbe fast neutrons to the total ra4ia.tion 

absorptiQft varies with. dUierent mat~1als" The neutron contribution for 81'11 

elementr is proport.kGaJ. \00""., the seattering cross section per atam. and. I, the 

ayerage traction ot the k1DeUc meJ'gV or the neutron lost per collision w1th an 

atClll ot that element,o 'lb.e rdaUve values of y-rq ener§' absorbed by durerent 

mater1als w1ll vary .for suallsumplea proportiOD&lly, to Ag whiob 18 the "truew 

absorption coefficiEnt ot the m.a.ter1al tor ;c-rqs of the eftective \-iaV. lcgth 

present in the p1leo The true absorption coefficient, defined as the fraction 

of the energy in a beaill of y-raTS which is dissipated per gram by a small sample 

of material, includes the energ,y of all photoelectrons and Campton electrons, and 

t.he k1p.etic energy ot positron-electron pairs I but do~s not include the energy ot 

the quanta scattered in the Compton effect or the annihilation radiation quantao 

Since the y-rq absorption coefficient and the neutron scattering cross section vary 

quite lndependentJ.y tor different elflllent,~ J it is possible in principle by cOl'Ilparing 

t.he hea.t production ot d1ft~r_t _terlala 111 the pile to divide this heat. into 

portions arising tl"OlD neutrons and. trom ')'=-r'c::l.YSQ This is particularly obvious :in 

:the cases of ol"d:1naJ'l" and heavy Vclter J which have exact17 the same absorption per 

mole for ')'-rays t but are quite different in neutron seattering properties .. 

Since 08 for any element varies with· neutron energy, the neutron heat imparted 

to 8l\Y material wUl· depend upon the spectrum ot the neutrons present as well as 

the total fast flux.. In genet"al ll the naber of collisions made bT neutrons of 

energy between E and. E + d(ln E) 1s given by (nv)u valdu, where U • In E, (nv)u ~s 

the nux of neu.trons having Energy between E and E + d(ln E) and N is the nUmber 
-

of atoms present., The av~age amount of energy transferred on each collif)1on~is 

/ 
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U-a. It is given b7 2A!(A+l)f." where A is the atomic 'Weight of the &cat~er:1ng 
(7) . 

at.em ,. The rate or energy tranaterred by neut.rons !nthis logarithmic enerQ' 

interva:L is then KE(nv)" CJslfd.u • K (nv)uCJa,HdE. and the 1"ate ot energy lost to. 

the material. by aU fast neutrons lJ; obtained by integrating tbla express1an 

over. all energles. Cal~ulated per mole ot IIlAter1al.. the resultiDg integral 1. 
000 

I - RAlt/ (nv)u <r adE 

where .NA i8 A,vogadroaa AUllb ... ", 0 

. The total heat produced. bT pUe radiation :in a mole ot material is then 
, ' ' 

QJ\a III Xl + Y(Ma/Ma20 ) Cj4r .rifT .~O} lq_tlOD 1 

where Q is the·heat absorption in calo/g.-sec.; X is the ratio ot the total fast . . . ' 
. .' 

,nux in the Oak lu.dge pUe t:tt· 3S00 lew to the nux taken as normal :in setting up 

the function 61v)' , tir.a8s the number of calories per e1:.; 'Y is the amoWlt of heat u . 

absorbed by 1 g .. or water frem y-r~ in the pUe and the MVs andf'tis are the 

molecular weigllt.s and t.rue absorption coefficients ot the material. m and ot ~O .. 

,Know1ng values ot Q for any two substances J as well as the appropriate values ot 
. ' . 

0". ~dPT ana, the ,energy spectrum of pile neutrons, ~e can readily solve for 

the~wo unknown .cOefricitllts X and y, and thereby obtain the wa:y in which the observed 

heat· 18 to be divided. into heat originating trolll t~t neutrons and heat originating 

fron ~a7s. Having a,yalue for a third substance supplies a check on the vnlues 

ot the first t\1lQ .. : We ha.ve carried out this calculation' for the three mater1al.s 

H20. D2Q and gra.phite and fitted best values of' the constants X and ')' t.o the tour 

result1ng equations (two e:x.per:lmmtal values tor H~ "'lere obta1ned) by' the method. . 

of least squa.reS4 Some uncertainties .ere involved in treatment of the data tor 
, 

aluminum and 'bismUth which are discussed below9 The coetticient I can also be 

obtained from th., data on then.p reaction on. sulfur (paragfILPh6) 0 

2,. Calculations tor t.be rela.tive ~eut~ heats. Values ot a-. as a fWlction 

ot Slergy were obta~ed fr~ t~ .chita c~llect~ by Goldsndthl) Ibser and FeliS) 0 



A neutron spectrum for the pile had to be assu,'1l.ed and 'Was taken from report 

CP-2439, F'igure 6, ,curve for nO. 13 i 11 ~ = 011 ~ This report presents a calcu­

lation of the neutron spectrun for Various points in the lattice ot the 

Hanford. graphite pUe and it is thought that the spectrum should be very 

. similar for corresponding points in the Oak: Ridge p1J~e <> The c~ina. tes 

_ a. c ~, P .. 0 mean that the point is taken as ttle midpoint of a line joining 

a metal channel with the closest neighboring channelo Curves are· also given 

tor other points in the graphite farther fran metal, but the differences are 

2$0 

small" Close to the metal the spectrum is quite difterent as a result of the 

presence of neutrc:ms which have not yet made one collision in the graphite" One 

could.not be sure if' an appreciable component of such neutrons was present .in 

the position in Hole 12 used in the present:. experiments; it was decided to 

ignore this possibUity'» and the results indicate that the "spectrum. chosen traa 

an adequate approximation to that actually present () The calculatiOn 15 not 

very sensitive to the detaUed form. of the spectrumo' 

Values ofo-s at various energies fol" H, D, 0, and C, were multiplied by 

corresponding "..lues ot (nv)ll obtained tl'01ll C.Pco2439. &lui the product (nv)"t,T'.D 

plotted as a t=.ct1o.u ot energyo the area \Dlder the OuMetlthen gave the valuo 

of I I) !be ourves and values of I .are shown in Figure 40 

)0 Calculations for the :relative y-r& hsatso Calculation of the true 

mass absorption coetficients of the elements are summarizecl by Safford(9) 0 

The true mass a.bsorption coefficient is given by the equation I'r m l" +<1Fr ... <:';; 

where lis the mass photoelectric absorption coe.f'.f'iclent; 0-PT is the t.rue ·pui .... 

formation coefficient ~ that 1s, the total absorption coefficient for pair p~o­

duct.ion multiplied by the ratio of the kinetic energy ot the electron and pot:-::'­

tron to the total energy of tbe absorbed quanta; and 0": 15 t.hat part of the a 
Compton absorption coefficient which relates to the scatteted electrons. VoJ.1}e~ 

ot I are givEll by Victore6l/10) in the form I .,., C}..3 -- D )..4, where C and D I~~e 

:.....e....: 

~ 

~-
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FIGURE 4. 

PLOT OF (NV)uOiKN SEO-I FOR..t:L AND ..Q. IN 

ONE GRAM OF H20, ..Q.. IN ONE GRAM OF ~O, 

t'. IN ONE GRAM OF GRAPHITE AND (NV)u<rpN, 
.¥. 'E 
SEC-I FOR NUMBER OF S32 n- P ) p32 EVENTS 

IN ONE ee. OF 93.77, H2S04 (DENSITY II 1.8311), 

~ 

ENERGY IN MEV. 

\ 
E~EMENT . I~V)u a;KN dE 

H I 43.035 x 10-3 

0 22.149 x 10-3 

\ 0 2.7684 lit 10-3 

A\ 
c 4.8168 lit 10-3 

H2O 45.803 x 10-3 

02° 24.639 x 10-3 

J-(NVJga:N 
ELEMENT I E ' dE 

0 

S 7.4496 lit 10-5 -

3 4 5 6 7 8 9 10 
MEV 

.. , 

,.. .... 
. ~ ,; 

." ." .:::. ... 

.:.' . 
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- oonstants given for eaoh element md Aia the wave ~ngbb. of the y-rays in 

angstroms.. v n " (50191 z 10-28)5.(Z+1)(Z/A)('Pail'HE.' 1002)/1 Where II ... 

is the DUIIlber of atOm.~:1n a mole" Z and A a.re the atomic nUlDber and weight ot 
. -

the el-.-t,. .8 i~ the energy' of the radiation in Jln'o and fpal/+ 18 a t~ot1on 

. given by Bei.tler(ll) .. Values ot (A/Z)oa \~ giwn by &a.fford(9)as & funotion 

of Ao Oaloulatlons orj-f,! tor B. l)" a. o. Al and Bl Bre carried out tor radia­

t10n energles, or mell} 2mtl-D and _2 end the_ re8u~ts are/sbolllD 111 table 60 It 

1. seen that the ratios ot,l"y tor the lighter elements are nearly 1:cdependen:t . . 

ot wave length., but the value tor B1 is abnormally high at the lowest anergy 

beoause or the prominence or thephotoe18ctrl0 eftacto !he speotrul.\ ot the 

,-radlation pree.:t m the, pile 1,- not _llkno __ ~ but this makea l1tt~ 

ditrerenoe tor the light elementso 
, , . 

t. Beat generation in waterj) heavy water and graRh1te.. '1'he heat produced. 

Q, 111 water.a hea..". water. graphite. aluminum and bismuth, was experimentally 

.asured and is given in table 2-0. !hla heat 18 oomposed ct two port1~., d .... 

rlved trom neutron 8oatter~ng and. gamma absorption, 8.S dlscussed·in paragraph 1 

and upres88a _thematioa.lly in equation 10 X &lUi Y in this equs.tion are the 

emp1r1oa.l oonstantl which .. wish to determine.. "hen these constants are eval­

uated".lt is p08s1ble to calculate tor_st materials the heat Em.erg' which 11:111 

arls8 from neutr~ .scattering and the- heat energy which will 4S8 trom gllllUJl.& 

absorption.. A.lthoUgh ValUIDs tor only two subatances are nGoesaar,y I> W8 have 

uaed four experl.-ntal values (two H20 detendnatlonag ~O and. G) and obt'a1ne4 
/ 

the oonatantex. and y by least squares solution of the tour resulting equations .. 

f.be v&luea tor U,and B1 were not used in the determination of X and y due to 

uncertaintles wb1qh. are d:1aqussed in paragraphs 6 and 7" 
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TABLE 5 
Calculation of True Mass AbsorptiOD Coefficients tor y-r~. 

Material Absorption Coefficients _2· 2.2 2 4IIIlO 

B CJPT 
0 .. 00000 0 .. 00000 . 0 .. 00011 

~ .0 .. 00000 . 0,,00000 0 .. 00000 

era QROSS1S 0006628 2004623 
.-:use:;: . 

I"f 
0 .. 0587S 0005526 ·0004634 . 

C ern 0000000 0,,00000 0.00020 
/ 

T. ooooooa 0,,00000 Ot-QOOOO 

9i goOg9§! 0002782 0,,02328 

n, 0 .. 02959 0 .. 02782 0 .. 02348 

0 
()Pf 0.00000 0 .. 00000 0,,00025 

I I 0000004 0 0 00001 0000000 

, era 0 .. 02960 0002785 0 .. 02330 . .. ... 

fit 0,,02964 0002'186 0 .. 02355 

Al a-n 0 0 09000 0,,00000 0"OOOZ8 

. -r 0000021 ' 0000003 0000000 . 
().' 09.,02853 ' 0,,02684 0.02246 - .. . .. , 
!1 0 .. 02874 0,,02681 0 0 02204 

OPt' 0 .. 00000 0 .. 00000 0000186 
II. 

7 0.,06193 0000807 ' 0000102 

<TAO' IOpOU51 0002212 001101851 --:" I. ~ ___ ..... III •• 

I"'r 0008544 0003019 0002139 
w 

BaO f /1r(B)/9 0.00652 0000614 0000516 
/ l1{e) 8/9 ....2:02635 0002416 0002093 

.~ 0,,03287 0003090 0.02608 I 
, 

. B20/e 
f flf (lIZ0)V'!(,C) 101108 101101 101101 

Al/e I4(Al)~(O) 0 .. 97121 0096585 Oe9TZ?" ...... - t, 

B1/e 1"!(B1)~~(C ) 2",8876 1.,0852 0091099 
-, --~- ~~- , rlf_~' "14_"~ ~.-.'I:II-.. ... .... ___ ........ _._ ... _ 
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!he equatioD8 per JDDle ot material are &s follows i 

M ",. • ..... M: I 

Bptt ... 1 i Q Z .. • X Z 1 + v (Yaaa><,Il'l • .II''l.B20ll 
.H20 I (0.001217) (18 .. 016) • %(8.2519 x 105) + Y (1) -

H20 

f)20 

C 

(0.OO1226)(18.016) a %(802519 X 105) + Y (l) 

(0.000774)(200028) • X(409348 % .105) +'y (1) , 
(O.00046')(1200~139) • X(50785T %10') + y (00 600) 

where the ftlue8 of Q. are taken f'l"QIIl the last' 00 lumn ot :lab1e 2-CJ the, value8 

of I ere tli.lam trom P:S.gure 4. and the values of.ft. are tak_ from fable 50 

!he l'8aultiDg .... lue. _re X • 107491 x 10-8 and y • 7041&6 x 10-30 . 
'!he c01Te8pcm.d~ oaloulatecl values tor neutron lleats T"'heat and· total 

.at per gram ot materia.l are given in fableS, together with the observed 
o 

values and the number ot IjV .obange in the cbse~d temperature dirterenee 

readtDg which would be required to or1Dg the observed. valtB8 into agr .... 

,mant wl th the caloulatedo %he heavy water deviated more trOJll. the calou-
- I 

lated values than the other twos possibly because of the UIlowta.1nty' 1n the 
, . 

datel".ll11Dation ot the baolrgroUll.d heat on the night on wilioh the sample 

.... 
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was run.. Agreement between calculated and observed heats is within experi-

mental error and gives some indication that the assumed neutron spectrum was 

a fair' approximation to the reDl spectrum.. Fe accept the calculated values 

1'01' the total heat as being the best avaUab1e for the particular materials 

in this location in the pUe and believe that they are accura.te 'to t. 3~o 

So Comparison with the monitoring by the n,p reaction on sulfUr.' The 
. . , -1 

rate of transmutation of 532 to p32 by the n,p reacti~ is given,in s8c" (cco 

I 1 ~ r-:' ' 
¥04)· , b7 I(oo .. of' eVt>/cal0'0 (nv)u O-plsdlnEwhere err, is tbe cross section 

for the ngp r,eactian and is gi'~en in the tabulation ot Goldsmith et al, and HS 

is the number of S atoms, per ce", of H2S04'" This integral was evaluated graphi­

call,. as show in Figure 4 and 'the resulting value of X was 1.,824 x 10-Sg fQr the 

~8hielded and 10708 x 10-8 for the Cd shielded. ac:id~ in good agreement with the 

calorim.etr1~ value ot 10749 x 10-80 Only netltrons ot energies greater than 

about 2 Kev.contribute appreciably to the sulfur activatlon,ll and the close agree­

ment indicates that the assUIlled spectrum was est>ent:l.aUy correct at the higher 

energies 0 

6" Heat generation 10 aluRlin.UID.. Beat is produced in alwu.inUIU not onl.7 by 
• 

the absorption of pile radiation but lilao by actlvation of the aluminum by the 

n.y reaction with the pile thermal neutrons to produce Al28, which ciecqB with 

a balf-Ufe of 2,,4 m1n~ and is consequently in radiative equilibrium dur:lng'the 
. . (12) , 

mea.suran lilt .. Each decay of Al28 produces a y-ray of' 1., 8 Hev. , and a p-rq 
" ,(12) , 
having a maximum energy of 2 .. 75 Hev. a.nP. an average energy ot 004385 times 

the maximum (13) .. ' The p..·rays will contribute a.pp~(;Ciably to the total heat pro"" 

duced in the Al specimen and the "I-rays may also contribute somewhat.. To cal ... ' 

cu1ate these contributions It we must a~sume a value of the thermal nux at the 

'point where the exposure 'Wa~ made" 'According to Overman(14) themaxim~ thermal 
12 ' 

t1~ in ttle Oak Ridge pUe is 1,,01 .x 10 <> Thf' ratio of' the thennal nux at th~ 

point of' our exposures in Hole 12 to the maximum flux is 0,,764, a.s determ.ined. by 
, , ' ) 
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.. . . (15) . - .. 
E~. Shapiro at this poi.l'lt d;irectly , and. also determined by the Pile Operatio.1$ 

Depart..rnent at a. point in Hole 60 located symmetn.caliy with reference to the p11~ 

center from our exposure point in Hole 120 The activation cross section for 

aluminum is 0<>21 barns (16) c 

From these data it is readily calculated that the saturated activation ot 

aluminum at this point in the pUe amounts to 95('1085 mlllicuries/g,,' This co:n'~e= 

ponds to 'an output of OQOOO16~ cal .. /gQ-sec p in the form of p-rays,l/ and 00000242 

cal~/gn-6ec" in the form of ")I-rays" All the heat produced as ~radiati(;n will 

appear ~ the deter.mination, since ,any ~rays .which escape the sample wi~l bs 

absorbed in the walls of the inner part of the ass embly 0 Only a fraction of, tile 

y-rays will be absorbed, in the inner part of the calorimeter, however 0 A ra.th\?r 

rough est~te of this fraction was made by ass~ that all the activity was 

,concentrated in the form of a line source dmm the center of the specimeno PF'\1'.l1 

- . - (17) -
the f,'ormula for the absorption of radia tien from a lIDe source p the geOll?lfItr-,f 

of the system, and the true absorption coefficie~t of aluminum for rays of le8 

Mev. energy» we estimate that about 503% of the y-ra:y energy will he absorbed in 

the inner asse:ablYa or OcOOOO13 calo/g,,-seco The heat,produced by pile 'Y-r~s -

pt::r gr.--t1l1 of aluminum was simply equal to tl:lat produced in graphite multipli~ 

by the ratio of their true absorption coefficients, and amounted to 00000359 caJ.o/ 

go-sec_, The neutron heat was a relatively small contribution; it was estima'i#ed 

by tald,ng 205 barns as the average, sca.ttering CrOSS section tor fast, neutrons 

and tilult1p~ying the neutron heat for carbon by the ratio 2.~5/2 (since the -averar.8 

cross section for carbon a.ppearsto be about 2) and by the ratio of the val\lt9S~t 

It tor aluminum and oar.b~ and also by the ratio of the atomic weights ot oaroo"-l 

and aluminum» the result was 00000023 oal .• ,fg,,-eeoo 

Still another source of heat is furnished by the capture of gamma. rays l4~~!«:h 

are emitted when the ~28 is formed" The total energy 'Which must. be em1ttedQu 

capture is about 8 Mev..; it is not knO\t4'l \oI1.th what probabUity this energy appesrs 



as one quantum, or as two or more in cascade" Assuming all the energy is 

emitted in Oo'"le quantum, and calcw.ating as before the fraction 6t t/he energy 

which is absorbed in the calorimeter,. we find that the captUre gammas con­

tribute 0 .. 000042 caJ.,,/g.,-sec. As shown in Table 0" the total calculated heat 

becomes 0 .. 000598 cal.,/g,,-seco, to be compared with the experimental value or 

000005850 The difference of 202% is ti'nlT slightlY greater than the estimated 

probable error of the experiment" 
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The discussion of al.uminum. activation serves. to remind us that the ,,-heat 

fou."1Cll. for the various materials includes the heat from the " ... raTs pr'Cduced by the 
/ -

r activation of the aluminum walls of the calorimeter., The p-rays coming from the 

walls are always absorbed to the same degree with:in the inner assembl,y whether 

a samp19 is present or not, 'since all p-rays that traverse the inner can in the 

absence or a sample will be completely ·absorbed. by the opposite wall 0 

7" Heat g,eneration in bismuth. Because of the small value of K, the heat 

generated in bismuth by neutron scattering is negligible compared to the other 
, 

substa..'"lces used. 0 The scatterin~ in bismuth is mostly inelastic II but the kinetic 

energy contributed to the bismuth atoms will be no greater for inelastic than 

for elastic scattering, since the extra energy lost by the neutron produces 

activation of the bismuth nucleus and will appear in the fonn ot y-rays which 

mostly escape" The heat produced in hi S1luth arises almost entirely frOlll y_rays, 

and may be estimated by multiplying the ,,-ray canponent ot the graphite heat by 

the ratio of the true absorption coefficients ot bismuth and graphiteo This 

ratio is 1,,085 for 1 Mev .. y-:raTs and 2,,88 for 0,,5 Mev.. }'-.ra.1so The ratio between 

the meas~ed heat per gram of bismuth, 0,,000573 cal .. /g,,'-seca, and the calcUlatoo 

heat producect bT y..rays in carbonI) 0,,000370 caL,jg,,-sec., is 1055,; Thus, it 

seems that the effective wave length of the y_raYs jn the pile ts considerably 

grenter ttlan that corresponding to 1 Mev. It ma;r be that the y-rays emitted in 

... 
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Bnergy Absorbe4 by VN1.oUB Material. in Oak Rldge Plle~ 
, . 

1n Calories per Gr~ POI" Seoonds at 3600 It. W .. 

~. -_ .... _._-- I I I !!~·I~~ l 
observed observed l' 

equal. calo,,_ 

Jlateri.l 
yenergy 

calc. 

r 

o 00000S71 

H20 00:000412 0",001217 ~.28 
0 -0.89 

°2° 00 ()()()3 70 0 .. 000774 +1094 

c 0 .. 000310 0 .. 000467' =0 .. 51 

Al I Pile RadiatiOD 0 .. 000358 

--1 A12? +~- !F 

Al28 + 8 Jlev . · II I 1 i a i 1----, 
0 .. 000042. 

I 
1 
; 

Al28---~ 8128 + ~- I 0 .. 000162 'I "ow. ..--~ 
2 f· . 

1 J ~ . 
3, ~ ,~ lUI ; ~ ",,~, . ; 

00000023 l 00000598 ~. 0.,000585 + 20'1 

[:28_)08128 • y I o.o000ll5 1 
I . l' - I 

Su.b-Total l ,00000515 , 
;1 ' 
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bismuth as a. result of inelastic neutron collisions are rather soft and con-

tribute appreciably to the heat produced. in the bismuth" In any event, no exact 

calculation can be made for bismuth without a better knowledge of the spectrum. 

of the pile y.-ral'5o 

8. !eelication to other points in the pil!,.. ~ince, between different points 

in the pUe lattice, not extrsel.y close to active metal, tast nux and thermal flux 

are al'proxiately proportional. it sbould be posa1ble to estimate the beat pro-

duced in any matenal phoed in ~other part of the Oak Ridge p1le by multlplyiDg 

I the value obtained in Hole 12 by the ratio of the thermal flux at the two points" 

Equations tor the spatial distribution of thermal flux in the pile are given 1n report 

CP...JJ.,.2602.., A further correction must be made, howaver, to take into account the 

absorption of radiation by the cooling jacket in Hole 12 and the walls of the 

calorimeter, and also the production of 'Y-ra;ys in the aluminum in both these 

assenblies 1# 'Which 'WOuld ordinarily be absent in exposures ma.de in other boles 0 

Hole 12 is lined with an annular aluminum jacket containing cooling wCJ.ter Q. The 

thickness of water surroWlding any sample placed in the hole is 0"25",, The 

number of neutrons of energy E' getting through 0,,25" of water without collision 

is given by-

E r1f ' (nv)o,~ sin e e=Ncrh sec e de =, (nv)0~JFEF1(NO-h) 

o 
where h is the thicknfilss of water, N the number of atoms/cc. and Fl the function 

tabulated in the Project Handbook(l7). For a rough calculution, we take an 

average value of OJ{ ... 6 alldOQ :z 3 barnso We then find that, of the, incoming 

fast neutrons.t about 4/9 get through the water without collision, 1/9 collide 

with ozygen arid 4/9 collide with hydrogen <> The neutrons lose only 1/9 of their 

energy in collision with o;q-gen so that this loss is negligible, but they lose 

1/2 of their energy by collifiingwith hydrogen. J so that 4/9 times 1/2 or 2/9 of 

the totul energy of the incoming neutrOl"lS is lost to the water 0 If the C('OSS 
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, , 
section for the material were independent of anergy, the heat produced by 

fast neutrons in a corresponding position outside the Hole 12 jacket would 
, 

be 9/7 of that 'produced within the jacket" In the case of hydrogen, howev6r, 

'a reduction in t~e energy of a neutron by a factor of 2 produces an increase 

nf ,0% in the collision cross section 0 Therefore, the neutrons that have 

collided with hydrogen in the Hole 12 jacket. although they have lost half their 

energy I will collide with hydrogen in a material within the jacket 50% more 

ft·equ.entl7 than they would have if the jacket were not thereo Ne'.ltrons that 

have co.liided with hydrogen in the jacket will impart to hydrogen i."lside the 

jacket 1/2 times L5 equals 3/4 the energy that they would have imparted in 

the absence of the jacketo Therefore, instead of losing 2/9 of the neutron 
I 

energy in the jacket, 1118 will, in the case of hydroBEmoUsmaterials, effectively 

lose only 4/9 times 1/4 equals 1/9., In estimating, for equal thermal flux, toe 
I 

neutron energy imparted to materials in other parts of the pile, we therefore 

should multiply the value given here by a" factor of 9/8 in the case of H and 

9/7 in the case of other e1ements~ (whose collision cross section is independent 

. of energyo) 

y-rays from the pile are reduced by absorption by the aluminum in the hole 

jacket and in the calori.aeter itself; the total thickness of Al is 0,,5 inch" 

Taking the formula for an infinite line source \V'ith and without absorber(17), 

we calculate a ratio of 0.850 
<> 

The number of y-rays produced by capture and 

decay of the Al was -estimated, and the intensity of the resulting radiation at 

the center of the, long cylindrical emitter calculat.ed to be 17 ~4% of the total 

measured y effect in our exp eriments 0 Consequently, the y=heat produced at 

another point in the pile should be obtained for equal thermal flux by multic-

plying our figure by <.826/.085 = 0",970 
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