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KALORIMETRIJSKA MERENJA APSORBOVANIH DOZA
U REAKTORU NA TESKU VODU I OBOGACE-
NI URAN U VINCI

Primenu kalorimetrijske metode nametnula
je potreba za poznavanjem topografije apsorbovanih
doza u eksperimentalnim kanalima reaktora. Ostale
metode (jonizacione, hemijske) su manje pouzdane jer
se u reaktoru radi o sme8i zradenja.

Rad se razvijao u dve faze i to:

I.- Kalorimetrijska merenja na niZim sna-

gama reaktora (13-80 kW)
- Izotermski kalorimetar
II.- Konstrukcija kalorimetra za rad na vi-
5im snagama reaktora (do 1 MW)
~ Diferencijalni kalorimetar.

I.- Kalorimetrija mna niZim snagama

Zw ova merenja konstruisan je izotermski ka-
lorimetar sa termistorima. Konstrukecija ovog uredjaja
opisena je u prilogu (1). Opseg primenljivosti ove kon-
strukcije je 104 a0 6x10° rad/h 3to odgovara snagama
reaktora "RA" ni¥im od 100 kW. Preciznost merenja 2-5%.
Prema konsultovanoj literaturi, ovo je prvi uredjaj za
kalorimetriju reaktora koji koristi termistorske termo-
metre i primenjuje t.zv. '"kinetidku" metodu odredjiva-
nja ravnote¥ne temperaturske razlike.



Merenja na reaktoru "RA", vrdena uglavnom
na snazi od 20 kW, pokazala su da se krive visinske
raspodele apsorbovanih doza poklapaju sa krivama fluk-
sa termalnih neutrona iz perioda nulte snage. Odre-
djeni su takodje 1 dpprinosi gama zraka i brzih ne-
utrona u apsorbovanoj dozi. Rezultati ovih merenja 1
razmatranja problema dozimetrije reaktora dati su
opSirnije u prilozima (2) i (3).

II.- Ralorimetar za merenja na viSim snagama

reaktora

Da bi se mogle direktno meriti apsorbovane
doze na vig&im snagama reaktora ostvarena je nova kon-
strukcija kalorimetra. Ovo je uéinjeno da bl se izbeg-
la ekstrapolacija vrednosti sa niZih snaga. Osim toga
postojala je potreba za kalorimetrom koji de odjednom
u nekoliko tela meriti apsorbovanu dozu., Jedan od di-
rektnih razloga bio je razlika rezultata hemijske do-
zimetrije (radjeno na viSim snagama) sa kalorimetrijom
(radjeno na niZ%im snagama) u izvesnim tadkama.
Razradjen je novi tip deferencijalnog kalo-
rimetra sa termoelementima. Glavne odlike nove konstruk-
cije su: | |
— koristi princip da ramnoteZna temperatura toplotno
aktivnog tela ne zavisli od toplotnog kapaciteta

- teansportna sredina nije vazduh nego polistirolska
pena

~ radi sa velikim temperaturskim razlikama(do 50°C) ko-
je nisu uobicajene u kalorimetriji.

Merenja na reaktoru pokazala su da se sa
novom konstrukcijom moZe iéi do snage od dko 1 MW. Re-
zultati za grafit veoma se dobro slazu sa vrednostima
oCekivanim na osnovu ranijih merenja sa izotermskim ka-
lorimetrom {3). Opg&irnije o novom kalorimetru i mere-
nju dato je u prilogu (4).



Zakliju?c¢cak

S obzirom da je radom na ovom zadatku:
- konstruisan izotermski kalorimetar sa termistorima;
- izvr8ena topografska odredjivanja apsorbovanih do-
za u eksperimentalnim kanalima reaktora "RA';
- odredjen doprinos brzih neutrona 1 gama zrska u
apsorbovano] dozi;
~ ostvarena 1 isprobana nova konstrukcija kalorimetrs
‘ za rad na visgim snagama reaktors;
smatramo da je zadatak po ovom ugovoru izvrgen.

SEF ODELJENJA 22,

(Dr.Lvancaj, ganié)



Prilozi:

1.- B.Radak and V.Markovié: "Isothermal calorimeter
for reactor radiation dosimetry" (u $tampi).™

2.~ B.Radak, V.Markovié i I.Draganié: "Kalorimetrij-
ska dozimetrija reaktorskog zradenja". Referat
na 8impozijumu o nuklearnom gorivu, Radovljica,
20-25 april 1961.

3.~ B.Radak, V.Markovié and I.Draganié: "Radiation
dosimetry of the reactor RA at Vinda, I.- Measu-
rements by isothermal calorimeter", Bull.Inst.
Nucl.Sci."Boris Kidrigé)y Belgrade, 12, 7, (196l).

4.- V.Markovié i B.Radak:. "Diferencijalni kalorimetar
za dozimetriju reaktorskog zradenja".(neobjavljeno).

(#) Odobreno za objavljivanje u inostranstvu.

Xy
Referisano na sastanku ‘Odeljenja decembra 1961 g,
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iX, Method of messurement: "kinetig¥
nethod; calibrotion durdung ivredistion

in long proeess iscthermal calovimetry, me-
agurements are usuully sade of the equilibdrium tem~
pereture difference estsblished after rather g long
tine. In ovdeyr 1o determine the eguilibriun tenperse
ture before 1t hes been esieblished, thus veducing
the time required for uneesurement, su eguation of
the heating of the thevmally sotive bedy has been
ahacke&(*)q

The thermpelly setive body is hested due to
the internal process of euergy development {the 10—
wer w=constent), @nd is cooled {oy hested) simulioe-
neously owing to the exchrnge of heet with itg je-
cket. The change of tempeveature with tlme will then
be defined [ 67 vy:

de W
3 - £ n .
G W i I; (Jv' and L’) A O ODE R L SE G T E D E {13

P

.kj

wheraes
T = body tempersture
T~ temperature of the jucket ( = constvant)

t o~ time
w =~ heatlang power of the internsl process
{=constont)

L = ¢ooling constant
me=- heat capeclity of the colorimetric body

Iategration of equetion {1) yislds:

7§ % W 3 _i’t ¥
£$€Q+W‘ "l"‘{:-;'oa * saeo.vnnuiet {8)

ticcoraing to Swietoslevski [5] there is sn inter-
ngl process of energy development in the thermally
active body, as distinet Irom the thermally inert
body ecoled oy heated only due o the exchange of

heat with purrounding medis,.
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mt defined by the

(o

whers ¢ is the integrstion const
indtisl conditions t«ll end T=7 3

A IS

tyultion (2) represenis the general time Fune
etion of the therpally usetive body temperature. It is
cbvious thats sfter g2 gufficiently long time, the G-
itibrive body temperature (@?) ig estnblished, provie
ded the jacket temperziure {?c) is conmbant, A% this
temperature the heating power is equelized to the hengt
losgeg. Under these conditions one cbiains frow equation

{2):

) i "
1 1 ,,,,L'm_
..&x_k e &if}m;’s{ﬂie) qa«eoeveageanoooeaasn{,é’}

provided 1 wmoo, i.a.the velstion unsually uesed in isother-
wad caiorinetry, and aceording to which the egulliibrinn
temperature differenes is ligezrly provoviticosnl to e
heating power of the interansnl procgss. Yhen uslng equbw
tion (4] for determining the ensrey development {wl,
ons of the problems encountered in practigs ig that
too ameh time is olten required for resching equilibyie
wie. This ie pRgtiocunlarly expresaeﬂ“ﬁonstrmeﬁianﬁ with
Righ sensitivity snd very high ivextisn.

The applicstion of equetion (2) makes posai-
ble the determimation of (%,) even before it really
hae been established, It is euificioent 6 mesgure Se-
verel tempersture (T} values in ihe coryespending
times {t). If the mezsured values of (2) ave plotied
in the function of correspeunding ﬁ*it values, one obe-
bains o etraight line (Fig.lji. dxtrspolation to e»;;‘%;r;
20y dee. for t moo , will give the velue (7 ).

To perform such s mesgurenent, one %ust know
aforshand the "cooling consitant® () for & given asyaten.
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iIf. Depeription of the calorimeter zund
mepguring devices

The mgin structurs neteriel wag »n alunmini-
wiegilicong slloy of nuclesr puvity grade "SAVi-2Lw
{UosR) 2nd plexiglass. The electriesl leads were of
copper; constanten wire wlthk ensmel and silk insul-
ation wes used for the calibraticn end jacket heae
ter. For better insulstion use wag nsade of capaglitor
paper and polystyrene fils,

The oslorimeter (fig.3) consisting of the
caleriwetric body (1) end the jecket (2) was posidi-
oned on the plexiglsss spikes in the protective cen
{3}, In the jacket there was n coungieniton wire hoad-
er for therrostating end 4 therunistors (twe persllel
paire connected in series) ze o control thermomster.
fart of the jeocket (iscthermsl wil4$) ecomposed of two
digks connectod with 4 thin cclumne supported the
eanlovimetric body.

Fige.3.~ The schexs of calorineter

the budy was puzpendsed and gentered by met-
ng of thin nylon thresds. “lecbricsl conneetions ave
drawn cut through tephbion cylinders im the upper
disks. The body wes g thin-wslled vessel of plexig~
lags ¢ontaining hosvy wober and light water (or scme
water solution),

The ¢alidbration heater wae wound on the thin
well of & 1ittle tube immersed inte the liquid. The
vesgel was hermetically cleosed. Un the same tube
there wee & thernistor s well, insulsted elecityri-
cally from the liguid. The grsphite body was the
pape ln gize and shape and was composed of seveysl
parts packed clogely Sogether Forming & compact unit.

#L1 the slectrical lewds were gathered in w
long ecoble fogbened meehanically to the 1id of the
protective con, The geble wee protected clectronug-



netically ss well.

The thersmistorg uged were "Milling, Sepd-
-type ¥TC Resistore with nominel resistence of 4700
ohing ot Qﬁoee-The menguring deviees 2re given ian
¥ig.4. The thermistor resisgtances were messured by
2 vheatstone bridge with two erme &) =nd ¥, of
50300¢ ohms (eonsientan wire). )

Flged. ~ Scheme of the caslorimeter and the

mesouring systen (P-commutator;

¥ —egalorinetriec body; O-jackel;

T ~thermigstors (““ - Jancket;
wbﬂdg}, K -calxbrfticn heater;

G »3noket hestarg A-protective oan;

G»elec?rcale galvanometeyr "HINTRLY

nodel 204:)

£11 paris of the bridge except the S-decade regis-—
tance vox (i) (mwanganin C.087 grade} =nd the golve-
nometer (G) werﬁ in an iron box. ¥ith this bridge,
ragigtonces from 3000 to $0UU ohos ¢ould be messured
with an sceuracy of 1 C¢.1 chnm, or 2 resistsnce diff-
erence of 20 ohns with maxinum evor of 3 1¥. By me-
ang of a commutsator, the thermistor of the jJacket
{%,) ond the thermistor in the body (r?} were swiitch-

ed on slternatively in one arm of the bridge. Thua,
the same brildge gerved for the measurswsnt of the
eslorivetyie body temperature varistlons by the ther-
migtor (7. } and for the teupersture vontroel in the
Jacket by the totsl resistance of 4 thermistors (7).

The heating current in the jacket henter wos
adjusted menuslly with & verioble resigtonce (uﬁj,
and the tempvrttura wainteined at & congtant velue
(e 0, 0087C) of a few degreecs sbove the embient btew-
peratarﬁq

The regigtances of the calibration heaters
(200-400 ohms) were measured by a specially constru-
cted ¥heatstone bridge with symmetrieal srms and



eheoked by compayison with %he stundard resisbtun-
ces of the 0.02% grade (Hihsbrst - Gottingen). The
gurrent in the eelibrstien elrgfult was measured
with & precise millismmeter of the U.5% grade (lg-
krs - Yvanjl.

¥, Lesulis

The purpose of laboratory messuremsnts gqu-
gted in I¥.3, IV.2, snd IV.3 was t0 exomine the zpp-
licability of the congtructed sppargtus snd the ne-
asuring method. Yhe resulits guoted in IVed jus¥ify
the usge of the sppasraetus Ior mesguresenis in the
field of reactor radistion, Purther details on the
se nessurenents are given in snother paper [ 77 .

IV.1. Ghe stability of Hoctesononte wos of
specinl lwportance. The qu@s%iaﬁ wag whather the
thermistor registanee for ¢ given tenpsrature chone
ges with tiee. Ve used theymiglors previously “oged”
for sbout 4000 h st 105°C. Thern we followed the ch-
snge of resistonce with time for a fixed resisitunece
{%1) of the thermisteor set in the jacket, and we
obtained the following sztisfactory values:

Zable 1
day 8, (ohms)
1 3663.1
2 566%.0
3 3663.1
4 566%.2
5 36635, T
& 366%. 2

iVa2. The applicability of the “kinetign
method wee checked by heoting the body by means of
2 galibrotion heater with @ known and constant power
input, and by followlug the heoiting curve.The Rinetie
methoed wap used, snd the valw%{ﬁr} wig detarmined
gruphiecally. Heating with the sore power
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for the total absorbed dope retes wes aboul 2-57 as
axpected. Good ggreement (about 109} with the vesulis
of chemiecol dos im@hfy[&]nna with some eplihernal

filux meosurenents proved the reelity of the csloringw

tric resulis.

Tuble 3
Fatee Total sbhore T’ aaxtri mwceniri &Jisx’vc
wial bed dosme butica  bution contribvution
s rate
1o Y a
Eji}g{’ 25 .8 ) :?Uv"i 5-4’2 71} 2.1
R 20,8 1&.4 2o B4 Biigh 11.5

0
®
W
G

AL

-3

sl

5 18.9 18.4
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Kalorimetrijska dozimetrija reaktorskog zra-
cenja je relativno nova metoda d021metr13e raakto—
ra 1 broj do sada objavljenih radova Je vrlo skro-
man, : -

S obzirom na sloZenu prirodu zraienja poutOJe
neke tefkode pri radu sa standerdnim metodama (he-
mijski dozimetri, jonizacione komore). U principu,
upotreba kalorimetra za merenje apsorbovanih doza
je najegzaktnija. Osim toga, uz pogodni izbor kalo-
rimetrijskih tela postoji mobuéﬂost za odredjivanje
doprinosa pojedinih komponenti smese zracen3° u to-
talnoj apsorbovanoj dozi.

U tekstu je dat kratak pregled osnovnih metoda
kalorimetrije 1 neki rezultati merenja sa izoterm-—
skim kalorimetrom na rezktoru "RA™ u Vindi.

I. OPSTHE NAPOKENE

ka0 izvor mefovitog zredenja i problem dozimetrijs

Reaktor je snazan izvor meSovitog zradenja raznolikog

po svojoJ prirodi i po energijems pojedinih vrsta. Yozimetri-

‘Ja, koja
terijalima, ovde je stoga veoma sloZena i1 skopdana
teskodama, NeSto

mo sano

se svodi ns merenje apsorvovanih energija u raznim ma-
sa znatnim

C’)
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jednostavniju situaciju imamo ako ogranici-

<

L
)< Cs

na unutra &paost-eksperl entalinih kanala, Ovde su, pored

gama zraka slozenog spekira, prisutni jedino neutronl rezlici- \\

tih energije - termalni i brzi.



Termalnil neutroni ne predaju neposredno energi-
Ju sredini kroz koju prolaze, nego u lzvesnim meterijali-
ma izazivaju nuklearne reskcije. bEnergija oslobodjena u
ovim rcakeijema apsorbuje se u uzorku delimidéno ili pot=
puno 1 kod vedine dozimetrijskih merenja predstavlja neZe-—
ljeni efekat. Zbog toza se nastoji de se vogodnim izborom
materijala ovaj efexat uklonl. Problem se onds svodi aa

merenje oslobodjene energije, koja potile jedino od apzowrn-

[G]N

cije gama zraka 1 usporavanja brzih neutron

n)

q

¥Mora se odmah redl de =e¢ dozimeirija u reakioru
ni jednom drugom metodom ne resava u osnovi tako éisto i
jasno kso kzlorimetrijom.

1

Hemijskim dozimetrima, ne primer, merila bi se he-
mijska promenz koju izazivaju brzi neutronl 1 gama zraci
preko sekundarnih jonizujudih Cestica. HHedjutim, prinosi

radijaciono hemijskih Veak013a¥) zavise od prirode i sasta-
va gracenja, tJ. od odnosa gama zracenja premz brzim neutro-
nima. Ako taj odnos ne poznajemo, ne moZemo ni apsorbovanu

energiju igracunati se dovoljno pouzdanosti,.

Primena jonizacionih komora je moguéC, alil ima
sliénu nepouzdanost kao i hemijski dozimetar. Nedostatzk ove
metode je nedovoljno poznavanje proselne encrgije (w") potre-
bne za stvaranje jednog jonskog para u gasu xojim Je ilspunje-
na Supljine komore., Naime, 1 ta velicina zavisi od sastava

smede zracenja.

Zbog svega toga, velikl deo resdova sa reaktorom kao
izvorom zradenja zasniva se viSe na relativnom merenju radi-
jacionih promenz u funkeiji reznih perametaora i ima dosta o-

granicden karekter,

* . - v

) G-vrednost 111 prinos radijacionohemijulie reakcije oznaca-
va broj hemijskih promena kOJL se odigzravalu na svolkil apsor-
bovanih 100 eV,



Princip kalorimetrijske dozimetrije

inergija koju zredenje predaje nekoj sredini oslo-
bedjz se¢ vedim delom kso toplota i odrZava se u povisenju
criture. Samo jaden mali deo (nekoliko procenata 11i ma-

Cl.
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nje) od ukupno apsorbovane energije trosi se na urnuirasnje
promene sistems kao $to su: hemijske promene, promene kri-
stalne strukture itd.

lferenjem oslobodjene kolidine toplote u kalorimetar-
skom telu, koje se nalezi u polju zradenja, direktno odredju-
jemo apsorbovanu energiju. Prednost kalorimetrijskih metoda
nad ostalim metodama dozimetrije je bas ta neposrednost mere-
nja. Razlozi zbog kojih ove metode i pored toga relativao re-
tko koriste su u vedini slulajeva tehnicke prirode.

Samo odredjivanje svodi se na primenu kalorimetrij-
skih metoda merenja dugotrajnih procesa, xoje se mogu podeli-
o

t1i na dve osnovne: izotermsku i adijabatsku metodu.

Izotermska metoda, ili tacnije metoda merenja tempe-

sko telo, koje se zagreva apsorbujuli energiju zracenja, nalazi

se u okolini ¢ija se temperatura ne menja u toku merenja. Na-

kon izvesnog vremenz uspostzvlja se ravanoteza u kojoj =se snaza

zagrevenja izjednacuje sa. snagom gubitaka usled toplotuocs zra-

denja 1 konvekcije. Razlika tembperature tela i okolinz uropor-
clonalna je snazl zagrevanja, odnosno brzini kojom telo apsor-
buje energiju zracenja:

I W
AJ_—_LII—-TO‘:: I{Inc . uco.o‘(l)



T - ravnote¥na temperatura tela (°C)

- temperatura okoline, konstantna (°0)

W - snaga gzagrevanja, konstantna (watt)

mec - toplotni kapacitet tela .(joule/°C)

K - konstanta definisana Njutnovim zakonom

hladjenja.

Faktor proporcionalnosti (1/Kmc) odredjuje se
elektricénim putem preko kalibracionog grejaca ugradjénog
4 telu.

Izotermska metoda je do sada Cesto primenjivana.
Izmedju ostaléé i prva kalorimetrijska merenja na grafit-
nom reaktoru u Oak Ridgeu izvedena su izotermskim kalori-

metrom (1),

| Za dozimetriju reaktora "RA"™ u Vindi, u probnom
periodu njegovog rada, konstruisan je u Odeljenju za radi-
-jacionu hemiju kalorimetar sa termistorima,- takodje izoter-
mski, sa kojim je izvrSen niz merenja. O rezultatima tih
merenja bide redi kasnije.

Druga metoda koja se takodje koristi za kalorime-
trijska merenja na reaktoru je adijabatska metoda. Ovde se
okolina kalorimetarskog tela zagreva istom brzinom kao i te-
lo koje apsorbuje energiju zracenja. Ukalorimetarskom siste-
mu nema razmene toplote. Meri se brzina zagrevanja tela koja
je proporcionalna brzini kojom telo apsorbuje energiju zrace-
njas

dt W
‘dTE= '—R .o Y EEX] (2)

Foktor proporcionalnosti (1/mc) i ovde se odredjuje elektri-

¢nim putem preko kalibracionog grejaca.



Sa Takvim tipom kalorimetra je takodje do sada radje-
no, a najpoznatiji je svakako Andersonov i Waiteov rad na
reaktoru BEPO u Engleskoj (2), (3).

Obe ove metode, izotermska i adijabatska, imaju
svoje prednosti i nedostataka, a upotreba jedne ill druge
zavigl od specifidénosti namene kalorimetra, flukseva na koji-

mz se radi itd.

Tako je izotermski kalorimetar veoma pogodan instru-
menat za kontinualno pradenje snage reaktora, kao i za mere-
nje manjih temperaturskih efekata (do oko 10°C).

Nedostatak ove metode je relativno dugo vreme potre-
bno da se uspostavi ravnote¥a (ponekad i oko 354 &asa), &to
sama merenja ¢ini priliéno sporim,.

- Adijabatska me toda, nasuprot tome, mnogo je brza i
omogucava dobijanje gotovih rezultata za veoma kratko vreme
(10-20 min). Medjutim, brzine zagrevanja moraju biti vede od
neke minimalne vrednosti da bi se mogle meriti, odnosno prati-
ti, Ova donja. granica uslovljena je, naravno, osetljivosdéu ka-
lorimetra ili osetljivoddéu elemenata sa kojima merimo tempera-

turu.

Odredjivanje vpojedinih komponenti u smesi zradenja

SloZenost reaktorskog zradenja nije prepfeka za pri-
menu kalorimetra kao instrumenta za odredjivanje apsorbovanih
energija, posto se one njime direktno mere, I jo$ viSe od to-
ga, pogodnim izborom kalorimetarskih tela mogude je odrediti
pojedine komponente u smesi zracenja, tj. procentne iznose nji-
hovog doprinosa u totalnoj apsorbovanoj dozi. Udeo termalnih
neutrona se eliminiée izborom materijala sa zanemarljivo malim
efikasnim presekom ili izralunavanjem njihovog udela u total-
noj apsorbovanoj dozi (4). Tada je izmerena brzina apsorbovane
doze u materijalu (M) zbir dveju komponenste koje potidu od ga-

ma zradenja i brzih neutrona tJj.:



Lot ’ KJ n
\%) D‘I = \VNI + WI \/I ) ¢« e 0 0 ( 3)
gde su:
Tot .
Wy - totalna brzina apsorbovane doze u

materijalu (M)
W. - doprinos gama zraka

n . ,
Wy - doprinos brzih neutrona
V.

a v nekom drugom materijalu (Ml):

R n

Ml = g * \,V_M + b - \?VM o oo e (4—)
gde je: Tot
Wy~ - brzina apsorbovane doze u materijalu (Ml)
1
Koeficijenat (2) definisan je ovde odnosom mase-
nih apsorpcionih koeficijenata za ova dva materijala. Po-
sto je srednja energija gama zracenja u reaktoru oko 2 MeV:

M 2 eV ' '
a :A«*—l ) "..I’ (Sa)
M
Koeficijenat (b) dat je odnosom izraza oblika?

1 m

m .t_{.G’S . 4dE ' P (5b)

i predstavlja "moc¢ usporavanja" brzih neutrona elastidnim
rasejanjem. Njegova vrednost se odredjuje graficki. Ovde su
(4) atomske tezine materijala, a Q;; ) efikasni preseci za
elesticéno rasejanje brzih neutrona,



Izmerene vrednosti apsorpcije energije u dva ili
vide razlidita materijalsa daju nam tako niz simultanih je-
dnadina. ReX vanjem metodom najmanjih kvadrata dobijamo
parcijalne apsorbovane doze od gama zraka i brzih neutrona
u referentnom maferijalu (M). Odavde se posle mogu izradu-
nati preko koeficijenata (a) i (b) odgovarajude vrednosti
za ostale materijale prostog 11i sloZenog sastava.,

II. REZULTATI MERENJA U KANALIMA REAKTORA "RA" U VINCI

‘Dozimetrijska merenja sa izotermskim kalorimetrom = -
vrsena su na reaktoru "RA" u Vinci, u probnom periodu njego-
vog rada. Merenja su izvedena u vertikalnim eKSperlmentalnlm
kanalima VK~5 i VK-9 (vidi na SllCl 1). Raspodela brzine ap-
sorbovgne doze po VlSlnl svakog kanala odredgena Je mefenglma
na nagmanae tri razllclte visine u aktivnoj zoni.

Radjeno je sa tri kalorimetarska tela: obiénom vo- -
dom, teskom vodom i grafltom._

Sva merenja izvedena su-na. 20 kW a.dobivene vredno- .
stl obracunate na snagu od 1 MW,

Sklca kalorimetra. zajedno sa Semom merenja i kontro-
le data je na slici 2. Termostatiranje okoline vrSeno je rucno
preko promenljivog otpora i u toku merenja temperatura je odr-
Yavana konstantnom u granicama + 0,005°C. Za kontrolisanje i
merenje temperature upotrebljeni su termistori ("Philips - Bead
type NTC Resistors"), éiji je otpor meren Wheatstoneovim mo-
stom. Mereni efekti bili su izmedju 0,2 i 2°0C,. 35to odgovara pro-
meni otpora termistora.za oko 20-200 oma. Ove razlike merene su
‘sa maksimalnom greskom + 0,2 oma (0,1 - 1%).



Promene na termistorima koje bi uticale na pouzdanost
rezultats nisu zapazene pri radu. Kalibraciona zagrevanja
poznatim snagama, izvedena u polju reasktorskog zrafenja, iza-
zivala su onolikKe promene otpore termistorsa (A R AT )
kolike su dobijene 1 prilikom laboratorijskih kalibracija besz
zracenja. Saglasnost je bila u okviru 1-2%. IzvrSeno je i je-
dno merenje na 80 k. Ijegovo zedovoljsvajule slaganje sa re-
zultatima dobivenim na 20 kW dokazuje da su merenja sa termi-
storima pouzdana i na nesto vigim snagama reaktora.

Brzine apsorbovanih doza u vodi, tefkoj vodi i grafitu

U tablici 1 date su vrednosti meksimalne brzine ap-
sorbovane doze u jedinicama 10  rad/MWh. U prvoj koloni su vre-
dnosti za ukupno apsorbovane doze, korigovane za apsorpciju
indukovanog zracenja iz kalorimetarske okoline (aluminijum) i
za apsorpciju energije u sudovima od pleksi stakla za tela sa
vodom i teskom vodom.

Iz tih vrednosti izracuneti su energetski doprinosi
gama zracenja i brzih neutrona.

Na dijagramima 1, 2 i 3 prikazana je verovatna vi-
sinska raspodela brzine apsorbovane doze u kanalima VK-5 i
VE~9, na kojima su unete i1 1lzmerene eksperimentalne vrednosti.
Izvucéene krive predstavljaju relativnu raspodelu termalnog
fluksa, normiranog za svaki kanal posebno prema maksimalno]
vrednosti apsorbovane doze. Kao sSto se vidi postoji vrlo dobra
saglasnost u odnosima apsorbovane doze 1 termalnih flukseva
duz jednog kanala. Medjutim, treba uoliti da takva saglasnost
ne postoji za dva razlicita kanala. Tako, na primer, odnos ma-
’ksimalnih apsorbovanih doza u VK-5 i VK-9 iznosi 1,95, dok od-~
nos maksimalnih termalnih flukseva iznosi 1,66. To dolazi ve-
rovatno otuda $to se zbog nepotpunog broja gorivnih elemenata
kanal VK-9 praktiéno veé nalazi u reflektoru (D20>'



Greska sa kojom su date vrednosti za maksimalnu
apsorpciju u oba kanala procenjera je u grafitu na + 2,5%,
a u vodi i teskoj vodi na + 5% ot izmerene vrednosti,

Pnredjenije rezultata sa vrednostima dobivenim
hemijskim oksalatnim dozimetrom

Vrednosti za brzine apsorbovanih doza, izmerene
kalorimetrijski uglavnom se dobro slazu sa vrednostima do-
bijenimfozraéivanjem vodenog rastvora oksalne kiseline, Na
mestima maksimuma termalnog fluksa u oba kanala slaganje Je
bolje od 10%. Sa obe vrste dozimetara dobija se sliéna kri-
va visinske distribucije apsorbovane doze duz kanala. Odstu-
panje iimedju kalorimetrije i hemijske dozimetrije je najvede
na mestima koja odgovaréju gornjem kraju aktivne zone. Pred-
postavljamo da to dolazi usled razlidite geometrije ozraciva-
nja hemijskih i kalorimetrijskih uzoraka. |

Poredjenje sa nekim rezultatima merenja epitermalnog fluksa

Apsorbovana energija usled usporavanja brzih neutro-
na u materijalu atomske teZine (A) moZe se izracunati ako po-
znajemo vrednosti termalnog i epitermalnog fluksa na odredje-
nom mestu eksperimentalnog kanala. Predpostavidéemo da se svi
energetski neutroni nalaze u "1/E" oblasti spektra, da je
ova oblast oZtro odsedena na granicama 1 eV i 2 MeV (srednja
energija fisionih neutrona) i da neutroni gube energiju ela-
stidnim sudarima. Brzina apsorbovane doze se onda izradunava

iz igzraza:

2MeV
- _ N 2 A Jﬂ k(nv)th .

seees (6)
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gde su: N - Aﬁogadrov broj
(nv>th ~ fluks termalnih neutrona (n/cmg/sec)
C;’S - "gscattering™ efikasni r esek (cmz)
B - energija neutrona (eV)

~
I

reaktorska konstanta koja zavisi od
odnosa epitermalnog i termal nog fluksa
i odredjuje se merenjem kadmijumskog
odnosa.

Za eksperimentalne kanale VK-5 i VK-9 dobiveno
je (5):

U VK-5 k
U VK-9 k

0,035
0,025

Na osnovu poznatih flukseva termalnih neutrona
u oba kanala i ovih vrednosti izracdunata je snaga zagre-
vanja od brzih neutrona, za maksimal nu apsorpciju u vodi,
teskoj vodi i grafitu. Tako dobivene vrednosti uporedjene
su sa onima koje su izvedene iz kalorimetrijskih merenja.

Slaganje je uglavnom zadovoljavajude.

KorisScenje dobivenih podataka za proradun

apsorbovanih dozg u raznim materijalima

Kao Sto smo veé videli, izmerene vrednosti. za par-
cijalne apsorpcije gama zgracenja i brzih neutrona u jednom
materijalu daju nam mogudénost proracCuna apsorbovane doze sa
dovoljnom preciznos$éu (+ 10%) i u mnogim drugim materijalima.
Za ovo je potrebno poznavatl samo relativne odnose masenih
~apsorpcionih koeficijenata za gama od 2 MeV (5a) i odnose. iz-
raza (5b). Kod sloZenih jedinjenja raduna se posebno dopri- -
nos svakog elementa, a totalna apsorbovana energija-dobija pre-
ko njihovog procentnog iznosa u ukupnoj masi.
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Tablica 1

Maksimal ne apsorbovane doze

tot.brz udeo . .
¢ * udeo relativni deo
Kanal Mate- aps.doze X brz.n.
rijal 6 _
10° rad/MWh Z,zraci brzi n
% %
HQQ 2558 20,4 5,42 79 21
VK~5 0,0 20,8 18,4 2,39 88,5 11,5
C 18,9 18,4 0,53 .97 3
H2O 13,4 10,5 2,90 78 22
VK-S DZO 10,7 9,41 1,28 88 12

o 9,70 9,41 0,28 97 3
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RADIATION DOSIMETRY OF THE REACTOR RA AT VINCA

MEASUREMENTS BY ISOTHERMAL CALORIMETER
by

B. Radak, V. Markovic¢ and I. Dragani¢, Department of Radiation Chemistry

I. — In this work we have made atiempts 104
— unalvze the problems of reactor radiation dosimetry;
~— describe the sotudon of this problem by the calorimetric method;
— present. our results of measurements on the reacror RA at Vinda,
and to describe the method, spparatus and measuring equipment used.

2. — Use was made of the isorhermal calorimeter with thermistors which
measurcd the absorbed dose rates within the range 10°—10° rad/b, with an uccu~
racy of 2—3%,. 1t was shown that the reactor radiaten in which the rthermal
neuwron flux is up ro the order of mugnitude 10™ nfem¥fsec, and the integral
thermal neurron flux up to about 1076 nfem® cxerts no significant influence
upon. the working characteristics of the thermistors used.

3. — Determination was made of the absorbed dose distribution into the
gamma-ray and the neutron cantribution. For this purpose we used 3 materiuls:
ordinary water, heavy water and graphite.

4. — Measurements were carricd out in two verrcal experimentu} holes

VI -53and , VK -9%0f the reacior RA at several heights. Tt has been shown rhat

1hn absorbed dose height distribution agrees well wich the thermal flux disiri-

bution curve, although the relations of the absorbed doses of the two holes are
not in accordance with the corresponding thermal flux relations.

I. — INTRODUCTION

I 1. NOTES
" “Calorimetric radiation dosmletl}, the subject of this paper, was one
of the various measurements carried out in the experimental reactor RA
at Vinca during its test operation.
The aim of these experiments was to determine the absorbed dose
rates by various materials placed at different positions in some experimental



g } B. Radak, V. Markovi¢ and I. Draganié¢

holes, as well as to derermine appreximately the centribuiion of various
components of reactor radiation to the total absorbed doses.
Measurements were carried outt in a heavy water — enriched uranium
(29, ¥30) reactor. The nominal poweris 6.5 MW, but during the test ope-
ration period our measurements were made atr powers lower than 100 KW+,
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Fig. la. — Horizontal cross section of the reactor RA

The reactor and the geometrical conditions of measurements (see II. 4.)
are shown schematically in Fig. 1. a) and b).

* Reports on some of the results were submitted at the Symposium on Nuclear
Fuel held at Radov)jica, Yugoslavia, in April 1961.
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I. 2. REACTOR RADIATION AND ITS DOSIMETRY

The nuclear reactor is a source of mixed radiation ranging from.
slightly penetrating fission fragments, alpha and beta particles, to more
penetrating gamma rays and tast neutrons. However, for irradiation in
reactor experimental holes the mest interesting types of radiation are gamma
rays and neutrons of various energies.

I 2 . REACTOR AS A GAMMA RADIATION SOURCE

Gamma rays in a rcactor are prcduced by the following processes:

— by fission of 23U

— by radioactive decay of fission products

— by thermal neutron capture redctions {r, gamma) with the most
important reactor materials such as: %0, aluminium, graphite and iron

— by fast neutron inelastic scattering

, — by decay of radicactive isotopes produced by various nuclear
reactions during the operation of the rcactor. ,

Due to the great variety of sources, as well as to the scautering and
absorption i the réactor materials; there is a very complex spectrum of
radiation in the experimental holes. "The average energy of gamma photons,
however, is probably about 2 McV for many reactors.

The absorpiion process is very complex and ir 'aicpcnds on the cnergy
of rhe photon and the nature of the abscrbing marerial. Thus,

— in the interaction of low cnel:'g;\' photons with heavy elemenus
here 15 a phocoeleciric effect; 2 process 1 which the photon  disappears
eiccting an clectron; '

—~

— in the interaction of photens of moderare energics with light cle-
ments there is a Compion effect, a process in which the photon ejects an
lectren transferring tw it only part of its energy; ,

— in the interaction of phetons of high energies (over .02 MeV)
with heavy clements, a pair production also takes place — the photon disap-
pears producing one electron and one positron.

1.2, 2. REACTOR AS A NEUTRON SQURCE

Neutrons in a reactor are produced by the following processes:

— by fission of *¥{/, where 2.5 neutrons per fission are released in
average. The energies of these neutrons range from 0.5 to [5 MeV, the
most probable energy being approximately 0.7 MeV, and the average
energy about 2 MeV;

— by photonuclear reaction which is of particular interest when heavy
water is used as moderator;

+— by fission of ** U with fast neutrons;

— by nuclear reactions of the tvpe (n, 2n), (n, 3n), etc.
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Referring to their history, the neutrons have various energies upon
which the absorption process depends.

Fast neutrons (in this paper referred to as all neutrons with energies
above the cadmium cut-off) lose their energy mainly by elastic scattering.
The mean energy transferred in an elastic collision decreases with the increase
of the mass number of ambient nuclei in which scattering or slowing down
takes place.

Thermal neurrons, i1.€. neutrons which have the same kinetic energy
as the ambient atoms and molecules (0.025 eV at 20° C), do not transfer
their energy directly. However, thermal neutron reactions such as (n, gamma),
(n, alpha) etc., arc the source of energy received by the ambient in the
interaction with thermal neutrons. ‘

I. 2. 3. PROBLEMS OF REACTOR RADI/-‘\T[('_)N DOSIMETRY =~

The. dithculties encounte1ed in reactor radiation dommcu\f can. be
either:

— basic, due to the great variety of the type and energy of radia-
tion, or

— experimental, due to relatively high dose rates, inconvenient ope-
ration with measuring . devices, their activation .during. the measurement,
limited volumes, etc.

Thus, in ienization measurements, apart from experimental difhi-
culties, high dose rates and activaton, estimation of the absorbed doses
1s unreliable due to complex.corrections for geometry, and inaccurate know-
ledge of the @ values, i1.e. the average energies required to pfoduce an
ion pair. ;

U emical thmgcc mduced by rclcllamon can serveé as a measure for
the absorbed dose. The experimental difficulties in chemical methods are
less than those in physical methods, while the basic¢ difficulties are similar
in both cases. Chemical changes depend more or less on the type and the
energy of radiation. Hence, a chemical system used ds a dosimeter in a
reactor must be calibrated for the given conditions; i.e. the radiation-che-
mical yield for thc reactor mixed-radiation in which routine meaqmements
are to be carried out, must be detérmined.

In respect to the difficulties encountered in experimental deter-
mination of the absorbed doses, the irradiation data in literature are given
sometimes as a function of the integrated thermal neutron dose (nvt), assuming
that the dose rate is proportional to the thermal neutron flux, i.e. that the
total absorbed energy is proportional to the integrated thermal neutron dose.
Hence, the (nvt) values are cormdercd the relative measure of the absorbed
doses.

One can see at once that such a way of representing the absorbed
energies renders impossible .the comparison of values obtained in various
reactors, since the penetrating radiation which follows the thermal neutrons
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depends, inter alia, on the age of the fuel, rhe kind of reactor materials,
eic. The works of AL R. Anderson (2) and D. AL Richardson (1) have shown
that in the reacror core with a graphite moederator, and for a given marcrial,
the encrgy absorbed in different places is proportional o the integrated
thermal neuwron dose and could be expressed conveniently in ergs per
gram for njem® Other measurements (3) have shpwn, however, that for
a heavy water moderated reactor, the encrgy deposition for nfem? is not
constant even for the same material; it depends on the trradiation place.
Hence, such kind of interpretation has only a velative and extremely limited
character. The measurement of the released amount of heat into which
the radiation energy is converted in a medium, can seive as a Mmeasurc
for the energy absorbed. This is the principle of calorimetric dosimetry.
Since the total absorbed encrgy is practically converted into heat under
the given conditions*, this kind of measurement makes possible its exact
and quantitative determination. By appropriate cheice of the absorbing
media it is possible to determine the contriburicn of each radiation compo-
nent to the total energy absorbed. The basic limitations encounicred in
chemical dosimerry or 1onization methods are considerably smaller in calo-
rimetric dosimetry, and that is why it may be considered to be the method
most reliable and perspective for energy absorption measurements.

1. 3. ISOTHERMAL CALORIMETER WITH THERMISTORS

I 2 1. IS0THERMAL CALORIMETRY

With regard to the temperature of the calerimeter jacket during ope-
ration, calorimetric measurements can be carried cut in 1wo ways. The
adiabatic method, often used, consists in heaung the jacket electrically at
the same rate as the calorimetric body absorbs the radiation energy. Thus,
the absorbed dose rate is determined from the heating iate.

In isothermal calorimetry used in our case, the jacket temperature
is kept constant during the measurcment. Since the calorimetric body is
heared by the radiation energy absorption, the absorbed dose rate is measu-
red from the difterence between the temperature of the bedy and the
jacket. Measurements are carvied our in the steady state in which the heating
power in the body is equalized with the hear losses caused by radiation, con-
ductivity and convection.

The isothermal method (or more exact the remperature dlffe]cnce
method) can be represented by the following expression:

= R )
T, = (1
Kme

* Usually only a negligible part, 1—29% (rarely 5—109%), is spent on the change
in the interrnal energy in the system (chemical effects, change in crystal structure, etc.).
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where:

T, — jacket temperature, constant °C

7, — body temperature in steady state °C

W — heating power, constant (watt)

* K — constant, defined by Newton’s cooling law (sec-!)

mc — heat capacity of the bedy (joule/°C)

Calibration of the calorimeter is carried cut by heating the calori-
metric body at an exactly defined and well known power(w,) by means of
a built-in calibration heater. Now a new steady state temperature difference
is determined, thus eliminating the constant characteristic for the measuring
system (Kmc). The disadvantage of this static method is the considerable
time lag for reaching the steady state (se\ eral hours for inert systems).

That is why the kinetic method is more efficient for determining the
steady state temperature before real equilibrium has been established (4).
This method is based upon the fact that the temperature change in the
calorimetric body in the course of heating is an exponential function of
time (5) and can be expressed as follows:

T=T, + G-kt [2]
where:
T — temperature of the calorimetric body at the tme(t)
T, — equilibrium tgmperature of the calorimetric body (i.e. T = 1,
for t = o)
K — cooling constant, a value characteristic for the measuring system,
and:
'
C=(T"-T1,)— [3]
Knic
where:
T'" — temperature of the body at the time t = 0

By using the equation [2] the kinetic method i1s reduced to the ana-
lysis of the heating curve. The results obtained by temperature measure-
ment in the function of time are plotted as usual. The only difference is
that the abscissa is the time axis in an implicit form, i.e. e**. The straight
line shown in Fig. 2 begins at the moment ¢ = o, where the temperature
of the body is (T'), and the abscissa is e¢X* = 1. On the basis of several
points, one obtains the value of the equilibrium temperature (7,) by extra-
polation up to the intersection with the ordinate axis (z= o0 ).

By this method measurements in one system may be carried out several
times faster than by the static method.

The reliability of this method in determining the equ111b11um tempe-
rature depends on the stability of the constant (K), and the accuracy of
knowing it.

The calorimeter for absorbed dose measurement -was antlcnpated in
our case for work at powers less than 100 kKW, at which the dose rates could
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r(ec)
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Fig. 2. — Kinctic method shown graphically

be expected 10 be between 10*and 10° rad/h in water. That is why a calo-
rimeter with relatively good ‘heat isolation was constiucted, and the corre-
sponding sensitivity achieved. On the other hand, this conditioned higher
thermal inertia of the whole svstem. It would be very difficult 1o maintam
adiabatic control under such conditicns, and the rate of tempeiature rise
at these powers would be very low and hard to measure. That is why usge
was made of the isothermal methed with constant temperatuie of the jacket.
The kinetic methcd for equilibrium temperature determination has
shortened the time required for measurements to a considerable extent.
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1. 3. 2. TEMPERATURE MEASUREMENT BY THERMISTORS

The temperature ¢ffects of microcalorimetric measurements are usually
of the order of magnitude of several hundredths of a centigrade or less.
The measurement of such small differences with adequate accuracy is
carried out mainly by the use of

- — thermocouples or

— resistant thermometers.

The choice of one of these two depends on the kind of processes to
be measured and the sensitivity required.

Thermistors, which according to their electrical properties are semi-
conductors, belong to the second group of thesc thermoemeters. According
to their composition they are nickel, mangancse and cobalt oxides, and
their form and size vary. A great number of various properties make the
thermistors very suitable for the measurement of small temperature varia-
tions. Those are: ‘

— an extremely high temperature resistance coetficient. It is about
3—49, per °C (copper 0.4%, per *C). This means that with a thernustor
whose resistance is several thousands of ohms, one can carry out very easily
the measurement of temperature variations of several thousandths of degrees.

— small volume and mass, and

— quick establishment of resistance for a fixed temperature.

The resistance of a thermistor is an exponential function of tempe-
rature. In small temperature intervals (a few °C), however, this dependence
can be considered linear. Thermistors which have not been used long enough
have an unstable resistance and, therefore, they are unrchiable for absolute
measurements of the temperature. This does not mean that they are less
applicable in the temperature measurement variation where the absolute
values of temperature are not of interest. This disadvanrage of thermistors
is usually eliminated by artificial ,,aging* obtained by heating the thermistors
for 3—4 thousands of hours at a temperature above 100°C.

Thermistors used for a longer time are stable enough and usually give
very reproducible results.

Owing (o their good properties we used thermistors in our calorimeter
for reactor measurements too, although there was fear regarding their beha-
viour in the neutron flux. One of the reasons for which thermistors were
used is the rather simple technique of measurement.

The results and data obtained during our work (see IT. 2) have justified
the use of thermistors for these purposes.

I. 3. 3. PRINCIPLE OF THE METHOD. SELECTION OF CALORIMETRIC BODIES

The absorbed energy of radiation is measured by a calorimeter di-
rectly from the temperature rise in the calorimetric bedy. When we are inte-
rested only in the doses absorbed in various materials, we make calorimetric
bodies from these materials and measure the energy absorbed by irradiating
each body separately. The heating power is the absorbed dose rate in the
given material.
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If we are interested in the contribution of cach type of radiaticn to
the absorbed energy, the interpretation of the results is then somewhat
more complicated. First of all by selecting the marterial for the calorimetric
bodies, we can avoid the energies of nuclear transmutations caused by
thermal neutrons. Thus, the problem 1s reduced only to the deter-
mination of the contribution of gamma ravs and fast neutrons. Therefore,
in a material (M) the energy absorbed will be the sum of two compenents
(1, 2):

<ZU>_.\‘[ = (iu)__-'” + (ﬂ")g.r [4]
where:

(w)ar — total absorbed dose rate

(w)), — contribution of gamma rays

(w) 7 — contribution of fast neutrons

If the absorbed energy is measured in two difterent materials, one
obtains two cquations:

(), = (w){ + (w)7 [3a]
(w)y=(2)% + ()} {5a]
or
(), = (){ -+ ()] [5b]
(@)e=a-(w)] + b- ()] [5b]
where:
a=(“2> [6a]
Uy /2 MeV
2 MeV
1
ot o
(A + l)2 ; 2
I
b= 2 MaV [6b]
__1 . [cs- dE
(A1 + 12 . ]
th
where:
. — mass absorption coefficient
A — mass number of the material
6, — fast neutron scattering cross section

The value of the top integral limit in expression [6b] dces not exert
great influence on the calculated relations. Some authors (6) take the ave-
rage fissien neutron energy (2 MeV) to be the upper limit. Anderson (2)
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takes it to be 1.8 MeV. Richardson (1) calculated the expression {6} within
the interval from thermal energies to oo. Although in all these cases the

2 Mev
i .. . dF in relation to carbon)
)6 o

LK)
201
18 |
16
14 |
12 r
0o b T\ erdinary waier

°
8 p(ex:g{a.’.fs
6 |
heavy water
4 -
2 r \‘
.
.
S——
> 4 6 8 10 15 14 16 18 20 22 24 26 28 30 32
(A)
Fig. 3. — Relative valucs of fast neutron cnergy deposition

absolute integral values vary considerably, their relations remain, in fact,
almost constant. ' '

For the measurement of the distribution of the absorbed energy into
fast neutron and gamma ray contribution, it is necessary to measure the

2 Bulletin of the Institute of Nuclear Sciences
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absorbed energy in at least two materials for which the mass absorption
gamma coefficients, and the so-called ,scattering® integrals, are known.
There is a great number of materials for which these values are known quite
precisely. .

. Instead of two bodies, three or more bodies are used in practice. One
of them (usually graphite) is taken as the reference (a=b=1), thus obta-

——

Elements of the schemd
"Rd

3 % Ry. Ry  50000hms
{—— AN
I‘—jj .

Ry e
4
//
.

R3 100000hms
f B < -
“ ?4'_ 7 Ry Rsg IOOOOhmJ‘
: i i five-decade box
R._)%\ 1P LRuhstrat” 0 02 % grade
— -1
l 52 3.0V
L £z 120V
e N —

Rs
Fig. 4. — Scheme of the calorimeter and the measuring system (P — commutator;
K — calorimetric body; O — jacket; 7 — thermistors (77, — jacker; T, —
bodv); Kg -— calibration heater; G, — jacket heater; Z — protecrive can;
G — clecrronic galvanomerer (KINTELY model 2044)

ining a series of simultancous equations from which the values (w){ and
()2 are calculated by the least square method. On the basis of these values
one can easily calculate, by means of the coeflicients (a) and (b), the values
of partial and total doses absorbed in any other materials.

In our measurements we used three calorimetric bodies: ordinary
water, heavy water and graphite. The two liquids were put in vessels of
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plexiglass. All these materials. have negligible cross sections for thermal
neutrons, so corrections for the energy of the induced nuclear reactions
are not necessary. Mass absorption coefficients for gamma rays of 2 MeV
are very close one to another. Apart from this, the ratios between these
coefficients (which, in fact, is of interest) are constant in a very wide range
of energy. The most important fact is, however, that the ,,stopping power*
for the fast neutrons in carbon, heavy and ordinary water differs quite
a lot. Their ratio is 1 :4.52 :10.2. This is shown in Fig. 3. (The Figure
also shows that the ,,stopping power” and consequently the energy absorbed
from, fast neutrons is negligible for the elements with A > 30).

II. DETAILS ON THE MEASUREMENT AND IRRADIATION TECHNIQUE
. 1. DESCRIPTION OF THE CALORIMETER '
11 1. 1. MECHANICAL PART
A draft of the calorimeter tegether with the scheme of measurement
and control is shown in Fig. 4. The calorimertric body (K) for liquids is

made of plexiglass. Another body with the same dimensions (height 50 mm,
diameter 20 mm) is made of graphite. All these bodies dre shown in Fig. 5.

Fig. 5. — 'C.alorimctr-ic,bodi_es

For heat i1solation the calorimetric bodies are centered in the jacket by nylon
thread. The ambient of the calorimeter (0) is a polished aluminium cylinder,
50 mm in diameter, consisting of two parts. A heater of constantan wire

~a
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(0.1 mm) is wound on the surface of the inner part. Thermistors (,,Phil-
lips“ Bead type NTC Resistor™) with nominal resistance of about 5000 Q
at 20° C, for the measurement of the jacket temperature are fastened to it.
For mechanical protection and better heat isolation from the ambient in
which it is placed, the complete calorimeter is put in a protective aluminium
can (Z) 98 mm in outer diameter.

II. 1. 2. ELECTRICAL MEASUREMENTS

The resistances of the thermistors are measured by a Wheartstone
bridge with twe arms R; and R, of 5000 ohms (constantan 0.06 mm). All
parts of the bridge, except the decade bex (R,) and the galvanometer (G),
are placed in a closed iron box. With this bridge, measurements of the
resistances of 3000-—5000 ohms could be made with an accuracy of 4+ 0.1
ohms, or measurements of the resistance difference of 20 ohms with a maxi-
mum crror of - 29%.

By means of a commutater (P), the thermistcis of the jacker (7)) and
the thermistors in the body (7,) are switched on aliernatively in one arm
of the bridge. Thus, the same bridge served for the measurement of the
calorimetric bedy temperature variatiens by the thermistor (7%), and for
the temperature control in the jacket by a toral resistance of 4 thermistars
(7)) (two parallel pairs cennected in serice).

The heating current in the jacket was adjusted manually with a vari-
able resistance (R3), and the temperature maintained at a constant value
(£ 0.005"° C) of a few degrees above the ambient temperature.

The resistances of the calibration heaters (200—400 ohms) were mea-
sured on a specially constructed Wheatstone bridge with symmetrical arms,
and checked by comparison with the standard resistances of the 0.029%,
grade ,,(Gouingen-Ruhstrat™). The current in the calibration circuit was
measured by a precise milliampermeter of the 0.5%, grade (,,Iskra-Kranj®).
Correction for the resistance change in the calibration heater due to heating
was negligible, and has not been taken into account.

For the lead and connection isolation in the calorimeter, use was made
of the capacitor paper and a polystyrene film. For our working conditions
(maximum thermal neutron flux about 2-10' njecm?/sec and temperature
about 30° C) this was quite satisfactory.

II. 2. STABILITY OF THERMISTORS

Measurement with thermistors in the calorimeter consists in deter-
mining two equilibrium values of the resistance. The first value (R,),
corresponds to the jacket temperature (7,), and the second value (R,)
corresponds to the equilibrium temperature (7,), when the body is heated
by the constant power (). Similarly to the expression [1], the equilibrium
difference of the resistance is proportional to the heating power, i.e.

. g
—AR=R,—R,=—— (7]
' Kme A
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where (4) is the conversion factor for ochms into degrees centigrade and
it depends on the characteristics of the thermistor used. The thermistors
have a negative temperature coefficient so that R, > R, when T,< T,.
An indispensable condition for obtaining reliable and reproductive
results when working with thermistors is the stability of their resistance
for a given temperature. '

II. 2. 1. WITHOUT RADIATION

In order to distinguish irregularity in the behaviour of the thermistors
caused by radiation, it was necessary to examine primarily their behaviour
without radiation. . .

The value of the thermistor resistance for a given jacket temperature
can be changed : first, due_ to the change of characteristics of the thermistor
itself (change in structure by ,aging™), and sccond, due to insufficient
heat isolation, i.e. the temperature variation of the ambient in which there
are the calorimeter and its jacket.

The variation of the resistance due to the ,aging” of the thermistor
is a very slow process, and it cannot exert any considerable influence on
the temperature difference measurement. This has been proved by our
observations of the value (R,) for a constant jacket temperature during a
longer pericd of time (7—10 days). For the sample with water we obtained e.g.

days R,(chms)
1 3663.1
2 3663.0
3 3663.1
4 3663.2

-5 3663.7
6 3663.2

The influence of the ambient temperature variations could cause
greater error; that is why the temperature of the heavy water in the core
during work in the reactor is kept constant within <4 1° C. Under these
conditions the error in the measured difference of resistance (R,—R,) was
not larger than 0.6—0.8 ohms. According to the results obtained by labo-
ratory measurements, the change in the ambient temperature caused changes
in the value R, by about 0.3 to 0.4 ohms/® C. Since the effects measured
in the reactor were between 50 and 200 ohms (about 0.5—2.0° C) the maxi-
mum possible error in the measured values was about 19, while the error was
probably smaller since the reactor was thermostated even better than &£ 19C.

II. 2.2, DURING IRRADIATION

In the gamma radiation field thermistors have been used up to the
present with satisfactory results. In theé reactor, however, under the influence
of the neutron flux, the recoil nuclei would be a great danger, because they
could cause considerable excessive conductance and structural changes in
the thermistor material. However, according to the relatively, low values
of the neutron flux and th= short time of irradiation (a few hours), it was
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normal to expect that the thermistor stability in the reactor would be sufh-
cient for obraining reproducible results. A series of data obtained during
the work have proved this assumption.

Thus, for instance, the values of the resistance (R,) determined at
the same place before and after irradiation with an integrated thermal
neutron dose of about 10'® n/cm?, were obtained with a negligible difference
of 0.2—0.4 ohms. Likewise, the deviation in the average value cd two sub-
sequent determinations of the absorbed dose rate was not higher than
+2—3%. The difference was not higher even after a longer period of time
(3 months) berween two irradiations, and the measured values agreed within
the limits of the experimental error. :

On the other hand, calibration of the calorimeter with a graphite
sample was carried out during irradiation with a constant and known heédting
power. From a series of determinations we obtained the mean value of the
resistance difference:

AR,=41.0 4+- 0.9 ohms

The values obtained in the laboratory before irradiation were within the
same limits.

All this proved to be the reason for the use of thermistors in the
measurements in a reactor with low power (20—100 kW), and with maximum
fluxes cf about 9.8 x 10 n/cm?/sec.

I1. 3. CALIBRATION DIA('.RAMS FOR VARIOUS CALORIMETRIC BODIES

According to equation [7] there is a linear relation between the heating
power and the equilibrium resistance difference R,—R, = AR. This rela-
tion has been checked by heating the samples with knewn power inputs,
measuring the current through the calibration heater of the known resi-
stance. The measured thermistor resistance for all the three calorimetric
bodies in the heating power are plotted on the diagram (Fig. 6). -

We have noticed that for the bodies containing H,O and D,0, the
linearity defined by the equation-[7] is valid only at the beginning of the
obrained- curve. Therefore, with these samples calibration could not be
carried out electrically by a ,standard additicn® of the knewn power during
heating with an unknown power as in the case of the graphite body.

This disagreement could cceur either due to convection in the calo-
rimetric system, or dué to inhcmogencous heating of the body by the cali-
bration heater. In the first case there would be no reascn that the calori-
metei with the graphite bedy does not show a similar deviaticn too.

Assuming that the mhomogeneous heating was the cnly reason for
the curving of the calibration curve towards the abscissa axis, measurements
with these bodies were carried out in the following way: the resistance
change was measured for the unknown heating power, and then the unk-
nown power was determined graphically from the rectilinearly extrapolated
initial part of the calibration diagram. This we were able to do also because
the correction for deviation from linearity was of the order of 10—139,.
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The justification of the foregoing assumption was proved by inter-
comparison of the measured absorprtion values for all the three bodies. Thus,

AR(s) /

140

- 120

L 100

F 80

F60

%0 O Sample with heavy water

A . Graphite sample

o0 © Sample with ordinary water
1 . 0 L
) 20 3.0 10-2watt

Fig. 6. — Calibration” diagram .

measurement of the absorbed dose rate at one irradiation place in two bodies,
for instance in H,O and graphite, was carried out in two different ways
(with and without linear extrapolation). At the same place and in the same
way as in ordinary water, the absorbed dose rate was measured in heavy
water. The first two values, for graphite and ordinary water, make it possible
for us to measure and to anticipate the absorbed dose rate in heavy water.
The results of such calculation compared with the measured values arc
shown in Table T. Very good agreement of the calculated and the measured

Table. 1

Comparison of the calculated values for the heating power
in D,0 with the measured ones {at 20 kW)

; Calcul. | Measur. Difference
I 10-% w/gr %o
|VKs (300mm)| 1198 119.9 —01

‘ VK-9 (305 mm) ‘ 61.7 61.4 + 05




Feating powers in ordinary water, hcavy water and graphite, at 20 KW, with corrections for

Table T1

aluminium jacket and the heating power in plexiglass vessels

the induced activity in the

Correction {or the induced activity s - ) . .
Measured _—— — Corrected with correction for plexiglass
Heiat H.0 ] DO | G
elght | == ———— "7 : - T
Hole | " W HO | D0 | C | v | fot] v ] e | | | & | | HLO | aXel e ) H.O D,0
10— watt/gr
| N I o i
O [ 1143] 969 857 60| 1.9 79| 54| 1.8} 72) 56| 1.1[¢ ‘ 66.4| 897 79.0l 108.5 87.0
300 | 1S1.5) 1295 11421 8.0 261061 7.2| 24| 96| 74| .51 89| 140.9]| 119.9) 1053 | 143.7 115.5
600 — — 967 | —{ — | — | — = — 61} 13|74} — — 89.3 — —
VK-5 99.7 92.3
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values, even with many different corrections (for the induced activity in the
aluminium jacket, for the energy absorption in plexiglass vessels, etc) proved
the foregoing assumptions and justified the measurements with ordinary
and heavy water in the way described above. Likewise, it has been shown
(4) that by a more convenient positioning of the calibration heater, thus
providing homogezneous heating, one obtains straight lines on the calibra-
tion diagram. : -

The same calculation was carried out also for the values calculated
according to the obtained calibration diagrams (without linear extrapola-
tion). The error in calculating the absorbed dose rate in heavy water is much
greater than in the previous case and it amounts to about — 109%, of the
calculated value. '

II. 4. IRRADIATION TECHNIQUE IN THE REACTOR

The absorbed dose rate was measured in the vertical experimental
holes VK-5 and VK-9. In each hole values wére measured for at least three
different points, at the upper and bottom end of the active zone (0 and 1200
mm), and at 300 mm in the zone, where there is a maximum thermal neutron
flux. The insertion of the calorimeter into the experimental holes and the
variation of the height was carried out manually from the platform of the
reactor by means of a cable with leads for electric measurements.

Since the bottom of the vertical hole is below the bottom of the
active zone, it was necessary to insert the calorimeter right to the bottom
of the hole which is semicircular, and then raise it up to a fixed height.
That is why the real position of ‘the calorimetric body is uncertain w1thm
4+ 2—3 cm of the assumed height. The error in the relative heights was
not more than 4 1 cm.

All the measurements were carried out at 20 kW and the obtained
results were corrected to the power of 1 MW,

1. RESULTS

The results of measurements in the reactor at 20 kW are presented
in Table 11 together with the correction for the induced activity in the alu-
minium jacket, and with the corrected values. The values of the absorbed
dose rates in ordinary and heavy water are corrected also for the energy absorp-
tion in vessels of plexiglass. This correctlon is +2% in H,O and —39%
in D,O (see Appendix).

The obtained results were compared with the relative values of the
thermal flux measured by the activation of the foils of gold and indium (7).
The maximum absorbed dose rate in both holes (300 mm in the zone) is
considered most reliable, since the probable error in the ’position of the
calorimetric body of & 2 cm in these places does not exert more influence
than 19, on the measured values. From these experimental points and from
the shape of the thermal flux distribution curve in the holes, we drew the
height distribution of the absorbed dose rate in units of 108 rad/MWh
for all three materials (Figures 7, 8 and 9).

As it can bs seen there exists good agreement between the energy
absorption and the thermal neutron flux. It should be pointed out, however,
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that such agreement does not exist between these relations for two different
holes. Thus, the relation between the maximum energy absorption in VK-5
and VK-9 is 1.95, whereas the same relation between the maximum thermal
neurron flux is 1.65.

108 ad i Mwh

F 300

. F100

©
1 'y 1 L '
0 300 600 ’ 900 1200 mm in the act. zone
Fig. 7. —= The absorbed dose rate in water

The maximum deviations of the measured values from the accepted
distribution {for graphite 4 5%, for H,0 and D,O -- 10%) are within the
limits of the errcr of experimental measurements and the unreliability of
the geometric position of the calorimetric body in the hole.

Estimation was made of the error for the maximum energy absorption
and it was found to be for graphite -+ 2.3% and for samples with H,O
and D,O about 4 3Y%,.

The relatively great deviations at the height of 1205 mm in VK-9
are probably due to the fact that the calorimetric body is 5 c¢cm above
the' top of the uranium rods, practically almost in the reflector. For
all three materials the measured value is 12 to 209 lower than that expected
from the relative value of the thermal flux compared to the maximum. In
addition, the error in the position of the calorimetric body of 4 [ cm leads
to deviation of the measured value by about -+ 5%, in this place.

One measurement with D,0 in VK-9 (0 mm in the zone) was
carried out at 80 kW. The absorbed dose rate corrected to 1 MW was

w, = 7.15 x 10% rad/MWh
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The deviation from the distribution curve is — 8.79%, i.e. it is still
within the maximum deviation of the measured values at 20 kW, in the
same place.

108rad 1 Mwh

F30.0

200

r—ro,o

1 I A It A 3
o . 300 600 900 1200 mm in 1the act. zone
Fig. 8. — The absorbed dose rate in heavy water

IV. DISCUSSION

V. 1. CONTRIBUTION OF GAMMA RADIATION AND FAST NEUTRONS TO THE
. TOTAL ABSORBED DOSE RATE

The values corrected for the induced activity in the aluminium jacket
for maximum absorptions in the holes VK-5 and VK-9 are as follows:

H,O (254 + 1.3)x10% rad/MWh
VK-5 D,0  (21.6 4+ 1.1)x 108 rad/MWhn
graphite (18.9 4 0.5)x10° rad/MWh

HO  (13.1 - 0.6) x105rad/MWh
VK-9 . DO (1Ll + 0.5 x10° rad/MWh
graphite  (9.72 & 0.24) x 10° rad/MWh

The following system of equations for calculating the contribution
of gamma radiation and fast neutrons to the total absorbed dose rate (see. I.
3. 3) was set for VK-5:



28 B. Radak, V. Markovi¢ and 1. Dragani¢

HO: 254 =4 111 () + B -10.2- ()2
D,O: 216 = A4.-10 (20}l + By 4.52 ()2
C: 189 = (@)l + ()2

100 rad i MWh

30,0

20,0 .
VK-5

A ' A A
0 300 600 900 " 1200 mm in 1he act zon
Fig. 9. — The absorbed dose rate in graphiw

where (4) and (B) arc the correction factors for energy absorption in plexi-
glass vessels. These fuctors are (see Appendix):
A =0.993 A, = 1.02
B = 0932 B, =1.17
A similar system of equations is set also for VK-9.
The solution by the least square method yielded the data given in

Table IIIL.
From these Tesults one can calculate the absorbed dose rate with an

ervor less than -4- 109 in any material whether simple or complex compo-

sition. For this calculation it is necessary to know only the relative values

of the mass absorption coetheient for gamma ravs of 2 MeV and the values
2 MeV

of the expression 1/(4 + 1)* - jc:le for any of the materals used.

el
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"Table III

Gamma radiation and fast neutron contribution to the total absorbed dose rate

Measuréd - : Calculated ok
Mate-| absorbed ‘ bclllczﬁ)[rrll: bCLx(jL?éE-rz absorbed coﬁ?:?lljlslttion
Hole | © o1 dose-rate ! Y | dosc-rate '
. 10° rad/MWh v | nv,
H,0 25.4, 204 | 542 25.8 79 21
VK-5!| D,0 21.6 18.4 2.39 20.8 88.5 1.5
C 189 | 184 0.53 189 . | 97, 3
H,0 13.1 0.5 | 290 134 78 72
VK-9! D0 | 1, 941 | 128 | 107 . 88 . 12
c | m 941 | 028 970 | 97 3
108 rin .
- 30,0
VK-5
L 200
VK-9
L 10,0
llJ 300 600 800 1200 mm n theacl. zone

Tig. 10. — The gamma dose rate in holes VK-5 and VK-9 at 1 MW

* Because of a small number of measurements at one position in the experi-
mental hole (one measurement with each sample) and the sensitivity of the system of
equations to the error in the measured values, these data are not quitc reliable. Some
subsequent measurements carried out in the reactor have shown that the percentages
of ‘gamma rays in ‘comparison 'with fast ncutrons are probably somewhat changed —
for insiance in water from gamma 759%, from fast neutrons 25%. In graphitc from
gamma 96.5% and from fast neutrons 3.5%.
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IV. 2. GAMMA RADIATION DOSE RATE IN EXPERIMENTAL HOLES

The gamma radiation dose of | rontgen transfers the energy of 94
erg/gr, 1.e. 0.94 rads to the water. From this and from the values calculated
for the absorption of the gamrna radiation energy in warer {Table III), cal-
culation was made of the gamma radiation dose rate in the experimental
holes VK-3 and VK-9. The maximums are:*

in VK-5 21.7 % 10° t/MWh
in VK-9 11.2 % 105 f/MWh

According to these values, the most probable distribution in both holes
was drawn (Fig. 10).

IV. 3. COMPARISON WITH SOME RESULTS OF EPITHERMAL FLUX MEASUREMENTS

The values of the doses absorbed from fast neutrons, obtained by
calorimetric measurements, were compared with the values calculated kne-
wing the ratio of thermal and epithermal neutron flux (0.4 eV — 1.8 MeV).
Calculation was carried out on the assumption that all the fast neutrons
are in the ,,1/E" region of the spectrum, that this regien is cut off sharply
at the limits of 0.4 eV and 1.8 MeV, and that these neutrons release energy
by elastic collisions. The neutron absorbed dose rate in the material with
the atomic weight (4) was calculated from the equation:

1.8 Mev
. N 24 k(nv), . , .
(Wilgra=—"- ~- — g b dE (evigr[sec) [3]
A A+ E
0.4 eV
where:
N — Avogadro’s number
(nv)y, — thermal neuwron flux (nfem?/sec)
G, — Lscattering® cross section (cm®)
E — energy of ncuirons (eV)
&k — reactor constant dependent on the ratio of the epithe:-

mai and thermal flux and dziermined by measuring the
cadmium ratio.
For the experiment holes VK-35 and VIC-9, the following values are
detevmined for & (7):

(V5]

m VIK-5
in VIC-9 /

Q.
= 0.

> 2

03
02:

From the known thermal neutron flux according to the expression
[8], calculation was made of the dose rate absorbed from fast neutions in
H,0, D,0 and graphite. The comparison of the results for maxinmums
in both holes is shown in Table IV.

* These values due to partial gamma radiation absorption in the calorimeter
aluminium jacket are somewhat lower (about 10%) than the true on:s in experimen-
tal holes.
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Table IV

Comparison of the calorimetric and calculated values for the maximum
doscs absorbed from fast neutrons.

Calcul. ' { Measured by
Hole ‘Material from Rqy calor, Calcul/Measured
. 10* rad MWh
H,0 9.05 5.42
VK-5 D0 . 3.99 2.39 1.67
C 0.885 - 0.53
\ H,0 3.72 2.90
VK-9 D, 0 1.64 1.28 1.28
‘ c 0.363 0.28

IV. 4. THE AViiRAGE ENERGY OF FAST NEUTRONS

To calculate the G values* for various chemical systems in the reactor,
it is necessary to know also the average energy of fast neutrons, apart from
the percentage of the gamma ray and fast neutron contribution 1. the total
absorbed dose. ' _

The equation [8] for the calculation of the energy absorbed from fast
neutrons in the material with the mass number (A4) can be written in the
following form: "

N 24 = . '
()" =— - G, ————— - E -%-(nv),, (cV/gr/sec) [91
14 (A + 1) !
where:
E — average energy of neutrons (eV)
e, — average value of the elastic scattering cvoss section within

the given integration limits (determined graphically)
(nv),, — thermal neutron flux (njcm?/sec)
» — ratio berween the thermal and epithermal flux

From the calorimetrically measured values for (w)h in eV/gr/sec and
the known values for (&) and (o), we can calculate roughly the average
energy of fast neutrons (g, for graphite in the given integration limits is about
2.8 barns). In our case somewhat less than 100 keV is obtained for the ave-
rage energy of fast neutrons in experimental holes where our measure-
ments were done.

IV, 5. COMPARISON WITH CALORIMETRIC MEASUREMENTS IN OTHER REACTORS

The measured values for the energy absorption in the reactor RA are
compared with the results obtained by calorimetric measurements in other
reactors. Data are taken for the reactors DIDO, NRX and BEPO. DIDO is
a reactor with enriched fuel and heavy water as moderator. NRX also has
-heavy water as moderator, and it uses natural uranium. BEPO also uses

* Numb:r of chemical acts for the absorbed 100 eV.
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natural uranium, but has graphite as moderator. While in BEPO the absorbed
energy is proportional to the integrated thermal neutron dose, and the
factors of proportion are independent of the place of irradiation in the reactor
DIDQ{3)and therecactor RA, as shown by these measurements, these factors
vary with the horizontal distance from the vertical axis of the reactor core.
The absorbed energics per gram of material for n/cm? are compared for
these three reactors (Tuble V). The values for DIDO and 1he reactor RA are

Table V
Compurison of results with other reactors

_ BEPO DIDO RA

Marterial
10~* crgfg for n/cm®
‘ H.0 7.50 8.17° 7.32 (
1.0 4.57 6.15* 5.90
C 2.83 5.74 5.36

given only for the vertical axis of the reactor core. The daia for NRX are
not ‘taken into account here because the measurements were carried out in
the reflector outside the reactor tank, and the values are, therefcre, much
lower.

Since the measurements of the energy absorbed in the reactor RA were
not carvied out simultancously with the measurements of the thermal neutron
flux, the values shown in the Table are only approximate values with a
passible error even over 209%.

Comparison of the percentage of the gamma ray and fast neutron
contribution to the total absorbed energy are shown in Table VI.

Tuble VI

Comparison of the percentage of gamma ravs and fast neutron contribution to the
total absorbed dose in other reactors

) BIEPO Oak Ridge NRX DIDO RA
Material
v on vl on Y | 7 v v | on
I ) _
H.0 35 0| 65 | 34 | 66 | 52 | 48 | 68 | 32 | 79 | 21
D.O 52 48 47 53 69 31 Sl 19 83 12
C <3 17 82 18 92 8 95 5 97 3

V. APPENDIX
V. 1. ACTIVATION OF THE ALUMINIUM JACKET AND ITS CONTRIBUTION
TO THE MEASURED ENERGY ABSORPTION
During the reactor run the aluminium jacket becomes a source of
radiation which transfers its cnergy to the sample, thus contributing to the
rise of its temperature. Due to its good properties, aluminium is used for
the construction of calorimeters for the reactor. The significant advantage

* Values calculated from the absorption measured in graphite
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it has over other materidls (Ag, Cu) used for the same purposes is in the
fact that its thermal neutron absorption cross section is considerably smal-
ler, and the half-life is very short.* Consequently, aluminium which is exposed
to the thermal neutron flux, becomes saturated very quickly, the number
of desintegrations in the unit of time being equal to the number of atoms
newly activated. The jacket is then a constant source of radiation which does
not change with time (provided the thermal neutron flux does not change).
The energy which the jacket transfers to the calorimetric body can be cal-
culated approximately.

The mode of calculation we have applied is described in the literature (2),
and it consists, briefly, in the following:

The capture of the thermal neutrons in ¥4/ produces gamma radia-
tion with an energy of 7.5 MeV. The obtained product .4/ emits beta par-
ticles with the mean energy of about 1 MeV, and gamma rays with an
energy of 1.8 MeV.

The number of gamma quanta of 7.5 MeV is equal to the number
of absorbed thermal neutrons, and that is also the number of desintegrations
of 224/ in a unit of time.

The number of events which take place in a gram of aluminium, in
a unit of time is:

N
(A/gr) =E'GA1'(777))1}: [10]

where:
N — Avogadro’s number
6 Al — thermal neutron capture cross section in aluminium
(nv),, — thermal neutron flux (n/cm?/sec)

If the weight of the aluminium cylinder is (G) grams, the total number
of events is

N
A:G'E'GA['(n‘U)m []1]

The calculation of the gamma intensity to which the calorimetric body
is exposed depends strictly upon the geometric conditions and, consequently,
the error can be about 309, of the calculated value and even higher. Ho-
wever, the contribution of the induced activity to the total absorbed dose
rate is less than 10%, so the error is negligible.

By approximating the aluminium jacket with a thin sphere of equi-
valent value, one can calculate the gamma flux in the centre.

* 2141 (]OO%) = 0.2 barns Ty, = 2.3 min

SCu ( 30%) =2 » Ty = 5.1 min
Cu { 69%) =4, Ty, =128 h
014 (51%) =130 - : Ty, = 23 min-
10340 ( 49%) =84 Ty, =270 days

3 Bulletin of the Institute of Nuclear Sciences
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If (E) is the energy of the gamma photons in MeV, (A") is the surface
activity, i.e.
A= A[S (desint/cm?/sec)

where (S) is the surface of the cylinder expressed in cm? the gamma inten-
sity (I) is given with:

Iipy=A"- E (MeV/em?/sec) [12]
The absorbed energy in the calorimetric body is calculated from:
() = Iy - prop - 1.6- 10712 (ergfgfsec) (13]

where (g is the mass absorption coeflicient for gamma with (E) — MeV,
in the calorimetric body material.

For this kind of calculation use can be made of the equation [14] for
the gamma radiation dose rate in the centre of the source which has the
form of a hollow cylinder. Provided self-absorption in the walls is insigni-
ficant: '

V4
24-1,-arc tig—

2R |
D= A (r/1) - [14]
where
A — total acdviry (mC)
{v — ionization constant (r - cm®*h/mC)
R — average radius of the cylinder (cm)
Z — average height of the cylinder (cm) -

For the maximum flux in VK-35 one obrains in’ this way about
9 r/sec along the vertical axis of the cylinder at the power of 20 k\W. This
corresponds to the absorbed dose rate in water of 1.33 3¢ 10% rad/MWnh,
which is 5.6 per cent of rhe measured value: The same correction calcula-
ted previously in the same way is 1.44 > 10% rvad/MWh or 5.3 per cent
of the measured value. .
" Beta parccles with the mean energy 1 MeV have a range of 0.15 cm
in aluminium. The number of desintegrations occurring in this range is
given with:

-, 0.15

where (d) is the thickness of the aluminium cylinder in (cm), and (A4") the
surface activity, i.e. the number of desintegrations/cm?/sec. The fraction
of the total energy coming from the inner surface is calculated from the
formula given by Richards and Rubin (8) for the surface layer whose thick-
ness is equal to the range of the particles. For energies 1 MeV this fraction
amounts to 1/8 of the total energy. Therefore, the loss energy is:

a5 A’
015 g L. 16102
d 8 d

Egy=A4"- +3.107® (erg/cm?/sec) [16]
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If (S) is the surface of the calorimetric body in (cm?), and (m) its mass
in grams, the dose rate absorbed from beta radiation of alummlum is cal-
culated from: :

A S
(w)f = 7.3. IO‘B-H (erg/gr/sec) [17]

The corrections for gamma and beta radiation of the jacket calculated
in percentages of the measured values are given in Table VIIL.

Table VII

Corrections for the induced activity in the aluminium shicld in percentages of the
measured values

, H,0 [ DO i C ;
Hole® : -
¢ l B l Tot l v , B ) Tot ' - I ] | Tot
VK-35 5.3 1.7 7.0 5.6 1.8 ’ 7.4 6.5- 1.3 7.8
VK-9 6.0 1.9 7.9 6.4 2.1 8.5 7.5 1.5 9.0

V. 2. CORRECTION FOR THE ENERGY ABSORPTION [N PLEXIGLASS VESSEI-_S

The Heating' power measured in ﬂmplcs with ordinary and’ heavy
water comes partially from the absorption in plexiglass vessels. This fraction
should be subtracted from the total measured values in ardér to obtain the
heating power in H,0 or D,0O. In order to carry this out, iT.was necessary
to determine’ the heating power in an empty vessel or a calorimetric body
made of plexiglass; the heating power obtained per gram had to be multi-
plied by the mass of the calorimetric vessel and subtraceed fr om the total
heating power

It is more simple, however, 1o calculate the correcticn for the error
we take by assuming the total mass of the calorimecuric bady ww be cqual
to the mass of the water, i.e. that the measured heating power divided by
the mass of the bodyv gives the absorbed dose rate in H,0 and D,0.

The calculation is based upon the relative values of the absorbed
energy in plexiglass, H,0O and D,0. As we have already secn, the absorbed
energics of the gamma radiation in two different materials are given by the
ratio of mass absorpmon coefficients, or by .the ratio of electron densmes
Thus,

w)T w)Y -
()#:1;03; ()*’Y)ZO=0.923
(w)plcxi (w)plexi

The energies absorbed by elastic scattering of fast neutrons in two
different materials are given by the ratio of the expression

.2 MeV
--—1—' t;"iE
(4 +1)? *

A 7 ]

for each material.
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Calculation of this value for plexiglass 1s made from the data for F,
C ard O (constituents of piexi) and their ratios in the total mass expressed
in zbundances. The following was found:
2 AleV

1 _
fc,~ dL=1253% 10" barn eV

(A+1)2 .

th
Considering the values from Table IX we have:
w)f ' ()}
(r 10 1335 29 . 0.59
(‘U)plex; (%)plcxi

The correction for the energy absorption in plexiglass vessel is cal-
culated in the following way:

In the body we have:

() grams of plexigluss

(x) grams of H,0

By dividing the absorbed energy into water and plexi, and then
into gamma and neutron absorpticn, we have (wy,, is the absorbed energy
per gram of the mass of the calorimetric body):

) g = (v - Wl 4y (ot v
(x4 3) = (v whoty wplm) +(x wWho+ Y w;kxi)

Considering the ratios calculated above, all the members on the right-

hand side of the equation can be expressed in relation to water. Thus,

, W ; o
('\.‘ . v) sy, =l Wl Ay ® [(',20 O N T DY IUHA‘O
EEY L TN B0 Y 03 ) AT e T3S
or.

1.03 1.33

By dividing the above equation by the total mass of the calorimetric
bedy (& -+ ), one obtains:

. v e Y , [, Y
(XT_\")‘w’[‘m:?Ui_]zo' (x%-— WY o -L.\—F—

Wge =41 + zu;{'[zo +B- WY o
where:
4 1.03-x+y
1.03(x +y)
B _133-x+y
1.33(x+2)

The analogous expression is obtained for the body with D,0 wherc
the constants (A4) and (B) are given by the ratio:
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- 0.923 x v
0.923(x+3y)

B :0.59-x+y
0.59(x+y)

here: (3) — number of grams of plexiglass
(x) — number of grams of D,0

Therefore, the whole mass eof the calorimetric body can be considered
to be equal to the mass of ordinary water or D,0, and it can be divided
into gamma and neutron absorption which is multiplied by the factors (A)
and (B), thus eliminating the influence of the plexiglass.

For two calorimetric bodies, the constants .4 and B were calculated
and the following values obtained:

AT
H,0 0993 | 0932 |
f D,0 f 1.02 ( 117 |

Calculation was made also of the total correction (for gamma and
neutrons) and it amounts in ordinary water to +29%, and in heavy water
to —39%;, of the measured value.

V. 3. CALCULATION OF THE HEATING POWER (ABSORBED DOSE RATE)
IN VARIOUS MATERIALS

The calculation of the heating power can be made from the measured
values of the energy absorption in a given material, for instance in graphite.
The total absorbed energy comes partially from the absorption of gamma
radiation, from the slowing down of fast neutrons and from the energy of
nuclear reactions which take place in the material itself. That is why the
heating power is to be found first for each component separately, their sum
giving the total heating power in a given sample.

For instance, we shall calculate the heating power per gram of alu-
minium in VK-5 for the position with the maximum . thermal neutron
flux (300 mm).

At the same piace one obtains in graphite:
from gamma: @i = 18.4 x 10° rad/MWh
from fast neutrons: wf = 0.53 x 10% rad/MWh
The absorbed energies in two different materials are in the ratio of the

mass absorption coeflicients for gamma of 2 MeV (the average energy of
gamma photons in the reactor).
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We have (Table VIII):

Table VI1IT

Mass absorption cocfficients for gamma rays of 2 MeV

Muterial w (eme/gr) value ‘D”n‘p“gj‘;o“
H 0.0469 1.98
c 0.0237 1.00
o 0.0238 1.00
D 0.0232 0.98
Al 0.0234 0.99
H,0 00264 111
D,0 0.0237 1.00

(

we 0.0237

1MV g
&L) _0 234=099

The absorption energy from gamma radiation is then:

v
W

The ratios

wi-0.99 = 18.4 x 10° x 0.99 = 18.2 x 10° rad/MWh

of the encrgies absorbed by the slowing down of fast
neutrons depends on the value of the ,scattering® integrals in the region
(0.025 eV — 2 MeV) and the atomic weight. In this case we have (Table IX):

Table 1X
| IMev
Values of the expression ——— J oy - dlx for the materials used
(A1)
th
1 2MeV
__['cs-d[i Value in relati
Muaterial (A - I): | alue ]n. e _3UO]1 10
th gruphite
(Barn - ¢l - 10%) |
H 281.0 854
C 3.29 1.00
(@] 2.76 0.84
D 63.5 19.2
Al 0.95 0.28
H,0 137 10.2
DO 14.9 4.52
p— P..I\-{c\’ —
1 ( .
e J o, dE
u’" (1‘1 "F 1“)
A = th =14 _ g
— 2 MeV :
Wy, . LMY T
—— - | 6, - dE
(A1)
- th -ic
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The contribution of fast neutrons to the heating of aluminium is:

wn, = wr % 0.28 = 0.53 x 10° x 0.28 = 0.15 x 10° rad/MWh

In heavier elements, for A4 > 30 this fraction of the absorbed energy
is less than 1%, and can be neglected completely.

The heating of aluminium due to the induced activity is calculated
independently of the calorimetric results and it depends on the size of the
sample, its geometric form, etc.

Therefore, irrespective of the fraction of energy, which must be cal-
culated for various forms of samples separately (9), the heating power per
gram of aluminium is:

wlet = (18.2 + 0.15) x 108 = 18.4 x 10° rad/MWh

In complex compounds the heating power is calculated from the per-
centage ratios of all the elements from which it is composed. '

In polvethylene (CH,), we have for instance: (molecule weight
M=n 14).

The heating in carbon is:
wf = 18.4 X 10° rad/MWh ’
w2 = 0.53 x 10° rad/MWh
and in hydrogen:
w?, = 45.4 x 10° rad/MWh
wf,= 36.4 x 10°rad/MWh

The contribution of carbon in the heating of polyethylene is:

2
Ji- 18.9 x 10° rad/MWh = 16.2 x 10° rad/MWh
1

The contribution of hydrogen is:
1—24-81.8 % 108 rad/MWh = 11.7 x 10% rad/ MWh

The total heating power in polyethylene is:

wlgly, = 27.9 % 10° rad/MWh (& 5—10%)

The contribution of neutrons is:

from carbon: i—j % 0.53 x 10° rad/MWh = 0.46 x 10% rad/MWh
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2
from hydrogen: l__éi 3454 > 10Y rad/MWh = 6.5 > 10% rad/MWh

The toral from fast neutrons is:

= 6.96 X 10° rad/MWh

et
WecHy,
which means 25% of the total power.

The contribution of gamma radiation is:

12
from carbon: —4>< 18.4 3 10% rad/MWh = 13.8 % 10° rad/MWh
1

2 . .
from hydrogen: " 3 364 % 10% rad/MWh = 5.2 » 10® rad/ MWh

or the total from gamma raciation:

w;fCHz‘)n = 21.0 x 10° rad/MWh

which means 759% of the tortal.

The heating powers in aluminium and polyethvlene, calculated in
watts per gram. for the maximum thermal neutron flux in VK-35 {at
1 MW) are:

wy = 5.14 3 1072 wartt/gr

Wy, = 1.76 % 1077 watt/gr

Résume
DOSIMETRIE DU RAYONNEMENT DE LA PILE RA DE VINCA

1. — Dans ce travail nous avons essayc:

— de présenter une analvse des problémes concernant la dosimétvic
du ravonnement de la pile;

— de présenter la solution de ce probléme par la méthode calori-
métrique;

— de donner les résultats des mesures faites dans la pile RA de
Vin¢a et de décrire les méthedes, les appareils et les dispositifs de mesure
dont nous nous sommes Servis.

2. — Nous avons utilisé le calorimertre isothermique aux thermistors,
par lequel nous avons mesuré la vitesse des doses absorbées dans les limites de
10% 4 108 rads/h, avec la précision de 2 a 39,. Ila éué constaté que I'irradiation
de la pile, dont le flux des neutrons thermiques est de Pordre dc 1072
njcm?/sec et le flux intégral des neutrons thermiques de ordre de 10'®
n/cm?, n’influence pas visiblemenr les caractéristiques du fonctionnement des
thermistors urilisés,
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3. — Nous avons déterminé la distribution de la dese absarbée et les
contributions des rayons gamma et des neutrons. Dans ce but, nous avons
fait les mesures dans trois différents matériaux: eau, ean lourde er graphite.

4, — Les mesures sont faites dans deux canaux verticaux de la pile
RA: ,,VK-5“ et ,,VK-9“ a plusieurs niveaux. Il a éé demontré que la distri-
bution de la dose absorbée par hauteur est en bon accord avec la distri-
bution du flux thermique pour chaque canal, bien que les rapports des
doses absorbées dans deux canaux ne soient pas en accord parfait avec
les rapports correspondants des flux thermiques.

Peszwme
JO3UMMETPHMS M3NVUEHHIS PEAKTOPA RA B BUHUE

1. B ganHo#ft cTaThe MbI IONBITANNCE:

— IPOBECTH aHAJAHM3 ]'IPOGJICM j_[OSI'IMeTp}H'I H3JIYUCHHS B peanTore.

-— OmMcaTe Cnocob pelleHMsl ITOTO MPOoDdieMa KAJTOPHMETPHUECKIM
METOJIOM.

— JaTh Pe3yJIbTaThl M3MEpeHus Ha peaxtope RA B Bunde, omucanme
METON@, anrapaToB H HM3MEPHUTENBHBIX 1IPHOOPOB KOTOPLIMH MbI MOJIb30O-
B3AJINCh.

2. TlpumeHANCA M30TEPMHYECCKUIT KAJOPUMETD ¢ TEPMHCTODPAMH C
[IOMOILBIO KOTOPBIX MPOBOOMIMCH H3MEPCHMST MOIIHOCTH NOIOUIEHHbBIX J103
B npegenax or 10*—10% pap/fu, ¢ rouynocrsio or 2-59%. IToxasawo, uro
HM3IyYEeHHE PEaKTOPad B KOTOPOM HOTOK TEIUIOBBIX HEHTPOHOR ITPHMEPHO
Io mopsagka 1012 n/cm? cex, a HHTErpAaibHBIA MOTOK TEMMOBBIX HElITpOMOR
ne mpepbiuiaer 101 n/cm%, He OKAa3BIBACT CYLISCTBEHHOEC BIMAHHE HA
pa6otme Xapa]\'TCpHCTI«I}(II HCIIONB30BAHHLIX TCPMIICTOPOB. .

3. Oupepeisiiocs pacupeieNeHie [MOrAoMIeHHOR jo3bl. C TOH el
[IPOBEAEHBI H3MEPEHHA Ha 3 MaTepHUaJIoB: BOJA, TsDKeaasd BOgd W rpadur.

4. H3MCp€HHH NPpOBOAUIIUCE B [ABYX BEPTHKAJILHBIX 3KCICPHMEH-
TaJBHBIX KaHanax peaxropa RA:u ,,BK-5¢u ,,BK-9° na pasiMunbIX Libl-
cotax. OfHapyIKEHO, UTO KPHBAsA PaCnpeAesICHH I [IOTAOLICHHOL JI03bI 10 BhI-
COTE B J_IOCTO.TOLII-IDIUI MEpC coBTiamaer ¢ I{pHBOﬁ PacipeacneH A TEeroporo
TIOTOKA, XOTS OTHOLUSIH LS MOUJIOUIEHHBIX 03 B ABYX HASHAYCHHBLIN KAHAJIOB
HE COBMB4IOT ¢ COOTBETCTBYIOIIMMHM OTHONICHMSIMH TEIUIOBEIX 1I0TOKOB.
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V.Markovié i B.Radak:

DIFERENCIJALNI KALORIMETAR ZA DOZIMETRIJU
REAXTORSKOG ZRAGENJA

I. Uvod. Dozimetrija zracenja u vertikal-
nim eksperimentalnim kanslima reaktora RA izvedena
je do sada hemijskim dozimetrima (ferosulfat i oksal-
na kiselina) (1) i izotermskim kalorimetrom (2). Do-
bivena je slika raspodele apsorbovanih doza u jezgru
reaktora i grafitnom reflektoru, a na osnovu kalori-
metrijskih merenja i pribli¥na kontribucija brzil ne-
utrona 1 gama zradenja u totalno apsorbovanim dozama.
Na osnovu ovoga izrglunate su G vrednosti za oksalnu
kiselinu (3,98) i ferosulfatni dozimetar (13,6), a
prva vrednost i eksperimentalno proverena (4,30).

Sa lizotermskim kalorimetrom merenja su iz-
vedena na nigim snagema reaktora (20 kW), a dobivene
vrednosti preradunate na snagu od 1 MW, Pretpostavka
0 proporcionalnosti brzine apsorbovane doze sa snagom
reaktora proverena je Jednim merenjem na 8C kW i do-
bivena je zadovdljavajuéa saglashost. Medjutim hemi j-
ski eksperimenti (sa oksalnom kiselinom napr.) izvo-
de se na mnogo vidim snagana reaktora (0,5-1 MW) pa
je direktno merenje apsorbovanih doza i raspodele pod
tim uslovima poZeljnije nego bilo kakav proradun. Ovo
je poZeljno i zbog toga $to je preme hemijskim mere-
njima kriva raspodele na vifim snagema neSto drukdija,
zbog pomeranja maksimmma neutronskog fluksa preme gor-
njem kraju aktivne zone,

- Za ova merenja konstruisan je i ispitan 4di-
ferencijalni kalorimetar sa opsegom merenja koji odgo-
vara snagama reaktora od 0,5 do 1 kW (na mestu maksi-
malnog neutronskog fluksa).



IT. Opis metode merenja.

IT.l., Osetlijivost kalorimetarskog sistema.
Ako temperatura okoline kalorimetarskog tela (To) osta-
je nepromenjena u toku merenja a telo se zagreva kon-

stantnom snagom (w), onda je ravnote¥na razlika tem-
perature tela i okoline £&T=T4TO proporcionalna snaszi

zagrevanja (w):

AT = dA-w e erieeeeees (1)

gde je faktor proporcionelnosti () dat u °C/watt i
pretstavlja ustvari osétljivost datog sistema. Faktor
(KN) odredjen je odnosom:

A
o= Kenc

gde je (K) konstanta hladjenja, A (mc) toplotni kapa-
citet uzorka. Ili:

4
o(., 5 Z‘“ N -3

Gde je (P) povr51na tela u cm? , a i:h. faktor koji za-
visi od toplotne izolacije tela od ngegove okoline.
Prema izrazu (3) osetljivost jednog kalori-

A 6-)

me tarskog sistema zavisi samo od odnosa povrSina tela
i nadina na koJi je ono izolovano od svoje okoline. To
praktiéno znaéi da uzoreci od razlicitih materijala i
sa rezlic¢itim toplotnim kapacitetima mogu imati isti
faktor proporcionalnosti izmedju snage zagrevanja i
ravnote¥ne temperaturske razlike (AT).

I11.2. Metoda merenija. Uzeéemo dva tela od
razliditih materijala 1li dva tela od istog meterijala

a razlicite mase, naprimer Suplje telo od aluminijuma
i drugo telo od punog aluminijuma. Snage zagrevanja po



- gramu materijala pri radu reaktora na odredjenoj sna-
zi jednake su za oba uzorka. Neka jJe m, masa praznog
“tela g ., masa punog tela. Snaga zagrevanja u praznom
telu je W & u punom telu m W (w=snaga zagrevanja u
watt /gr aluminijume). Odgovarajube ravnotene tempe-

raturske razlike gu:

AT,\ = o4 (N“A w)

ATy= oy (omyw) s (4)

Ako su oba tela jednakog oblika (iste POVIT—
¥ine) i termi¥ki izmolovana na isti nadin onda je °Lh=“z=
= ol . Zatim, ako su okoline oba tela na istop tem-
peraturi, razlika temperature izmedju ova dva tela je:

A.“:V = ol (W,_w -— mmw)

ili

A’n)t= DL(MOW) cesrereenas (5)

gde je m_ = 5Ty

° Razlika temperatura oba tela proporcionalna
je snazi zagrevanja u masi my . PoSto znamo faktor pro-
porcionalnosti (OK)- prethodno odredjen kalibracijom
elektriénim putem— i posto znamo razliku masa m,, DPO-
modu izraza (5) moZemo izradunati nepoznatu snagu za-
grevanja po gramu aluminijume (w). Slidno imamo i ka-
da je Supljina u aluminijumu ispunjena nekim drugim
materijalom. Ovde je razlika temperature izmedju punog

i pragnog tela:
i o & ATc/z::' L8 Eman + ‘\'“owo] —ol ('\’n4'~04)

ATq/z.':—OL(““o%) N ()



gde su m, - masa uzorka u glumini jumu

'Wb - snaga zagrevanja po gramu materijal QL

uzorka |

m, - masa praznog suda od aluminijuma

W, - snhaga zagrevanja po gramu alumini juma.
Pod uslovom da su mase oba aluminijumska suda (puno -
i prazno) jednake, snaga zagrevanja (WO) izradunava
se iz izraza (6).

III. QOpis kelorimetra. Na slici 1. data je

Sema konstrukecije kalorimetra (horizontalni presek).
Kalorimetarska tela (4) su: prazno telo od sluminiju-
ma (m=4,61 gr), isto takvo telo od aluminijuma sa
uzorkom od grafita (ﬁo=3,42 gr) i puno telo od alu-
ninijuma (m2=10523 gr). Sa ovakvom kombinzcijom meri-
mo istovremerno snage gagrevanja (brzinu apsorbovane
doze) u grafitu i aluminijumu. Ispunjavanjem Supljine
u alumini jumu drugim uzorcima, moZemo meriti snagu zZa-
grevanja u bilo kom materijalu koji nas interesuje.

Sva tela su jednakih dimemzija: visina 50 mm
i spoljaénji preénik 10 mm. Na povrdini tela urezana
su dva uzduZna kanala za smedta] termoelemensta (vakar-
konstantan). Polo%a] termoelemenata i kalibracionih
grejada prikazani su ns slici 2.

TeZina kalibracionog grejala itermoelementa
na telu iznosi oko 0,1 gr. Posto se pribliZno iste ma-
se nalaze na svim telima ovo ne utide na temperaturske
razlike izmedju pogedinih tela.

Kalorimetarska tela centrirana su u okoli-
nama od aluminijume (2 mm) (B). Za toplotnu izolaciju
i u isto vreme za centriranje upotrebljena je pena od
polistirola (C) specifidne te¥ine oko 15 mg/cma. Do-
prinos stiropora zagrevanju podjednak je za sva tela
i nema uticaja na temperaturske razlike. Tri alumini-
jumska suda (B)-okoline kslorimetarskih tela- smedte-~
na su u zaftitni sud (D) od tankog aluminijskog lima



(2 nm). Svi delovi se nalaze u tesnom medjusobnom
kontaktu. Ceo kalorimetar Je napravljen od nukle-
arno Sistog materijala: grafit i aluminijum 99, 99%.
Spolja¥nji prednik za&titnog suda (D) po-
deden je tako da rastojanje izmedju povr8ine suda i
zidova eksperimentalnih kanala bude oko 1 mm i time
6dv&%?nje toplote zbog velike povrSine i malog ra-
stojanja sprefi veliko zagrevanje aluminijuma. '
Na slici 3. prikazap je vertikalni presek
celog kalorimetra u eksperimentalnom kanalu reaktora.

IV, Ispitivanje konstrukel je.

IV.l, Termoelementi. Temperaturske razlike
merili smo termoelementima baker-konstantan (0,1 mm)
sa 15V5=40)AV/00. Zbog velikog preseka za apsorpeiju
termalnih neutrona u boru standerdni nadlin zavariva-

nja hakra i konstantana u boraksu zemenjen je zava-
rivanjem u kalofonijumu. Ovako dobiveni termospoj je
podjednako dobar kao i onaj dobiven sa boraksom Fto

su pokazala i uporedna merenja sa oba termoelementa.

IV.2. Merenije LMS termoelemenata. Za mere-

nje termoelektromotorne sile sastavljen je potencio-
"metar sa opsegom merenja od 0-10 mV i greskom od +
l)LV za relativna merenja. Potenciometar je Zematski
prikazan na slici 4. BWS termoelemanata kompenzuje se
preko osetljivog galvanometra (Gl). Poznetim padom po-
tencijala na standardnom promenljivom otporu (R ) Po-
moéu promenljiivog otpora (R ), etalona (D )~ Westonov
elemenat- i galvanometta: (@ ) struja krosz otpornlk
(R_) od 10 oma odrZava se stalno na 1 mA, Ovo na kra-
jevima ovoga otpora stvara pad napona od 10 mV. Ako
se promenjjivi otpori (34) i (RB) podedavaju tako da
stalno bude R4+35=10.OOO oms, na svakom omu otpora R4
imamo pad napona od l)&V.



Svi otpori u potenciometru su klase 0,02,
Tipidne vrednosti otpora i EMS pokazane su na slici
4. U ovom sludaju na otporu R, imamo post mapomea. 200 MV,
Kedjutim i pored velike osetljivosti 1 op-
sege merenja ovaj potenciometar je nepraktifan za
izvodjenje vide istovremenih merenja. Zato je kasni-
je za direktno merenje ENS termoelemenata upotrebljen
viSekanalni rekorder MECI sa opsegom od 2 mV na punoj
skali.

IV.%. Kalibracioni dijagrami. Zavisnost de-

 finisana jednadinom (1) poverena je zagrevanjem kelori-
metarskih tela pa nekoliko poznatih snaga zagrevanja
(w). Ako se dobivene (AT) nanose na dijagram u funk-
ciji snage zagrevanja {(w), onda nagib krive prema ap-
scisi odredjuje osetljivost sistema (o).

Prethodna ispitivenje u laboratoriji bila su
usmerena na potvréjivanje pretpostavke u II.l. po ko~
joj osetljivost kalorimetarskog sistema ne zavisi od
prirode i toplotnog kapaciteta kalorime tarskog tela.
Stoga su odredjivane vrednosti (o) za sisteme sa raz-
nim masama, dobre toplotne provodljivosti (tela od alu-
mini juma prézna i puna) i lofe toplotne provodljivosti
(tela od pleksi stakla prazna i napunjena vodom)., Pra-
voliniska zavisnost prema jedan 1. potvrdjena je u svim
sludajevima (do maksimalnog AN Taw40 °C). Na jo¥ ve-
éim temperaturskim razlikema (40-50 OC) primeéeno je
zakrivljenje prema apscisi, koje nigde ne prelazi?2-3%.
od srednjeg nagiba kalibracione krive. (jedan primer
takvog dijagrama prikazan je na slicif.u V.).

Medjutim pretpostavka iz II.l. potvrdjena je
samo kod kalorimetarskog tela od aluminijuma, dok u
drugom sludaju (pleksi i_HQO) va¥i samo za jedan odre-
djen poloZaj termoelementa na povr8ini tela.

Ovo se moZe objasniti postojanjem tempera-
turékog gradijenta u samom telu usled nejednakog odvo-



djenja toplote sa povriine. Gradijent je znatnije iz-
raZzen kod tela koja su lo8i provodnici toplote, a go-
tovo je neznatan kod tela koja su dobri provodnici to-
plote. (v.sledeéi odeljak).

U Tabeli I, date su neke vrednosti (DL) 7
11/umﬁnVatt za tela od alumini juma 1‘plek51-otakla.(Sve
vrednosti odnose se na poloZaj termoelementa 2,5 cm
od dna,na povrdini tela). '

TABELA T,
" glumini- pleksi,gre- | pleksi,gre-
um 1 mm od vert.| jad 4 mm od
J ose tela vert.ose
tels
prazno 3,89‘ 4,71 ' 4,65
puno 3,88 4,66 4,38

IV.4., Temperasturski gradijenti u telu.

Temperaturski gradijenti u telu odredjeni su merenjem
temperature za 4 razlifita poloZaja termoelementa na
povrsini kélorimetarskog tela. Dobivene vrednosti za
prazan aluminijum, pun gluminijumg prazan pleksi i
pleksi napunjen vodom date su na dijagramima slika 5.

Sa dijagrama {b) vidimo da postavljanjem
termoelemenata na oko 1 cm od gornjeg kraja osetljivost
ostaje ista bilo da je telo puno ili prazno. ¥od alu-
minijuma koji je dobar provodnik toplote temperatur-
ski gradijent je mali i poloZa] termoelementa nema ta-
k?og znadaja keo u prvom sludaju.



] Problem kalibracionog grejada. Kao posledica
svega ovoga postavlja se pitanje da 1li poloZaj kalibra-
cionog grejada (4 mm od vertikalne ose kalorimetarskog
tela) i ovakva kalibracija mogu da se uporedjuju sa ho-
mogenim razvijanjem toplote kakvo imamo pri apsorpciji
zradenja u reaktoru. Zato je sve ovo ponovljeno sa dru-
gim telom od pleksi stakla u kome je grejal namotan na
1 mm od vertikelne ose. Temperaturski gradijenti u dva
ovakva tela dati su na slici 6. |

Kao $to vidimo dobivena raspodels temperastu-

re je veoma slidna onoj na slici 5. (dijagram b) samo
$to su obe krive (za puno i prazno telo) pomerene ule-—
vo. U maksimumu krivih odstupanja je 2-6% a u tadkama
preseka (3 cm od dna) 2-12%, Zto znadi da nam bilo je~
dan bilo drugi poloZaj kalibracionog grejala dmoguéuje
porédjenje sa homogenim razvijanjem toplote, sa gres-
kom kojg nije veéa od 10%. liedjutim 1 pored toga o&i-
gledno je da su aluminijumska tela, kod kojih je sve
to izraZeno u mnogo manjoj meri, mnogo prikladnija za
izradu kalorimetarskih tela,

IV.5. Zakljudak o ispitivanju konstrulkeije
kalorimetra. Na osnovu prethodnih ispitivanja (IV.3 i
1V.4. moZemo zakljuditi da se:

- metoda merenja opisana u II.2. moZe prime-
niti na konstrukeiju kalorimetra (v.III)

- moZe podesiti da osetljivost dva razna ka-
lorimetarska tela prazno i puno (bilo da su od alumi-~
nijuma 1li nekog slabijeg provodnika toplote) mogu,
podesnim poloZajem termoelemenata podegiti da budu je-
dnake medju sobom.

V. Merenje na reaktoru. Konstrukeija kald—

rimetra je ispvpbana na reaktoru i izmerene su shage
zagrevanja u uzorcima od aluminijuma i'grafira. lere—~
nja su vrSena na nekoliko raznih snaga reaktora od
400-800 kW, a dobivene vrednosti ekstrapolisane su na
1 MW i uporedjene sa ranijim merenjima izotermskim ka-
lorimetrom (2). |
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Na osnovu kalibracionog dijagrama (slika 7)
odredjene su osetljivosti za sva tri kalorimetarska
tela: prazen aluminijUﬂtd1=4,00/uy/mw, pun aluvminijum

=%,87 WV/nW i aluminijum napunjen grafitom “3=4,Ol
)Lv/mw.

Razlika od 3% izmedju a(l i 0(2 uslovljava u
izmerenim vrednostima za snagu zagrevanja po gramu alu-
minijuma gresku

2= AT Ldz'ﬂi'}'loo
Tt © g
gde se (ml) mase praznog tela a (mo) razlika u masama
praznog i punog tela. Ova gredka je 2zbog odnosa ml/md(fl’
# manja od 3% i moZe se izvrSiti korekeija.
Rezultati merenja na raznim snagama dati su

na dijagramu (slika 8).

_ Srednje vrednosti rezultata ekstrapolisanih
na 1MW su: :
' u aluminijumu (65,7+0,9) nW/gr
u grafitu (52,540, 6) W/ gr

sa odstupanjem od srednje vrednosti + 1,3% za alumini-
jum i 1,1% za grafit.
Korekcija za indukovanu aktivnost u okolini
od aluminijuma iznosi pribli¥no 2% za oba uzorka, a
korekcija za indukovanu aktivnost u uzorku od alumini-
juma oko 14%. Sa oduzetim korekei jame totalne snage
- zagrevanja u oba uzorka su:

u aluminijumu: 55,2 nW/gr

u grafitu : 51,5 mW/gr
Na osnovu radijih merenja u grafitu je dobiveno™ 52,2

Eal

nW/gr . a u elwminijumu 51,5 m¥W/gr pa je slaganje vred-
nosti izmerenih sa dva razlidita kalorimetra i na raz-
nim snagama reaktora zadovoljrajuée.

TSve vrednosti se odnose na poloZaj maksimalnog neutron-
skog fluksa u centralnom kanalu reaktora VK-5.
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Ovo slaganje opravdava ekstrapolaciju sa niZ¥ih snags
koja je ranije izvedena (2), 3to uostalom potvrdjujer
i hemijska merenja na istom tom poloZaju u eksperimen-
talnom kanalu gde je konstrukcija isprobana: Ovo sla-
ganje se moglo 1 odekivati podto se poloZaj maksimu-
ma veoms malo menja pri radu reaktora na raznim sna-
gama,

Rezultati probnih merenja sa diferencijal-
nim kalorime trom pokazuju da se on moZe upotrebiti za
direktna merenja na visokim snagama reaktora, 3to Jje.
i bila svrha ovoga zadatka.



" Reference:

1._

20"‘

0.Gal, S.Pribidevié, S.Konstatinovié i I.Draganid:
Dozimetrija zralenja reaktora RA u Vindéi, II.- le-
renja hemijskim dozimetrima, Bull.Inst.MNucl.Sci.
"Boris Kidrid", Beograd (u Stampi).

B.Radak, V.Markovié i I.Dragenié: Dozimetrija zra-
¢enja reaktora RA u Vindi, I.- Merenja izotermskinm
kalorimetrom, Bull.Inst.Nucl.3ci. "Boris Kidridh,
Beograd, ;gL 7, (1961).
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Slika 1.
cema konstrukecije kelorimetra
(horizontalni presek)






Slika 2.
{alorimetarska tela: (a) - pun aluminijum,
(b7~ prazan aluminijum, (c)- aluminijum sa
grafitom. (A-termoelementi, B-kalibracioni
grejadi, C-uzmorak od grafita).
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Slika 3. .
Vertikalni presek kalorimetra (A-kalorime-
tarsko telo, B-okolina kalorimetarskog te-
la, C-gtirppor, D-zadtitni sud, B-zid eks-
perimentalnog kanala).






Slika 4.
Sema potenciometra.






Slika 5.
Temperaturski gradijenti u telu:
(a) aluminijum, (b) pleksi staklo i voda.
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Slika 6.
Temperaturski gradijenti u telima od
pleksi stakla.
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Slika 7.
Kalibracioni d4ijagram.
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Slika 8.
Rezultati merenja na raznim sna-
gama reaktora.



50

s
o

[
£

O

£

m

ALUMINIIUM
GRAFIT

I
|
|
!




