
Health P/!YJ~GA Pergamon Press 1961. Vol. 5, pp. 1i9-202. l'rinted in I\-orthern Ireland 

704625 

DOSIMETRIC INVESTIGATION OF THE YUGOSLAV 
RADIATION ACCIDENT* 

G .  S. HURST,  R. H. RITCIIIE, F.' W. SANDERS, P. W. REINHARDT, J. A. AUXIER, 
E. B. WAGNER, A. D. CALLIHAN and K. Z. MORGAN 

Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee? 

(Received 3 Noorlember 1960) 

Abstract-.$ complete investigation of the radiation doses reccived by individuals exposed to 
radiation in the Yugoslav accident on 15 Octolxr., I!)%, has been completed, using modern 
techniques ofdosimctry. The zero power reactor was operatccl at low power levels to determine 
the ratio of p r a y  to neutron closc at various locations near the reactor. 'These measurements 
were made with special counting methods, one of which measured the neutron dose in the 
prescnce of y-rays, and the  othcr measurcd the y-dose in the presence of neutrons. The reactor 
was operated at a higher 1)ower levcl for a short time to dctermine (a) the neutron dose by 
incans of threshold detectors and (b) the relationship betweni neutron dose and Na2" activation 
in man-shaped phantoms. A computational program gave theoretical results for the same 
thrce quantitics, i.c. the neutron spectrum, thc ;/-neutron ratio, and NaZJ activation. The 
rcsults of theory an t l  cspcrimcnt arc in good agIcement .  

Final results for the inclivitlual doses arc ahown in 'rablc 7. In this table the charged par- 
ticle dosc refers to the l i n t  collision dose duc to ri~oils from fast neutrons and incluclcs the dose 
delivercd b y  t h e  nitrogen I I ~  i) reaction. 'Thc scc ond dose column gives the maximum dose 
obtained for thr hytlrogcn capture y-rddiation protluccd in the phantoms. Thc external gamma 
dose bascd on thc meas~ired ;)-neutron ratio is sliowm in tlic third column, and the total doses 
itre given in the last colurnn. Of the SCVCII prrsons investigated, the highest dose received 
(individual V) was 436 rads and the lowest dose \vas 207 rads. 'I'hc doses previously estimated 
wcrercportecl in  rem units, slio\ving for indivitliial V an estimated valuc of 210 rems for the 
neutron dosc and 630 rems for the  ;,-dose, or a total esposi~rc of 840 rems. 

1. DESCRIPTION OF THE ACCIDENT 

THE radiation accident(l) which occurred a t  t he  
Boris IGdrii: Institute on 15 Octobcr, 1958 
resulted in heavy cxposure of six young scientists 
to a mixture of neutrons antl ?'-radiation duriiig 
the course of a subcritical experinlent with a 
zero power reactor. ' Ihc reactor(2) i vas  con- 
structed with natural uraniurri rods suspended 
in a large tank which could IJC filled to various 
depths lvith heavy water, and \vas primarily 
intended as  a combined training and criticality 
research facility. I2urther details of the circum- 
-__ _ _ _ ~ _ ~ ~  

*Appendix E is by J. IV. SIMITII, United Kingdoin 

t Operated by Union Carbide Corporation for the 
Atomic Energy Authority, IIarwell, EiiglaIld. 

U.S. Atomic Energy Commission. 

stanccs leading to the incident and of the reactor 
itself are describcd in the publications(1.2) from 
the Boris KidriC Institute. 

Following a brief period of hospitalization in 
Belgrade, the six patients were transferred to the 
Founda~ion Curie in Paris, and placed under 
the care of Dr. H. JAMMET. A summary of 
clinical ollscrvations, patient management, and 
dosc estimates is described by J A M M E T  et d.(3) 
'These dose estimates, from 1000 to 1200 rems 
for the highcst exposure and from 300 to 500 
rems for thc lowest, placed five of the six 
individuals into a range of exposures which is 
considered to be above the lethal (LD-50) level. 
I t  is that  the hematological obser- 
vations tended to confirm the physical dose 
estimates. Following these observations the 
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highest exposed individual (V) was given fctal 
bone marrow on 11 Xovcniber, and the Jiil~r 
patients having the nest highest exposures u w c  
given bone marrow horn adult donors at various 
timcs lxtween 11 Novelnbcr and 20 Noven11)cr. 
All of the patients escelit 1’ recovercd. 

2. METHODS OF DOSIMETRY 

Thc incthods of dosinictry ~iscd to investigate 
thc doses rcccived by the individuals csposctl in  
thc Yugoslav accident were essentially those 
used in connection ivitli the Oak Ridge Y - I 2  

An outline of the general scIir.ine 
is as follo~,vs. When fast neutrons enter tlic 
liuniaii body niost of these are moderated to 
thermal energy and a sniall fraction of these arc 
captLircd by a (ti, y) process in the hTaZ3 in thc 
body giving rise to NaZ4 Jvhich, b y  virtue 01‘ its 
emission of high-energy y-rays Jvith a radio- 
active half life of 14.8 Iir, is easily detected. 
I t  has lieen showii (HURST e t  aZ.tti), Fig. 1) tllat 
the proliability of neutron capturc to make K;I”’ 
is not a strong fiuic:tion of the energy of the las t  
neutrons and that the prolxibility of captiire Iiir 
neutrons in the fast rcgion is higher than ~ h c  
probability or captii1.c in the thermal regicin. 
Thus thc uniforni tlistri1)ution of NaZ3 in rhc 
human body pi.ovidcs an cxcellent nic;iiiq 
of normalizing the neutron exposure o f  ;in 
indiviclual. I n  pai.ticulnr, for a given neutron 
energy spcctruni thc last neutron dosc is 
proportional to  the ratio Na2’/SaYJ in the l ~ o t f y  
or in thc blood system. ‘rliis method ofnoriiiali- 
zation is quite iriipoitaiit i n  the dosimetry of 
radiation accidents sincc: no assumptions ncxd 
be niadc aboiit tlic exact location of a n  intli- 
vidual a t  thc timc of tlie energy release. ‘I’hc 
importancc of this fact can IIC iiiadc clear I)y 
refercnce to the 1’-12 ac:cide~it‘~’ where it was 
shown, by calciilating the neutimii dose Iiased o n  
the known number of‘ fissions arid thc statcd 
location of the individual, that onc of thc surviv- 
ing individuals would have receivcd a dose 
several times the lethal valiic. l ’hus  li t  tlc 
creclencc can be placcd i i i  calciilations requiring 
such assumptions. 

More specifically, tlic determination of the 
neutron dose, D,, and thc y-dose, D,,, may 
he obtained from threc quantities, (DJU,)~,  

(U ,/Dn)c, and a, Jvhich are related as follo\vs: 

D, = (D,t/a)c :< n 

D, = (Dv/Dn)c x D,  
Tvliere the quantity ( D f L / a ) c  is the neutron dose 
per unit sodium activation which is characteris- 
tic of the type of sourcc and thc exposure 
conditions, a is the measured amount of sodium 
activation within the individual, and (Di./D,), 
is the ratio of y-dose to iieutrori dosc which is 
characteristic of a given source and set of 
esposiire conditions. I n  both the 1’-12 and 
I’iiiEa accident invcstiptions the quantity 
(D9?/a)c was determined by two methods, 
experiment and theory. The experimental 
rnctllod at  VinEa consisted of measuring thc 
iieirtron dose (with a I<atlsan fast ricutron 
d o s i ~ n e t e r ( ~ ~ )  required to produce a given amount 
of activation in a plastic man-shaped phantom 
filled rvith a n  aqueous solution of NaCI. The 
ratio (D;.]DJc was dctcrniined with two types 
of y-dosiineters,(8-9) ant1 the liadsan neutron 
tlosinieter. The quantity a was based on the 
Saz4 analysis reported by  JAMMIX el  a l . (3)  As a 
suppleinelit and check on the experirncntal 
procc~lurc, the quantities (D,/a), and (D;,/D,,), 
~ v c ~  calculated for thc zero powcr rcactor. In  
addition to the quantities I ) ,  atid D,,, i t  is 
c1esiraI)lc t o  dcterminc thc neutron spcctruni 
Ar(E).  ‘l’his was donc by calculation and b y  
experiment using the series of threshold dctec- 
tors(10,’l) tlcvcloped for this purpose. 

3. EXPERIMENTAL INVESTIGATIONS 
‘1’0 accomplish the nieasurements indicated 

above, the zero power rcactor (Fig. 1 )  \vas 
operated in two differcnt ranges of power level 
ivhic~h h i .  convenience will lie referred t o  as 
“ l o ~ v ”  porver and “hig-h” power. Fig. 2(a) shoivs 
thc gencral location of thc dosimetry equipment 
for tlic lo\z.- and high-po~ver runs. The LPS 
stations sliow locations where most of the dose 
measurcnients were made, the V.T. and H.1’. 
represent, respectively, locations where vertical 
and horizontal traverses were made with Au 
arid S dctcctors during the high-power runs. 
Figs. 2(b) and 2(c) show the location of the 
phnntoins for high-power runs a t  1 k W  and 
5 k\V, respectively. To facilitate intercompari- 
son of data obtainecl from the two types 
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Ths following was taken from a letter of Navanber 8, 1958 frum Dr. D. W. 
van Becqum, Rejswijk, to Dr. Otto Voss, Btology Mvision, Oak Rideer 

"This material should be handled as conMdent3aI. mtil  is i s  released by 
the French physicians. 

@'of the skx people who were i n  the accident in Xugoslsvfa were male 
and one female, They go t  neutron and gamma redlation workkg with a 
sub-adtical device that suddenly be- critical by accident. (Remarks 
by Dr. A. Holloenderz It seems to be a very sfrrdlar accident to the on8 
which took place at Los A l m s  several pars &yo pnd had very serious 
implications) . 
RThe accident happsned on October fi, and on the 16th a l l  patients and 
t h e  Yugoslavian physicions w a i t  to Paris to the Curie Hoapital. Absolute 
dosags was not known but thought high. 
it was deduced that one man got &lethal do=, four got lethal. d08eS 
and one person got condderably high8r than lethal dose, 
was recognst~d that St WBS urgently rncc18883y to  UEB bone mprrow trans- 
plantation, The patient who had stqmr-lethol dose mceived abut  one 
b U o n  embryonic Bpleen cells. 
IDUplen. NO sign of mgeneration was apparent in LMs case and after two 
days sone &damkn;ll ccrmpl9cations occ$xrxwd. It was thought much too 
dangerous to operate on this patient to determine the sourco of the 
abdominal cOnpliCrttion. 
-re injectad in +his aver-axposed patLent, Uremia -5 observcid, An 
art i f ic ia l  kidney was used. 
!his patient dted prad on autopsy was performed which &awed smm compli- 
cation in the stomach and in the Urn and the bone marrow in the autopsy 
showed OMOW signs of regeneration. 
had received a coddewably sublethal dose did not need a bone marrow 
transplant and is 3mpruvj-m rapidly, The otlmr three d e s  and one fempla 
all were given I & w ~  birifon adult bone raarrow ce l la  between November lO-lb. 
Each transplant caw from 0.m donor. The maotion in the  blood picture waa 
cnomous after only 4x0 days and an obyfow increase of a l l  blood elements 
-8 fonnfl. 
lymphocytes*). 

%I the first tramplant cQ8e ( o f  the four "lethal" ~PESQS-~UI) the donor 
ceUs can be recogdeed by blood typing (so we have a Free&-Yugoslavia 
ahfmara). To obtafn this amount of bone ~OFIWQ f'rorn ona donor at leust 
18 punctures wewe mceplsory~ sternum, fibsJ, .13isc arests and spinal 
column were w d .  This waa done under complete anesthesia, The blood 
groups were determined very well 80 that donor a e l b  c d d  be recogniecd 
%n the recipient, !he &irl got f e d  bans m o w  bacwse of B1chwoJ.d- 
sfmmann affect. Cohan, van Tuttan were in Paria yesturday and mw mry.. 
t h i n g .  The people cooperated very well. 

On the basis of the blood picture, 

In 3-b weeks it 

These were given by Dr. lhtb and Dr. 

Ten t o  SFftben bSUlon adult bone marrow cellfs 

Following tNs, Ihilstxlve bleedhg occurred. 

The man mentioned pravfously who 

(This is Dr. van 13ecqurn's statement; "1 don't know about the 

"1 was very plaasontly surprhed at how WSU. Dr. Matte proceeded with 
all of the  different staps. 
these people w 5 l . l  get secondary reactions or other camplicatAone, and 
we w i l l  ZX, w a w  t h e m  very closely to see what happens. Dr. van Ttrtten 
is stay5ng on in W a  to be present if any c o m p ~ c e ~ a n s  should cane up.*! 

Of cour5eJ rn are a l l  ptudous t o  see i f  
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of operating conditions, a sulfiir pellet \vas 
placed at  a convenient location on thc side of 
the reactor tank before each run. 

3.1. Low-power experiment 
'I'lic ratio of y-dose to fast rleutron dose was 

measured at  some of thc positions sho\l-n in 
Fig. 2(a), using the equipnicnt mentioned allow 
(mounted as shown in I;ig. 3) and \vith the 
reactor operating at a po\veI level of approri- 
mately 5 W.* 'The results of the directly 
measured ratio, D,/D,, are shown in Table 1 
which gives also thc ricutron dose, as measurcd 

, * Private communication ivi t l i  D. l'orovic indicated 
that the power calibration in the initial run yielded a 
figure approximately 0.56 times the value quoted here. 
This correction factor applies to all power l e \ d s  quoted in  
the remainder of this report. 
0 

1 xeutron dose per Position unit monitor (LPS no.) 1 ( I a c l / n  cm-2) 

3.5 
3.6 
3.6 
3.9 
3.8 
3.5 
4.0 
4.2 

with Radsan, per unit monitor flux density 
ii.e. sulfur neutrons/cm2). The final DJD, 
vnlucs for the various positions are based on the 
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Thrrshold 
detector 

FIG. 2(b). Dosimetry stations and phantom locations in reactor room. 

~ ~ ~ ~- ~ _ ~ ~ _ _ _ _ _  
Boris KidriE (ZPR) 

threshold energy Y-12 
- excursion 

Sta. 1 Sta. 9 Sta. 10 

counting method of y-ray dosimetry described 
by JVAGNER and HuRsT'~). The  carbon-CO, 

used in this experiment ga\re results 
which were 1.3 times the dose values obtained 
with thc counting method, but later studies with 
the carbon-CO, chamber a t  ORNL showed that 
it has a n  appreciable response to thermal 
ncutrons. 

PLI 1.00 1.00 1.00 
1- P 0.36 0.35 0.35 
I; 0.20 0.18 0.19 
S , 0.094 0.088 0.090 
.,It1 3.91 3.63 3.87 

~ _ _ _  ~- 

3.2. High-bower exbei inient 
Wit11 the reactor operating first at 1 k\Y, then 

a t  5 klV, two types of measui ements were madr, 
neutron spectrum rneasurcments and Na24 
activation in man-shaped phaiitorns. The  
spectral measurements were made with threshold 
detectors(lO*ll) located a t  various positions 
(stations). The results obtained for Stations 1, 9 

1.00 
0.89 
0.54 
0.25 
0.45 
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Tyronr j 9.12 x io-’ 
Remab 8.57 Y lo4 
Calvin 1 9.12 Y lo4 
Grand average = 8.65 x lo4 

_ _  
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7.73 x 104 
8.13 x lo4 
7.27 x lo4 

FIG. 2(c).  Dosimctry stations and phantom locations i n  reactor room. 

Sodium activation data were obtained by 
locating phantoms (Fig. 4) a t  the positions 
shown in Fig. 2(a). During the 1-kW run the 
phantoms were located as shown in Fig. 2(b),  
and during the 5-kW run they were as shown in 
Fig. 2(c). The phantoms werc filled with an 
aqueous solution of NaCl a t  a concentration of‘ 
15.7 mg Na23 per gram of solution. After 
irradiation the sodium activation, n (in units of 
pc Na””/g NaZ3) was determined according 
to the technique describecl in ORNL-2748A.(12) 
From the data obtaincd during the low-power 
experiment, Table 1, and by normalizing the 
relative exposure in some cases by means of the 
activation of sulfur pellets placed on the 
phantoms, the neutron dose rcccived by  the 
phantoms was obtained. The: results of (D,/u), 

’ 

Table 3.  Nezitroii dose per unit xodizim activation f o r  man- 
shaped phantoms exposed at the zero power reactor 

. .~ ~- ~ 

~ . ~ _ _ _ ~ ~ . .  - _ _ _ ~ . _ _ _  

i (D,/a), (rad pc-lrng Na) 

i 1-kW run  I 5-kW run 
]Jhaniom 1 -~~ ~ ~.~ .- 

are shown in Table 3, where each entry corre- 
sponds to the weighted average value of a for all 
the compartments of the phantom. Further 
experimental data are given in Appendices A, 
13? C: and D.  Jn particular, Appendix B justifies 
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the particular way in which the phantoms were 
used in this experiment. 

4. THEORETICAL INVESTIGATIONS 

I n  this section a description will be given of 
the methods used in calculating neutron and 
y-leakage from the Boris Kidrir zero power 
reactor in the critical and near-critical state. 
The  methods used are entirely theoretical in the 
sense that they rely not at all upon measure- 
ments Ivhich were made a t  VinEa. Multiple 
scattering of leakage radiation in walls and 
structure of thc reactor build in^ are neglected 
and only direct leakage of neutrons and y-rays 
from the assembly is considered. As shown 
below b y  comparison with cxperimental data, 
this approximation is surprisingly good, although 
the agreement may be fortuitous in some 
particulars. 

The quantities presented are: ( 1 )  N,(E), the 
neutron leakage spectrum; (2) D,(E), the 
neutron first collision dose leakage spectrum ; 
(3) DJn,  the ratio of the total first collision dose 
received by an idealized phantom to the Na'" 
activation generated in  thc phantom by the 
leakage spectrum incident npori i t ;  and (4) D,,, 
thc y-ray first collision dose leaking horn tlie 
reactor tluc to the fission process and due t o  
vaiious nciitron captiirc proccsscs occurring i i i  

and aroiirid the reactor. 
l'he method of computing neutron leakage 

which has been used in this work is the multi- 
group-dilfirsion approach. An existing criti- 
cality code written for the IBM-704. urhich 
automatically computes neutron leakage in  
several energy ranges has been employcd. The 
computing time for this codc is qiiitc modest for 
most systems. ;#-Ray 1cakaz.c is trcatcd b y  
special II3h.I-701 codes. The  method iises known 
>'-ray cross-scctions ant1 build-iip factors t o  
calculatc ;ittenuation kernels for the particular 
medium iundcr consideratioi~. 'The radiation 
field a t  various poiuts inside or ourside tlie 
assembly is then computed by summing ovcr 
source points in the assembly, using bcst 
estimates available for the y-ray spectra of the 
various sources. The  spatial distribution of 
fissions in  the assembly is ol>tainccl from thc 
neutron lcakage runs and is used i n  the ;,-lcakagc 
calculation. 

4.1, Neutron leakage spectrum 
The method which was employed to calculate 

the neutron leakage spectrum from the VinEa 
reactor is based primarily upon the use of a 
multigroup, multiregion reactor analysis code(13) 
for the IBM-704. The  basic equation solved by 
the code is the niultigroup-diffusion approxi- 
mation to the Boltzmann transport equation. 
The  program approximates the differential 
equation by a difference equation and allows as 
many as 250 space points and forty-four energy 
groups in the solution of the resulting equations. 

Since the  Boris Kidrii-. reactor uses a lattice 
spacing Ivhich is quite small ( 1  2 cm) compared 
xirith the outside dimensioris of the reactor, it 
should be a good approximation to consider an  
rquivalent homogenized reactor.(I4) The  unit 
lattice cell was taken to be cylindrical with a fuel 
rod at  its center and containing the same quantity 
ofD,O as the real unit lattice cell. A preliminary 
rnultigroup calculation of the distribution of 
flux inside this cell was made, using the boundary 
condition of zero total current a t  the outer 
I~oundary of the equivalent cylindrical cell. 
1 Ioniogenizecl multigroup cross-sections were 
c.ornl)utcd using tlie calculated flux distribution 
a s  i r  ivcighting function. A multigroup cal- 
culat  ion o f  the escape spectrum for the entire 
I cactoi- was then made with these cross-sections, 
;Lssumiiig t h a t  a I-cm layer of aluminum 
srirrouudcd thc volume. Fig. 5 shows a plot 
( i f  the multiplication factor, k ,  of the assembly as 
;I liinction of liciglit. On the same graph is 
shoivn the total neutron leakage per fission 
iieutron i n  the core as a function of height. One 
sccs that this calculation predicts a critical 
11cight of' approrimatcly 185 cm, compared with 
the cspcrimcntal value(') of 177.6 cm. I t  is felt 
that the agrccmcnt is sufficicntly accurate for 
our purposes, since the neutron leakage varies 
I)y oiily appi.oximate1y 4 per ccnt over the range 
of heights. I t  is possible that back-scattering of 
neutrons from tlic tank supporting members and 
fiorn the ivalls uf tlie room might well account 
f i x  thc difference lietween cxperimental and 
calculatctl valucs of the critical height. These 
results also show that there is negligible difference 
1)etwccn neutron leakage per fission neutron in 
the critical state and in the delayed super- 
c,i-itical state which occurrcd a t  the time of the 



accident. Estimates of the k,, = k - 1 appro- 
priate to the excursion(15) show that k,, 21 lop3. 

.According to Fig. 5 the neutron leakage per core 
neutron a t  this value of kes is only approxi- 
mately 2 per cent different from that in the 
steady state.* Hence, this difference will be 
neglected in the remainder of this calculation. 

conveniently represented in this way since the 
number of neutrons escaping between any two 
energies is j u s t  proportional to the area under 
the portion of the curve between these energies. 
The  total fast leakage in this spectrum is 0.234 
neutron per fission while the leakage in the 
thermal group is 0.157 neutron per fission. 

1.01 

1.00 

E 
0 
t- 
u 
d 
LL 

z 
0 

FIG. 5. Multiplication factor and total I- .99 
neutron leakage as a function of height. 2 - 

= .9t 

.97 

Fig. 6 shows the neutroii leakage spectrum 
calculated for the reactor a t  the critical levrl. t 
The quantity plotted in thc ordinate is EN(]<),  
and the abscissa givcs both the energy R and the 
lethargy ZL = l n [ lO /E(M~\ ' ) ] .  'I'hc spcclrum is 

* .4 change in the lcakagc pcr fi\sion neutron wit11 i; 
would not, by itsclf, affect the rcsult of this dosimetry study. 
A radical change in thc nerrtron spectrum, on thc other 
hand, umuld producc a cliaiigc in  tlic ratio of' ll,,/a a ~ i d  
would mean that experimental M ork wit11 a stcady opcrat- 
ing reactor would not bc coniparablc with coirditiotis 
obtaining duriiig the accitleint. €Tii~\.cver, cutnparimn or 
ttic calculations at tlifl'ercnt x~alurs of k indicates ncqligible 
cliangc in the spectrum lictwccn ~ l i c  two reacior states. 

This spcctrum is somewliat different i n  thc low cncrgy 
range fx-om a prcliniinary rcsult given elscwliere.'1c' 
Iinprovec! values of the liomogcnirrtl iiiultigrorq) cross- 
sections \\ere used in t l i r  p r e s e ~ ~ t  calculatir~ns. 

~ 

150 ' 6 3  

The first collision close spectrum for neutrons 
is shoMn in Fig. 7. The  factor Do(E)  is the first 

col~ision dose per unit neutron i1ux.(17)1 D,(B) 

.V(E) dE is found to bc 4.37 x rad cm2/ 
core neutrou. 

T o  make possililc a comparison with experi- 
mental mcasurcments of D,, a calculation of 

( D n ) R  :I DJL~,dsi,ll(E) itr(/<) &was carried out. 

Dnadsnn(E'j is the dose measured by the Radsan 
fast ncutron dosimeter at energy E and is less 
than D , ( I C )  at low energies due to bias losses. 
Values of DILn,~s:,rl(I~) wcre infcrred from the work 
of WAGNER and  WURST(^^)'. The result of this 
calculation was ( D J R  = 3.12 x rad cm2 
per core ncutron. 

ou 

- 0  i"' 



1 - L I -  i I 

1 , ) - ~  10-7 10-6 1 0 - 5   IO-^ I O  * IO ' 
E ( M E V I  - 

FIG. 6. Escape neutron spectrum. 

E ( M E V )  

FIG. 7. Neutron dose spectrum from reactor. 
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Prompt fission 1 1.77 1.46 
u"8(,l,yjU230 I 

hloderator capture 
Tank 2nd structure ~ 

capture -0.30 -0.30 
Fission products 

during experiment ' 1.12 0.92 

4.01 3.36 

, 0.39 1 0.32 

'l'otal dose during 
espcrirncnt 

Fission products 
during accident 

'l'otal dose 
during accident 1 3.28 1 2.76 

capture 0.77 , 0.63 ' 0.05 0.05 i 

~ I 
~ __ ~~~~ 

I n  order to calculate a, the Na24 activation 
induced in a man exposed to the calculated 
spectrum, use was made of approximate results 
for t ( E ) , ( 6 )  the capture probability a t  thermal 
energy per unit flus of neutrons incident normal 
to the axis of a circular cylindcr of 15 cm radius. 
Using the function t ( E ) ,  the quantity (DJn /n  
was calculated from 

l m D o ( E )  X(Ej  dE 
-- (Dn)n - 1.12 x 1011 Jb [ ( E )  N ( E )  dE 

rad 
p c  g of NaZ3 

X 

= 7.2 x I O 4  rads/,uc (mg N a P 1  

and compares favorably Xvith the average value 
of 8.65 x lo4 radslpc (mg Na)-l obtained with 
the phantoms (see Table 3). 

The multigroup computation of the leakage 
spectrum takes into account the neutron 
distribution in only one spatial dimension and 
introduces a n  artificial absorption to account 
for leakage transverse to the direction in which 
computation proceeds. \.\Tithin the framework 
of muItigroup diffusion theory, onc may take 
into account the dependence of the leakage f lus  
with dircction with respect to the reactor 
This has been done in the comparisons given in 
Table 4. 

Othcr comparisons can be made between the 
experimental determination and the calculation 
of the leakage spectrum by use of thc activation 
of the threshold detectors Ivhich Time exposed 
during the work at  VinEa. Tablc 5 shows a 
comparison of various ratios calculatcd from the 
spectrum given above with experimental detcr- 
minations of thesc ratios. ?'he experimental 
values represent station averagrs. The quantity 
$,aT represents the neutron ilnx lying above 
the effective energy threshold of I?, MeV in 
the case of various detectors. 'The quantity 
4 7 ~ R ~ ( / j , ) ~ / F  was obtained from the experi- 
mental data by employing the Radsan-measured 
neutron dose rate togethcr with the fission rate, 
F, occurring inside the assembly. Tlie fission 
rate was obtained from a power calibration 
performed by the Yugoslav cxperimcnters.(lg) 
For the purpose of comparison with experiment, 

1.63 

0.69 
0.05 

-0.30 

1.03 

3.70 

0.36 

3.03 

Table 4. Summary of k R 2  x dose due to various sources 
- __- 

I I DY x 1010(r crnz/fission) 

D;,,/(D,') calculated 
for esperimcnt 3.52 3.00 3.40 

the theoretical values have been corrected, 
approximately, for the nori- 1 /R2 variation of the 
dose a t  poiiits in the iieighborhood of the 
1 earto].  

- ~~ . ~ 

4.2. y -Dose lcui, age 

'l'here are many sources of y-radiation in and 
aioiind the i cactor which should be considered. 
It will bc seen that reasonably good estimates of 
the dose from most of them may be made. 
Although thc uncertainties in these estimates 
are likely to lie as much as 20 per cent, it is 
clcarly WOI thvvhile to make such calculations in 
order to undrrstand bctter the physics of the 
accident. Each of thc sources of y-radiation 

(Jjn)Radsan x 1O'O 
(rad cm2/fission) 

- 



Table 5 .  Cornparason of  calculated and exper mental  dosc 
and pux ratios 

- ~ ~- ._ ~ ~ - 

Cxpcriment Theory I Ratios _ I _ -  

Gold foil-cadmium ratio 1 
I . -. - ~ _ _ ~ _  

1.6 

0.90 

2.1 

3.8 

11.3 

3.5-6.5 
_ _  

1.55 

I 

0.77 
I 
I 

2 32 

I 

' 3 8 4  
I 

t l j 6  

4 0 I 

have been considered i n  turn with a detailed 
description presented in the Appendices. 

4.2.1. Pronip prays from the Jissioii process niid 

cajjture y - r u y  f r o m  the U23B ( n ,  7 )  U23g~1rocess. ' rhc 
distribution in energy of prompt fission y-rays is 
taken from the work of T\~. IFNSCHBIP;  et 
The energy distribution of >/-rays from the 
u238(71, y)Uz3' process is takcii from the work of 
BARTHOLOMEW and H I G C ~ ' ~ ~ ) .  In order to 
calculate the escape of these photons from the 
reactor, one must consider both attenuation in 
the iiranium rods and in the D,O. Some 
simplifying assumptions were made in order that 
leakage from this very inhomogcneoiis system 
could be estimated in a reasonably short 
computing time. For the purpose of calculating 
leakagc the distribution of fissions in a given 
fuel rod was assumed to be fiat i n  the radial 
direction and to depend only on position along 
the length of the rod. The attenuation of prays 
in the fuel rod in which they originate is 
accounted for, but their attenuation in other 
fuel rods is neglected. This approximation 
should result in little error since the rods are 
small in diameter compared with the lattice 
pitch. The  computation proceeds by a numcri- 
cal integration of the product of the source 
strength and leakage proliability for each 

element in the source. The photon source 
distribution is obtained from the neutron 
criticality calculation described above. The 
attenuation of photons in traveling from a given 
source point to a field point outside of the 
reactor is calculated using tabulated photon 
attenuation and infinite medium 
build-up factors for the part of the path lying 
inside of the reactor. The error involved in 
 sing these build-lip factors should be small in 
the cases ~vhich ~ v e  shall consider. A more 
dctailetl descriptio11 of the computational pro- 
cediirc is given in Appendix A. 

The  leakagc probal~ility is a function of the 
distance fi-om the r e x t o r  and the angle which 

tor to the firld point makes with the axis 
of the reactor. 'l'hc results for some of the 
stations are givcn in 'Table 4 and are expressed 
as 4rrR2 (dosc/fission) a t  the respective stations, 
1vhei-c I? is thc distance from the center of the 
rcactor to the various stations. 

The esti- 
mate ( i f  this contrihution is uncertain owing to 
the fact that i t  depciiils to some extent up011 the 
rnovcrncnL of thc cxposed persons after the 
reactor scram. 111 vimv of this uncertainty this 
fracticril of the total dosc received was approri- 
matc.tl. 'I'he attenuation kernel of fission 
produc,t ?'-rays in  the lattice was taken to be the 
same ;IS that of prompt fission ;)-rays and further 
i t   vas assumed that tlic.first can lie estimated b ~ r  
scaling the second according to the relative 
energy released in thc two processes. Details of 
this cstimate arc given in Appendix B, and 
l'ablc 4 shows the results for Stations 1, 9, and 10 
fix- turo different cases: ( 1 )  a t  15 min after the 
Ixginniiig of a stcatly power level run (in this 
rase the dose values should lie interpreted as 
r/sc(: pcr fissioil/sccj; and (2) 4 min after the 
beginnin,$ of an excursion with a doubling time 
of 1 0  sec. 'I'hc dosc values refer to the total 
fissiori product  dose received during the 
inter\.al per fission occurring. 

4.2.3. y -Ra j s  f r o m  cajtiire in moderator and fuel 
claddin:. T h e  thermal utilization, J ,  for the 
reactor was calculated by multigroup methods 
to be 0.9865 for an assumed concentration of 
0. I6 per cent H,O i n  the moderator. Assuming 
that all of these captures occur in hydrogen 
J l U C l C i  and noting that c, the moderator capture 

4.2.12. ;~-Iinys f r o m  Jissiori jlrodiicts. 
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probability per fission in the critical state, is 
equal to ( 1  - , f ) / b ,  where b is the ratio of fission 
to total capture probability in the fuel, it follows 
that 

0.01 35 
b 0.543 

c = -  1-f- 

= 0.0349 moderator captures/fission 

A calculation of the leakage of hydrogen 
capture y-rays from the homogenized reactor 
gave N 0.5 x rad cm2/fission for the three 
stations considered (Table 4). Thc  same 
multigroup calculation showed the capture 
probability in the aluminum cladding around 
the fuel rods to be 0.00642 captures per total 
capture. The  dose due to this source would be 
expected to be cven smaller than that due to 
captures in the moderator, especially since 
attenuation of these photons in the fuel rod 
should make the effcctive source strength even 
smaller; thus it has been neglected in Table 4. 

4.2.4. y-Rays from capticre in tank walls and 
supporting structure. This soui-cc or photons is 
difficult to estimate accurately liecause of the 
very complicated configuration of materials, 
chiefly aluminum, in the immediate neighbor- 
hood of the assembly. ,4 rough estimate, 
assuming that the structural aluminum may be 
considered equivalent to a 2-cm layer enveloping 
the whole reactor, gives 3 x 10~-ln r cm2/fission 
in the region around the reactor. 
4.2.5. y -Rays  from cajture in rualis and floor 

of reactor room. This contribution is vcry difficult 
to estimate with any accuracy ant1 hence was 
not considered. 

4.3. Discussion 
The  chief uncertainties in the estimates given 

above are : (1) use of infinite medium build-up 
factors rather than those appropriate to a finite 
medium: (2) neglect of photon attcnuation in 
rods other than that on which a gitcn photon 
originates; and (3) neglect of photons from 
neutron capture in reactor room matrrials and 
in air of room. The net uncertainty in the 
calculation is estimated to be N & 20 per cent. 
The  ratio of the 7-doses during the accident to 
corresponding doses during the experiment, f, 
should be more accurate than this and con- 

sequently this ratio will he used to correct the 
experimental data. 

Table 4 also shows the neutron dose, 
(Dn)Rtlds;,rl at the three stations considered. 
These values were estimated by taking into 
account thc angular distribution of radiation 
leaving the reactor and correcting for the finite 
size of the reactor by using a radiation center 
displaced 0.8 m tolvard a given station from the 
center of the reactor. Also shown in this table 
are the values of D, /D,  infcrrcd from the above 
estimates and a comparisoii of thesc values with 
those mrasured durillg tlie csperiment. 

5. ASSIGNMENT OF INDIVIDUAL DOSES 

In previous evaluations of dosc received by 
man, the usual procedure has been to evaluate 
the first collision dose for both neutrons and 
y-radiation. Tha t  procediu-c was followed 
because of the difficulty of spccifying a dose 
\vithin the body which xt~oiild havc the desired 
radiobiological significance. This procedure has 
beenjustified on the basis that if the first collision 
doses are determined along with certain 
additional cxposurc conditions (i.c. angular and 
spectral distribution of the incoming radiations) 
more elal~or ate correlations of mcdical effects 
and exposure doses may lie carricd out a t  future 
times wheir more detailed biological mecha- 
nisms are understood or are being tested. I n  the 
case of thr 1’-I 2 exposurcs, tlie first collisioii 
dose for ;~-lndiation and fast nciitrons and the 
ncutron ant1 ;‘-ray energy distributions are 
given. In tlic present case, howevcr, it appears 
advisable to comment on the y-radiation which 
is producctl 1,y the capture of low-energy 
neutrons by the H ( n ,  y )  reaction. Based on the 
neutron spcc‘trurn (Scction 4) and the calcula- 
tions by SNY~P:R,(”)  it may be seen that the 
additional ;,-dose near the surface of a 30-cm 
slab makes an appreciable contriliutioii to the 
total dosc at that point. 

We separatc the neutron exposure into two 
dose components, namely ( I )  the first collision 
charged particle dose made up of thermal 
neutron intcractions of the type W4(12, p)C14 
and recoil atoms (H, C, N, 0) from fast neutron 
interactions: and (2) the autointegral :)-dose a t  
the surface of the slab due to the H(n, y ) D  
process. 
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___ 
13 5 3 
v 82 

Data are not presently available which 
enable one to calculate the H ( n ,  y)D autointe- 
gral dose for a realistic model of a man bom- 
barded with neutrons. Ho\vevcr, there are 

on the autointegral dose in a slab due to 
normal irradiation by neutron beams of various 
energies. These data are conservative in the 
present connection, i.e. the doses obtained using 
these values will surely represent overestimates 
of the autointegral doses to a man and may be 
too large by a factor of 2. 

_________ 
65 ’ 5.44 ; j  10-4 i 1.00 
80 6.83 ,,< 1.08 
70 7.24 10-4 1.03 
72 (5.94 ’< lo-* 1.04 
52 0.07 :i 10-4 ~ 0.93 

energy lost under the bias of the neutron 
dosimeter, as derived in Section 4. 

The first collision y-doses (external doses) for 
the individuals may be expressed as 

___ 
66 
89 
90 
87 
91 
45 

__- 

(D;,)G,n,n = 3.6 x 0.82 (charged particle dose)I 
I .4 

- - --_ -__- 

99 I 158 
133 214 
135 189 
130 209 
136 I92 
67 95 

__ 

4.1 
1.4 

(L)y)lr,v,x == - x 0.82 (charged particle dose)I 

\\.here we have used the results of Table 1 for 
the quantitics DJD,, most appropriate to the 

Table  6. Indiuidzial sodium activation and related data __ .- .- ~ __- -~ - ._ 

The surface autointegral doses per unit 
neutron flux in the slab case were used to 
calculate the dose for thc whole neutron 
spectrum, shown in Fig. 6 .  ‘T’hc result \vas found 
to bc 

[H(n, ;J)U autointegral dosell 
= 1.50(cIiargecl particle dose) I 

It may be seen that 

(charged particle dose), 

pc/mg Na i n  1)haritom 
charged particle close to phantom 

, i 
where I rcfcrs to thc individual case and 
( W,/ W’J1/3 is a corrcction fartor I x m c l  on the 
weight lli. From thc cspci~imcntal data ob- 
tained on the Na24 activntiori i l l  thc phantoms, 
Section 3, it may be sccii that 

charged particle dose to phantom 
p / m g  Na in phantom -1 
= 1.40 x 8.65 x I O 4  rads/pc mg-I 

where the factor 1.40 is a correction for the 

individuals, arid thc factor 0.82 corrects the 
DJDn ratios as measured in the constant power 
reactor experiment to the values appropriate to 
the iiitcnsity-time relationship for the accident. 

Tal,le G shows the individual sodium acti- 
vation as reported by ~JALIMET et a1.(3), the 
~t.cig11 ts  of thc individuals, and the magnitude 
of tiir factor ( IVl/WJ1/3. The  individual doses 
as determined by the equations above are shown 
in ‘1’:~hIe 7. 

Thr main uncertainty in  the dose values given 
i i i  ‘r:Lble 7 is associatcd ~vi th  the H(N, y)D dose 
c:omponcnt. As alrratly stated, this value may 

Tiiblr 7. Indiuidi~d rioirr (nil oaltles are in rad units) 

I 
particle 

dose 

_____ 

Total 

323 
436 
414 
426 
419 
207 

-___ 
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be too high by a factor of about 2;  however, 
even in this case, the total doses would be 
decreased only by about 15 per cent. The  
uncertainties associated n;ith the other dose 
components are smaller; the standard devia- 
tions for the charged particle doses and for the 
external y-doses are estimated to be & 12 per 
cent and f 14 per cent, respectively. 

Work is now in progress on the study of Na24 
activation in phantoms of various shapes and 
sizes and with neutrons of xrarious energies. 
T h e  question of biological elimination of NaZ4 
is being investigated with living animals exposed 
at  various dose levels. Whcn these studies have 
been completed, it may lie desirable to rc- 
evaluate the individual doses rcccived from the 
various radiation accidents, including the Y- 12 
(Oak Ridge) accident and the Yugoslavia 
accident. 

APPENDIX ti 

y-Dose Leakage (,‘otnfiutatioris 

A. 1. Cotnfmtalion o f  the leakage of y-rajis 
originating iti f i l e1  rods 

e\duat ion of the following integral: 
The computation proceeds by a numerical 

where R is a vector from the center of the 
reactor to the field point where the lrakage dose 
is desired, r is a vector from the reactor center 
to the volume element dr ~ h e r c  the y-source 
strength is S(r), p is the part of the vector R - r 
which lies inside the reactor volume, and -9. is the 
angle between R and the cylinder axis. The 
source distribution lunction S(r) is obtained 
from the neutron leakage calculation described 
above and is equal to the number of photons per 
fission times the normalixd fission proliability 
in the homogenized rcactoi. 

The dose attenuation kernel d,(r)  is calculated 
b y  summing over the distribution of energies 
present in the particular source after weighting 
each energy component l ~ y  an attenuation 
factor which is calculated using known absorp- 
tion coeficients and build-up Fdctors and a self- 
absorption factor to account for fuel rod 

attenuation. More specifically, 

L ( r ,  6) = j dE n y ( E )  a,(E) B[E,  rp(E) ]  
x 9 ( E ,  pu,(E)a, 6 )  

whrre r is the distance from an isotropic point 
source in an infinite D,O medium, g 3 , ( E )  is the 
first collision dose in rads/photon x cm-, de- 
livered by photons of energy E, p(E) is the mass 
allsorption coefficient of the medium for photons 
of that energy, and B [ ( E ) ,  r p ( E ) ]  is the build-up 
factor for photons in the medium. We have 
chosen to use infinite medium build-up factors 
even though the systems are bounded.(24) The  
error incurred in making this approximation 
should be approximately 10 per cent. 

‘l’hc self-alxorption factor Y ( E ,  p u , ( E ) a o ,  6) is 
calrulated 1iy carrying out an integral over the 
cross-section of the rod at radius ao, using 
attcnuation coefficients, p T ( E ) ,  appropriate to 
natural uranium at the energy E, and taking 
into account the angle 19 which the direction of 
obscrvation makes with the axis of the rod. 
Biiild-up factors for the part of the photon path 
lyiiig inside the rod were taken to be appropriate 
to the same distance, measured in g/cm2, in the 
1>,0 medium, as suggested by GOLDSTEIN and 
\ ~ : I I . K I N S ( ~ ~ ) .  As mentioned in Section 4.2.1, 
roc1 attenuation of photons not originating in a 
particular rod is neglected, since the rod radius 
is sruall in comparison with the lattice pitch. 

I.’ig. 8 shows a graph of the attenuation 
kei~iel  for the prompt fission y-spectrum for the 
cas(: of‘ no rod absorption and for a natural 
uranium rod 1 in. in diameter vicwed at various 
angles with respect to the rod axis. Note that 
the curve labeled -9. = 14.5’ is probably too 
small in magnitude since the simple ray path 
length approach used here will surely break 
do~vn a t  grazing angles relative to the rod axis. 
A “ctiort circuiting” effect will become impor- 
tant, i.e. photons emerging from the rod in 
dircctions nearly perpendicular to  the axis may 
malic collisions on D,O molecules which will 
deflect them into directions nearly parallel with 
the rod axis. These photons may contribute in 
larger quantity than those taking longer paths 
through the rod. Ilowever, small values of 6 are 
not required for the calculation of closes to any 
of the stations measured in the experiment. 

Table 8 shows values of 4i7R2D, vs. R for three 
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FIG. 8 .  Attenuation kernel for prompt fission 
y-ray spectrum. 

r-- q /crn2 

different viewing angles, 6, and fix the prompt 
fission ysourcc distribution. 

comparison, the total photon energy released in 
prompt fission  vas taken to be 7.2 MeV.(") 

First. Re\ the ratio of photon energy released 
I ,,, 

R.2. Estiniate ofjission product y -co~~ t r ibz~ t io l z  
to  the total dose 

The  rate of energy release as photons by 
fission products may be takcn to bc the following 

per unit time by fission products to the prompt 
fission rate a t  the elid of approximately 15 min 
of steady operatio11 is given by 

function of time : ( 2 G )  I?, = x 0.62 
7.2 l\le'L: 
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and this ratio should apply at  the time measure- 
ments of the y-dose rate were made during the 
experiment. 

Next, R,, the ratio of total photon energy 
released by fission products in a time T, during 
which the reactor is critical on a 10-see doubling 
time, * to the prompt fission y-energy released 
may be shown to be 

0.62 
R, = I x  

7.2 MeV t,(l - e-"/'O) 

where to = 10 sec/0.693. For an operating time 
T of 4 min,(*') the above expression is closely 
equal to 

0.62 
7.2 El ( 1 / t o )  R = __ ellT 

Numerical evaluation of these quantities, using 
values from the data of RITCHIE et ul.(16) gave 
the more accurate values of R, = 0.632 and 
R, = 0.219. 

The procedure used in estimating the close 
from fission product y-rays was to assume that 
the dose attenuation kernel appropriate to this 
photon distribution is the same as that appro- 
priate to the prompt fission y-distribution. 'I'his 
should be a good approsirnation for our 
purposes.'") Using this assumption, the leakage 
calculation for prompt fission y-rays had only 
to lie scaled by the factors R, and I?, displayed 
above in order to obtain the quantities sought. 

APPENDIX R 

Studies of NaZ4 Actimtion in Man-sti(ipetl 
I'hantnnu 

B.1. Tfie Los iliantos b i i n o  expvinient 
An esperiment(28) 11 as performed at the 

Godiva I1 reactor of Los Alamos Scientific 
Laboratory to determine whether a phantom 
composed of a thin shell filled with an aqueous 
sodium solution could be substituted for a live 

* Private cornnilmication with H. D. ~ ~ K O I \ N  and 1). 
NEIVBY. 

animal in studies of the relationship between 
neutron dose and Na24 production in the 
irradiated substance. 

,4 live burro was placed in an aluminum tank 
which was then filled with NaCl solution and 
irradiated a t  3 m, center to center, from Godiva. 
Samples of the burro blood serum and of the 
NaCl solutioii were prepared and the NaZ4 
activities were determined. The burro was 
removed, the tank refilled with NaCl solution 
and an exposure made again a t  the same 
position. The NaCl solution was sampled and 
its Na24 activity determined. During the second 
exposure the region in the tank which had 
previously been filled by the burro was filled by 
a homogeneous aqueous NaCl solution. The 
region was, of course, of the same size and shape 
when filled \\.it11 NaCl solution as when filled 
with the burro. If the amount of NaZ4 produced 
(in the burro and the surrounding NaCl 
solution) by the first irradiation was, within 
experimental error, the same as that produced 
by the second irradiation (Ivhen only NaCl 
solution was present), then the production of 
NaZ4 in a homogeneous phantom could be 
considered to be sufficiently quantitatively 
similar to thc pi-oduction of S a 2 "  from the Na23 
heterogeneously distributed in a livc animal that 
phantoms coilld lie substituted for animals. 
Concenti~ations of XaZ4 in the burro and the 
NaCl solutioii around it \\'ere weighted by the 
respective vol limes and averaged, then com- 
pared to the SaS4 concentration in the full tank 
of NaCl soltition, normalized to the same 
cxposurc dosr. Relative differcnce in the 
amount of N;I '~ produced by the two exposures 
\vas 2.9 per cent rvhich is well within the 
proliable esppcrimeiital error; hence i t  was 
concluded tlia t \vhen a man-shaped phantom is 
filled nit11 a sodium chloride solution, a good 
i ~ p p r o ~ i m a t i o ~ ~  to a man is obtained relative to 
sodiuni acti\'a I i o i i .  

B.2. Distribri!ion of Ala2% in lJiantonis irradiated at 
VitzCh 

NaZ4 conccntrations in the phantoms are 
listed in Tables 9 and 10. All concentrations 
are corrected to iero time (effective exposure 
time) and are expressed in pc Naz4//mg NaZ3 per 
lad. Two t<iI)lc? x c  $\en because the two 



Segment 
Calvin I1 Remab I1 

Head and upper torso 
Upper left arm 
Upper right arm 
Lower left arm 
Lower right arm 
Lower torso 
Gonads 
Upper left leg 
Upper right leg 
Lower left leg 
Lower right leg 

Tyrone I1 

Table 9. NaZ4 concentrations in molded phantoms 

Naz4 Concentration (pc NaZ4/mg NaZ3/rad) x IO5 

1.38 
1.65 
1.45 
1.77 
1.36 

Calvin I 

1.44 
1.16 
1.60 
1.18 
1.54 
0.848 
0.842 
0.914 
1.12 
1.13 
1.34 

1.09 
~ _ ~ _ _  _- _ 

1.45 
1.82 
1.68 
1.91 
1.84 

Remab I 

1.44 
1.72 
1.28 
1.57 
1.21 
0.929 
1.04 
1.12 
1.03 
1.40 
1.46 

1 . 1 7  
-. - - 

types of phantoms are segmented slightly 
differently; in both tables the numerals I and I1 
after the name of the phantom indicate first 
and second high-power exposures, respectively. 
The molded plastic phantoms, in Table 9, were 
designated “Calvin”, “Remab” and “Tyrone” ; 
the polyethylene bottle phantom, in Table 10, 
was called “Bomab”. The segments labeled 
'(average" were averaged by mixing and 
sampling the total solution of each phantom. 

APPENDIX C 

Inlercornparison of French and Aniericnn 
NaZ4 Calibration 

C .  1.  Summary of the Saclay Na24 counting method 
The total amount of NaZ4 present in the 

bodies of the exposed persons was determined 
by the French group using a scintillation 
counter. The detector, a 1.5-in. x I-in. sodium 
iodide crystal, was placed at  the center of a n  
arc of l m  radius. The individual to be measured 
lay on the floor facing the detector and curved so 
as to fit just inside the arc. A twenty-five- 
channel analyzer was used in conjunction with 
this detector. As used, the response peak from 
Cs13’ y-rays was in the ninth channel and that 
from K40 y-rays was in the twentieth channel. 
The activity measured in the six persons was 
known to be NaZ4 from energy and half-life 

Tyrone I 

1.30 
1.75 
1.13 
1.70 
1.17 
0.781 
1.02 
1.16 
0.879 
1.46 
1.18 

1.09 

1.55 
1.54 
1.94 
1.78 
1.89 
1.10 
2.08 
1.34 
1.35 
1.60 
1.68 

1.38 

considerations. The equipment was calibrated 
with a polyethylene bottle containing NaZ4 
solution of known activity. This bottle was 
moved along the inside of the arc to measure the 
angular dependence of the response of the 
detector. The size of the bottle (15 cm diameter, 
25 cm height) was chosen such that the ratio of 
counts in ch;innels 1-5 to the counts in channels 
16-1 8 \vas approxiinately the same whether the 
activity in thc bottle or the activity in the persons 
was being measured. 

Table 10. Kaza concentrations in bottle pfiatrloins 

Scgrnc,n t 

_ _ _ _  ____ 
Head 
Neck 
1 d t  arm 
Right arm 
Upper torso 
Lower torso 
Upper lrft leg 
Upper right leg 
Lower left leg 
Lower right leg 

Averagc 
_ _ ~  

~ -~ - _ _  _ _  -~ 

__ __.-_ 

Na24 Concentration 
(pc Na21/mg 

Na23 per rad) x IO5 

Bomab I 

1.40 
1.33 
1.11 
1.62 
0.853 
0.755 
0.846 
1.1 1 
1.03 
1.25 
0.991 

____ 

Bomab I1 

1.34 
1.29 
1.46 
1.58 
1.00 
0.865 
1.06 
1.1 1 
1.16 
2.40 
1.10 

- ____ 
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___-__ 

Energy 
(MeV) 0.366 

0.66 
1.16 

0.366/1.16 
____ - -  

C.2. Studies of the Sacl(y NaZ4 counting geometry 
In  order to confirm the method of calibration 

of the equipment used to measure the NaZ4 
activity of the exposed individuals, an experi- 
ment was performed a t  ORNL using a similar 
crystal, 1.5-in. x 1-in. sodium iodide. A molded 
plastic phantom (Remab) and the bottle 
phantom (Bomab) ivere filled with a homo- 
geneous aqueous solution of NaZ4 of known 
concentration. The NaZ4 y-ray activity of the 

___ 
Relative counting cficiency 

ZJT 0.980 1.00 
2.66 2.66 2.64 

_______ 

phantoms was measured using the same geom- 
etry as had been used to measure the NaZ4 
activity of the exposed persons, i.e. the crystal 
was at  the center of an arc of 1 m 1-adius, and the 
phantom \vas positioned inside thc arc, lying on 
its side on the floor. 

The  counting efficiency of this gcomctry was 
compared to the counting efficiency dctermincd 
by placing a polyethylene bottle, 15 cni in 
diametcr and 25 cm in height, filled xjtith Xa24 
solution at various positions inside thc I-m arc. 
The response of the crystal was found to he 
indepcndcnt of the position oP the bottle along 
the arc. Integra1 mcasurements Tl-ere made at 

energies of 0.366, 0.66 and 1.16 MeV. T h e  
ratio of the count rate a t  0.366 MeV to the count 
rate a t  1.16 MeV was found to be the same for 
the two phantoms and for the bottle. The  
results of this experiment, normalized to the 
counting efficiency for XaZ4 in the bottle, are 
given in Table 1 1 .  

C.3. Direct interconi/larison of Saclay and 
Oak Ridge NaZ4 counting methods 

In order to compare the calibration of the 
French equipment used to measure the NaZ4 in 
the bodies of the cxposed individuals to the 
calibration of the ORNL equipment used to 
determine the Na2* concentration in the 
phantoms, average samples of Calvin 11, Remab 
I1 and Tyrone I1 solutions Ivere prepared and 
sent to Paris for Naz4 measurements. The  
results of the French analysis Tvere communi- 
cated to us by H. JAMMF.T and L. JEANMAIRE on 
31 May, 1960. A n  additional solution sample 
which had been prepared by dissolving irradi- 
ated solid XaCl  vas included in order to obtain 
a higher disintegi ation rate. Activity con- 
cenhations of the solutions arc listcd in Table 12. 

APPENDIX D 

Stmb of tiir ATtvi!ron F11i.x 1)islribirtion in the 
I'itiici licaclor R o o m  

In  order to document neutron data previously 
given, some of the data fimm the two high-power 
runs at VinEa are sho\vii in Figs. 9 through 16. 
The data prcsentcd arc from the secondary 
stations consisting of sulfur, gold and cadmium- 
shielded gold. Imxtions of thc various stations 
arc shown in Fig. ?. 
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FIG. 15. High-power run no. 2: 
traverse through V'l'. 
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APPENDIX E* 

iYeii/run Measurements with a Tissue-eqiiirialent 
Phantom 

Abstract--Measurements were made through a 
phantom with fast and slow neutron detectors. These 
rncasurements are the basis of a method of dose 
determination at present in its experimental stages. 
The Vinca results are therefore prcsented only to 
indicate the relative contribution from hack-scattered 
neutrons. 

foil. Each track DIate \\.as a sand\vich of t\vo 

E. 1 . L+/~ara/~is  
The phantom used was a 4-in. thick Polythene 

container, 60 cm high of elliptical cross-section, 
with a rna.jor axis 36 cm and minor axis 20 em. 
This \vas filled with an  approximately tissue- 
equivalent liquid (6.24 x atoms/cm3 H, 
0.669 x atoms/cm3 C, 0.169 x loz2 atoms/ 
cmR N,  3.25 x loz2 atonis/cm3 0). 

A light but rigid internal framework of 
Perspex supported a series of small detectors 
through the phantom, on a linc a t  1.5" to the 
normal in both horizontal and vertical directions 
to minimize the shielding effect of one detector 
on another. 

The detectors iised in the first high level run at 
VinFa, to measiirc flux above 0.5 h4cIT, were 
0.5-cm wide track plates wrappcd in cadmium 

~ ~~ ~ ~ _ _  ~ ~- _ _  
* ' Ihis Apprndix \vas writtm by J. \V. SMITH, Unitcd 

Kingdom Atomic linrrgy Authority, Harwtll,  Bcrks. 

100 lo7_ 

N 
E 
u 

X 
3 
J 
LL 

Ilford El  50-p emulsions, \vith glass backing, 
separated by a 230-11 Polythene radiator, and 
was oriented at an angle of 15" to the front 
surkice of the phantom. (jnder these conditions 
the response is constant with neutron energy 
between 0.5 R*leV and 8 Me\! a t  1.26 x 
tracks/neutron t o  \zithin :+ 15 per cent. 

The detector5 used in the second high level 
1-un \vere gold foils (260 mg/cm2 thick) to deter- 
mine thc slow neutron distribution. Previous 
expcrirrients using 0.13 Me\', 2.5 h4e\7, 14 MeV 
and Po-Bc ~ieutl-ons have shown that the shape 
of the c u n ~  through a pharitom obtained from 
thesc gold foils i s  the same as that gi\:eil b y  either 
marryancse foils or sodium samples. despite the 
di ffel-encc i 11 I-csoiiance i n  tegi-als. 

E.2. M e t i i o d  

From the relaxation leiigth of the neutron 
flux in thc  phantom, as rnrasul-ed b y  the track 

Tobie 13. Rrl(i\-oiion Iezg!h foi-  ~ v ~ r i u i o -  rieiitron enei;gics 
-~ ..._ ~~ ~ _ _  -~ 

Rclaxatlon length 
(cm) 

1:rc:. 1 7 .  Fliiz above 0.5 Mc\T given by track 
platrs. 

I 1 I 1  , 
0 2 4 6 8 I O  12 14 16 18 2 0  

D E P T H  I N  P H A N T O M  ( c m s )  

I lo7 
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1:i~. 18. Distribution of gold 
foil activity in phantom. 

' ? O N O E N F R t E T I C _  NEbTROE!S  \, ", 

plates, the mean energy of' the iieutrons with 
energies gi-eater than 0.5 MeIr may be  found by 
comparison Ivith the relasation lengths obtained 
by irradiating the phantom \\it11 monoenergetic 
neutrons. The results of these csperimcnts are 
given i r i  'l'ahle 13. 

E.3. 1?PSI/I(.i 

Track plate results from the \-ini.a expcrinicnt 
arc slio\vri in Fig. 17. I t  can lie seen that the 
back-scattered fast flux is about om-third of the 
incident fast flux and that the enrrgy indicated 
b y  the shape of the curve is considerably lower 
than the cnergy of the direct neutrons. I t  seems 
possible that the high back-scatter is duc to the 
anglc of irradiation ; the midline o f  the phantom 
\\as 112 cin above the floor of' the reactor hall 
on thc lip of the reactor \vel1 s o  that the angle of  
vlevatiori to the ccrltcr of the m m r  was about 
30". 

Fig. 18 compares thc gold foil results from 
Virita xvith previous gold foil cur\.cs for iicutrons 
of knoxvii energy, all taken t v i t l i  the 20-cm 
phantom . 
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