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exposed employees were not wcaring any type 
of personnel monitoring equil'ment, dictates 
that the evaluation of dosc I)(: based on the 
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were wcaring no dose-measuring devices, 7 it is 
believed that the final dose values are reasonably 
accuratc (*20 per cent). The doses were 
arrived at by the following procedure: (1) 
Blood and urine samples were collected from 
tlic esposed employces ; these samples were 
counted for radioactive substances: (NaZ4 in 
tlic blood and P2 and NaZ3 in the urine) as 
descrilietl in Section V. (2) A burro was 
exposed to a rnork-iip of thc liquid assembly to 
determiiic tlie rclatioriship of NaZ4 activity in 
tlic b l o ~ ~ d  and neutron dosc. The ratio of 
y-close, I),, to rieutroii tiosc, D,, for this particular 
type of critical assembly was also determined 
with thc mock-up expcriment (see Section IV). 
(3) A parallel program calculated these same 
tmro clnantities. The calculations, described in 
Sections I1 arid 111, provcd to be estremely 
helpful aincc thcy provided a basis for checking 
the experimental proccdure at various stages. 

11. SODIUM ilCTIVATION OF HUMAN 
BLOOD 

The (n ,yj  process it1 Na23 gives rise to Na24 
which has a half-life of 14.8 hr  and emits a 
1.38 h,.lcV y-ray iri  cascadc with a 2.76 MeV 

t '1'11~ pcrsonncl sccurity I ) n t l ~ c  did contain strips of 
indium ~vhich ~)rcivccl inv;iluable in  scparatinS the 
exposed fi mi thc non-csposttl persons. 

$ Ilecaiix or complcx physiological factors involved in 
the interpretation or Pa nrtivity in urine, this work will 
deal alnir~st entirely \villi the interpretation of NaZ4 
activity i n  blood. 1 3 0 t h  and NaZL in urine were 
analyzed by L. U. FARAIIEE, ORKL. In the case of Na2' 
in urine, it appears possiblc to correlate activity with 
neutron dose, particrilarly if (lie first void after exposure 
is not used and if samplcs arc collected before new sodium 
is given to the exposctl individual. In the casc of P3', the 
difficulties reported in Rcf. 3 wcrc encountcred. 

- ~~~ . -.-.. ~ 



122 .\CCIIIENTXL R.ADI.-\’I‘IOU 1’:SCURSIOS .ZT THE OAK RIDGE Y-12 PL.AST-111 

y-ray per NaZ4 decay. One expects that the 
cross-section for this process \vi11 follow a l/v 
behavior from the thermal rexion to about 
300 e\’. The capture contribution of the 
resonance at 2.94 keV has been estimated by 
GOLDSTEIN(‘). He finds a very narrow rcsonance 
with a maximum Cross-section at  resonance of 
only 1 barn. I t  is easy to show that the number 
of captures occurring in this 1-esonaiicc is 
negligible coniparid with those occurring at  
thermal energies for slo\ving-down spectra 
typical of 1iI.drogenous media. GOI.IISTEIN notes 
that some uncertainty exists in his estiniate of 
the resonance cross-section and that further 
experimental work will be necessary to resolve 
the uncertainty. However, it is espccted that 
the neglect of epithermal activatioii of NaZ3 is 
not serious and this approximation \vi11 be made 
throughout this paper. 

The human body is several mean free paths 
thick for fast neutrons. C:onscqucritl)i, the 
probability that a fast iieiitron will be captured 
as a thermal neutron is not \.ei.); scnsitivc to its 
initial energy. Thus the bocly i.; ~.oiiglily equi- 
valent to the “long countcr”(5) liscd q o  niuch i n  
neutroii flux incasureinents. ‘I‘h activation of 
elements ir: the hlood sliould Iic a \,did n.ieaswe 
of the average thermal flus t l i r o u ~ l l o u t  tlic 
body and hcncc of the total  iiiix incidcrit at all 
energies. 

This assumption is basic io the 11roc(:durc 
described below for calciilatiiig the tlosc t o  
those exposed iii the nucleai- cxmi  sioii.  l’hc 

NaZ4 activation (pc/cm3) of blood in the human 
body will be calculated under the assumption 
that the body is eqiiivalent to a cylindrical 
ptiantoni of 15 cin radius composed of soft 
tissue. 

Calculations have been made by SNYDER and 
NELJFELD‘~) of the depth distribution of thermal 
neutrons in an infinite slab of tissueequivalent 
material 30 em thick due to a monoenergetic 
broad beam irradiation Iiy normally incident 
fast neutrons. The thermal neutron flus 
distribution is proportional to the curves 
lalielled T,  in Figs. 1 through 11 of SNYDER 
arid K E U F E ~ . I ) ( ‘ ~ .  From thcsc curves one may 
obtain the fraction of those neutrons entering 
the phantom which are captured at  thermal 
encrgy. This fraction is plotted in Fig. 1 as a 
function of tlie incident rieiitron energy. Also 
plotted are values for the fi-action c(E) captured 
in a right c!.lintler of 15 cm radius, obtained 
from the slali data by making approximate 
corrcctions foi, thermal and fast leakage through 
the snrfiicc I)[’ ~ h c  c)rlinder. ‘The fast leakage was 
calciilated 1)). siniply averaging over the path 
lciigtlr t1istriI)iition i11 a. cylinder irradiated 
Iioriiral to its x i s ,  takirig tlie attenuation kernels 
f i x  pl;uic sIali penetrrttioii from the data given 
Iiy S X Y I I ~  and XI: I,LI((~). ?‘lie thermal 
1raka:;c i v a ~  tlcterininccl b y  applying one 
\rclocit)i tlifi’iisioii theory to  tliosc ncutrons 
\vliicli 11;:ve c - i i ~ e i d  tlic tllei.rria1 region while in 
thc c)-liiidci.. l f o r c  accuratc calculations of the  
captui~c i ‘ r a r t i o i t  h r  ;I c>,liritlrical phantom are 

0 
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FIG. 1. Thcrrnal neuiron capture probability in a phantom. 
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being carried out by W. S. Snyder, u s i y  stochas- 
tic methods. 

One may obtain an estimate of the Xa?4 
activity, engendered in a cylindrical phantom 
by a beam of fast neutrons of energy E incident 
normal to the axis of the cylinder, by noting that 
the number of neutrons in the energy interval 
dE at E striking the cylinder is A,tC(E)dE, 
where +(E)& is the fast neutron flux (n/cma-sec) 
in the energy interval dE at E, t is the irradiation 
time, and A ,  is the area of thc cylinder projected 
on a surface normal to tlie Iieani. Of the total 
number striking, a fraction ( ( E ; )  will he capturcd 
in the phantom and the fraction of these which 
will undergo capture in  the h-a"(n, y j h-";a24 

process is C N ~ ~ / C ~ ,  where ?;l\-:% is the macroscopic 
absorption cross-section of Naz3 in tissue, and 
C, is the total absorption cross-section. Hence 
the total number of hTaZ4 atoms appearing in 
the phantom as a result of irradiation will Ile 
given by 

If the volume of the cylincler is V and the 
disintegration constant of NaZ4 is jl(pc/atom of 
iYaZ4), then the total Na2" activity per unit 
volume, d, induced in the pliantom b y  the 
flux +(E)  will be 

.d (A , /V)  11 {(E) $( ,E)  dE. ( I )  1: 
The total fast neutron first collision dose, I],, 

associated with the bcam i q  giveii by D, 1 
[Do(E) t+(B)  dE, where D U ( K )  is the first 

collision soft tissue dose in rads per unit incident 
flux. (7' 

Hence (BJat'), the total first collision fast 
neutron dose received by thc phantom per unit 
activation of Naz3 due to a flus distributed in 
energy like +(E),  is given by 

[mDo(I j+(Ej  riE 
V O  

. (2) 3- 
d 'u -----Ai v e, $(E) , t (E)  dE 

The VIA, applies to a cylinder with a 15 cm 
radius. The cross-section C, was calculated 

from the elemental abundance in tlie standard 
m a n ( i )  and is equal to 0.02339 cm-l, assuming 
unit deiisity for the body. Cs,L was calculated 
using a n  average'8) value of 83 mequiv/l. or 
1.906 in? of NaZ3 per cm3 of whole blood and an 
absorption cross-section of 0.536 One 
finds, approsirnately 

p , , ( E ) + ( E )  dE 

i t ! E ) C ( E ) d E  

",i - . o  
cpf z7 .I.:) x 10'3 *.%, 

.. 0 

(rad/pc per cm3). (3) 

It has been assumed throughout all of the 
work reported here that the spectrum of 
neutrons and y-rays in the neighborhood of the 
reactor is independent of distance from the - 
critical assembly. This is thought to be a 
reasonable assumption for the range of distances 
involved. Then onc may write that the flux 
+ ( E )  at ;I distance R from the assembly is given 
b y  +(E,[?) = A r ( E ) / ~ h Z P ,  where N ( E )  is the 
riumbei. of neutl-ons with energy E per unit 
encrgy iiitcrval leaking from the asscmbly. 

Clearly, the replacement of tlie body by a 
cylindi.ical phantom for the purpose of calcula- 
tion is accompanied b y  some uncertainties. 
O n e  must assume (a) that the blood is uniformly 
clist~~il~i~t~:d throughout the body and hence 
take.; o t i  a sensilile average activation and (b) 
tha t  t l i r  geometrical diKei-cnces between the 
huinan 1,ody a i id  thc cylinclrical phantom are  
neg1igil)le 11 ith respect to the thermal capture 
ofiiicitlerit fast iieutrons. It is believed that the 
approxiinatioiis in\:olved will not lead to 
scrioiis error in tlie result. 

'I'he method of determining the fast 
iientron dose is most useful in cases where the 
nuniliet. of thermal neutrons is not large com- 
pared with the number of fast neutrons. If the 
number of thermals is cvmparatively large, 
thc 1)ulk of the activation will be due to neutrons 
which do relatively little damage to the body 
and thc accuracy of the method will suffer. 
Ho~cvei , ,  if the spectral distribution of neutrons 
is well known, one may still derive an accurate 
dose value. In  most cases of interest to the 
health pliysicist the thermal flux component will 
be sinall enough that tlie Ka24 activation may 
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be related to the fast neutron dose with good 
accuracy. 

111. CALCULATION OF Dj./D, FOR LIQUID 
ASSEMBLIES 

Following the accident it seemed desirable to 
estimate the leakage spectra of the neutrons and 
the y-rays. The overall accuracy of the methods 
employed in the case of the fast neutron 
leakage is not easy to assess in view of the rather 
complicated geometry or the assembly and 
surrounding materials but the calculated spec- 
trum seems to agree reasonably well with the 
measured spectrum. A niore accurate calcula- 
tion is planned, in which stochastic methods will 
be employed. 

The neutron and gamma ray leakage spectra 
were calculated under the assumption that the 
assembly could be considered spherical and the 
distribution of nascent fission neutrons in the 
assembly could be adequately represented by 
the fundamental spatial mode for a spherical 
reactor, i.e. proportional to 1," sin T;T/Y,,, where 
r is the distance from the centc:r of the assembly 
and ro  is the radius of the equivalent sphere a t  
the prompt critical stage (24.25 cni). T'he 
number of neutrons and y-rays escaping the 
assembly was calculated b y  using infinite 
medium penetration data fbi, point isotropic 
sources and by integrating these data over the 
volume sourcc disti-ibution assumed. This 
approximate procedure of employing infinite 
mediuni attenuation data is dictated b y  the 
lack of information relative to the  bounded 
medium. The error involved in this procedurc 
is l~clievetl to be small. 

l h e  details of calculation of the neutron 
escape spectrum will now be dcscrilicd. The 
escape of high energy neutrons (i? > 0.5 MeV) 
from , the assembly was carricd o ~ i t  using 
infinite medium penetration data for fission 
neutrons in water.(lO) One fits y(B,r), the flux 
of neutrons of energy E a t  a distance r in water 
from a unit point source of fission neutrons, by 
an expression of the form, 

7 7  

where the c,onstants il,(E) and p , ( E )  are 
determined from an empirical f i t  to the data. 

FIG. 2 .  Geometry used in calculating sphere 
transmission factors. 

In  all cases considered, only a few terms in the 
series Mere needed to obtain a good fit to the 
data. ?'hen, one needs to calculate the leakage 
fraction through the surface at  ro for a general 
attenuation kernel proportional to e-pT/4nr2 in 
order to determine the leakage fraction for the 
norrnalizcd distribution Y ( r )  inside the sphere. 
The leakage fraction 2 through the surface is 
given 11). 

c-i'P 

2) = 4nr,2 illJ _3 cos lpY(rr) (5) I 'lTp- 

where p is a vector to the volumc element du 
fi-on1 the point P on the surface and cos y is 
the angle lxtwccn p and the inward normal to 
the surf%c.e a t  P (see Vi:. 2).  The  integration is 
carried orit over thc iiiterior of the sphere. 
Intcgratiiig over the volnine by first varying p 
wrhilc holding 7 constmit and then finally 
integratiny over ?-. o ~ i e  finds 

IO" lo F t 
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FIG. 3. Sphere transmissioii factors for an  
exponential attenuation kernel. Ciirve 11 is for 
a source distributed as l / 4 m o 2 r  (sin r r / r0 ) .  
Curve B is for a uniform S O I I I C ~  distribution. 

T h e  leakage fraction Pli ( pro)  for tlic rioriiialixcd 
critical mode 

I n r  
Y ( 7 )  = - siii - 

4nro2r T” 

was evaluated by numerical iiitrgration arid is 
given as curve il of Fig. 3. 

Then the leakage spectrum 1\7(E) for neutrons 
of energy E is given by 

The  attenuation data were fitttd at  several 
energies and the values of A ,  and ,ut were 
substituted in this equation. The result is 
shown in Fig. 4. Note that tlie normalization 
in this figuie rekrs to one fision in the core 
rather than to one neutron so that the data 
obtained from this formula have lieen multiplied 
by 2.47 neutrons/fission to obtain N ( E ) .  Since 
the results of ARoi~soN et d.Ilo) are valid only for 
relatively high energies, it was necessary to 

E I M E V I  

FIG. 4. Neutron leakage spectrum. 

supplement them by independent calculations 
in the low criergy region. 

A multi~roup, multiregion reactor analysis 
IBM-704 codcI1l) applicable to water moderated 
systems was available and was used for this 
purpose,* Since this code is limited to a 
constaiit extrapolation distance (independent of 
energy group), two independent calculations 
were niade, onc with an extrapolation length 
found froin an overall group average, and the 
other tvith a value appropriate to the high 
energy regioii. The leakage in thc high energy 
region predicted by the secoiid calculation 
was not incoilsisterit with the results obtained 
froin the infinite medium attenuation kernels. 
However, since thc leakage spectrum was given 
rather incoinplctely in this range of energies by 
this particular Inultigroup code and since the 
difrusion ~i1’l~i~o”iiiiations are rather suspect a t  
thcsc c.nel-gics, the attenuation kernel results 
were employed. The results of the first multi- 
group calculation of the leakage at  low energies 
were uscd. The resulting estimate of the com- 
posite spectrum is shown in Fig. 4. The ordinate 
in this figure is EN(E) ,  where N(E)dE is the 
total number of neutrons in dE at E leaking 
~- ~ . _ _ _ _ _ _ . _  

* The writers are indebtrd to Mr. V. E. ANDERSON of 
the Numerical Analysis Group of the Oak Ridge Gaseous 
Diffusion Plant for carrying out this portion of the 
calculation. 

1005338 
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Energy range 

__ 

Normalization 
I 

~ _ _  __ - 

i (Seutrons/cm~),,,, 

(Neutions/cm2),,p. I (Neutrons/cm2)tkieor. 

Thermal 
Total fast 

0.5 keV to 0.75 MeV 
0.75 MeV to 1.5 MeV 
1.5 MeV to 2.5 MeV 

>2.5 MeV 

0.90 x 10’1 
2.0 x 10” 

0.25 x 1011 
0.70 x 1011 
0.58 x loll 
0.50 x IO1’ 

0.45 
1 .oo 
0.125 
0.35 
0.29 
0.25 

0.08 
1 .oo 
0.30 
0.204 
0.246 
0.250 

from the assembly per fission occurring in the 

interior. The total dose, 9, (E)Ar(E)  E, in 

this spectrum is found to be 1.08 x l op9  rad- 
cm2/fission, and the ratio .Qn/d is 1.95 x lo5 
rad-cm3/pc [equation ( 3 ) ] .  

As stated above, it is assumed throughout this 
paper that the spectrum of escaping neutrons 
does not depend appreciably upon distance 
from the assembly, so that in  equation (3) for 
D , / d  one may substitute N ( E )  for c$(E). 
Although this can be only approximately true, 
since there is clearly an apprcciablc amount of 
sca.ttering and degradatioii of the spectrum in 
the materials of the room, onc expects that this 
will not lead to serioiis error in the dose 
estimates. Note that the thermal component of 
the calculated neutron spectrum is smaller 
than one finds esperinicntally (Table 1).  The 
higher experimental value is ~)rc)bably explain- 
able in terms of room scattering arid is not 
inconsistent with the results of HURST, MILLS 
and REINIIARDT* on the leakqc  spectrum of 
neutrons from the Godiva reactor. 

Three sources of y-radiatioii were considered 
in the analysis: (a) prompt y-radiation emitted 
directly from the fission process, ( h )  capture 
y-radiation resulting from ( 7 2 , ~ )  reactions taking 
place within the assembly, and (c) delayed 
y-radiation from the fission products contained 
within the assembly. The spectral distribution 
of the prompt y-rays, r ( E ) ,  was obtained 

JOW 

* G. S. H u w r ,  \V. A. MILIS a n d  1’. W. RCINIIARDT, 
unpublished data on neutron lcakagc spcctrum from the 
Godiva reactor at LASI,. 

IJ30 I 2 3 4 5 6 7 
ENERGY ( M E V )  

FIG. 5. Prompt and delayed y-spectra. 

dircctly from the recent work of h4AIENSCHEIN 

et U L . ( ~ ~ )  and is shown in Fig. 5. The spatial 
distribution of this source is determined by the 
spatial distribution of the fission events and is 
assumed to be proportional to 1/r sin ( m / r o ) .  
The capture y-sourccs were obtained from the 
following equation : 
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1.08 
I .oo 
1.30 
).204 
).246 
).250 

t 

xctra.  

ZAIENSCHEIN 
‘l’hc spatial 
ined by the 
Tents and is 
r sin ( m / r o ) .  
:d from the 

where composition of the assembly due to a unit point 
isotropic soui~cc h;i\,ing the indicated distribution 
of crlerg)., r,31111s, 

[D(r)],jl,,7,,,,t = K 

r, = photons of energy E ,  rcleasd li-om the 
jtli elcinent per fission ; 

XI’(E),uat (E)l lcc(E,  p”) r 91 == neutrons born per fission (2.47) ; 

-6 = ncutron escape fraction (0.27 1 ) ; 

oTc niicroscopic radiative capture cross- hi? 

. 0 

dE (9) 
eXJ1 (-,LL(E)T) 

x 
section ; where 

oa -= microscopic absorption cross-scction ; 

E, = energy release per neutron capture in 

l’(E] = number of y-rays of energy E 
Ea = inacroscopic aljsorptiori cross-section; eniittcd per unit interval from 

one fission (photon/fission MeV) ; 
E, = total macroscopic absorption cross- p,,‘ ( E )  := energy absorption coefficient for 

tissue dose (cin2/g) ; 

I I ( r )  =- 1;-dose a t  r c m  from a unit source 
(rad/fission) ; 

K = 1 . G  x 1 0 P  rad/MeV-gnl-l; 
forin of y-rays of energy E?: 

section of the assemlily. 

Uranium and 11ydrogcn were tile only clejnents l j ( j ( f i ; ,  Air) ~ 

dose ~ ~ ~ 1 i l d u p  factor;“”) 
in the assembly which contributed appreciably ,u(l.:) =I attenuation coeficicnt of \\rater 

for photons of energy E (ern-]). to the capture y-dosc. For these cleiiicnts the 
values for E,  and E,  wcrc obtained from perforlned numerically 
GLAss,roNE(lB). In  the case of iiraniuru these v;llues of lid o\,tained from the ,rork of 

cn]lturc was values are not \vel1 known but tile to t a l  neutron G , , ~ ~ ~ , ~ , , ; ~ ~  ~ j r I L I , I x s ( i 4 ) ~  [D ( r ) ]  
binding cncrgy of 6.8 MeV is accouiitccl for e,,aluatc~d in way except that a sum 
correctly b y  the proposed ;I-spectrum. The  over ti,e j groups was carried 
calculated values for the capture ;/-sources are out, 'rile coIllpllted cL,rvcs for [n (T)lpromI,t alld 
shown in Table 2 .  &4s in thc casc of tlie prompt [ID ( r )  ],,,lI>,,,,.(: wcre thcn fitted by empiric:al 
radiation, the capture 1;-rays arc released forlnulk,s form in the ,ieutl-on 
essentially simultaneo(is1y with fission so that calcL,la, i o n ,  
the spatial distri1,ution again fo1lov.s that of tile 
fission events. ~ : ; ( r )  7~ 7 7 A i  cxp (-,uir) (10) 

I t  was not necessary to determine the coin- 

The  jIlteglation 

1 
-im- 

Plete leakage sPCctrll’l1 of P’-ol”Pf ?’-rays f1.0’” aiid t j lv  dose, I j ; , ,  escaping per fission was found 
fission and y-rays from capture. O n e  is interested from ccjuatioii 
primarily in the y-dose escaping tlie system. 

and capture y-rays was carried out by first 
computing the variation of dose lD(r) with The treatment of the delayed radiation 
distance in an infinite medium having the presents somelvhat more of a problem as both 

T h e  calculation of the leakage dose for prompt D ,  = 1 L4i9A, l (p i  ro ) .  (11) 
i 
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the source strength and the energy distribution 
are strongly time dependent during the first 
few seconds following fission. The  spectral 
distribution shown in Fig. 3, was obtained b y  
normalizing the spectrum measured by MAIEN- 
SCHEIN et d . ( 1 2 )  a t  6.2 see to the integral over 
the first 15 sec of the measured decay spectrum. 
I t  was necessary to extrapolate to obtain values 
during the first second. The delayed y-emitters 
were assumed to be homogeneously distributed 
throughout the assembly because of turbule~ice 
following the initial release of energy, hcnce it 
was necessary to obtain transrnissiori factors for 
uniformly distributed sources of y-rays. 'I'he 
leakage fiaction, A?B( /uo) for a normalized 

uniform distribution 9 ( r )  = __ may be 

written explicitly as 

3 
4.m: 

~ B ( P r 0 )  = g x r 2 t P r O F  1 + (1 + 2 p , )  exp (-2pr0)1 (12) 
which may be shown by carrying out the 
integration indicated in equation (6). This 
result is shown as curve 11 of Fig. 3. 

The m'ovements of thc exposed persons 
subsequent to the initial cxcursion influenced 
the amount of y-radiation which thcy received. 
In  the dose analysis it was assumed that cadi 
person exposed was exposed to a single nuclcar 
excursion but that his iiidividual actions in  the 
few seconds following the excursion rcsiilted in 
different y-neutron dose ratios. 'This results 
in a delayed y-dose slightly larger than that 
obtained by assuming a constant power 
assembly delivering the same total fission energy, 
The following three cases treated were lnsed 
upon the actions of each of the individuals as 
determined from personal interviews.(15) 

Case I (enz@ye A). This employee was 
exposed to the full complement of prompt and 
capture y-radiation but, sincc it is believed that 
he left the area first, it was assumed that only 
the first 5 sec of the delayed y-spectrum con- 
tributed to his dose. 

Case 11 (emjloyee E). This  employee was also 
exposed to the prompt and capture y-radiation 
source, but the y-neutron ratio was adjusted to 
take into account an assumed 15 sec exposure 
to the delayed y-spectrum and, further, that 
his exit from the area took him to within 10 ft of 

the assembly. This case gives the largest 
y-neutron dose ratio used in analysis and 
reflects the fact that this cmployee was apparently 
the last to leave the area. The assumed exit 
path resulted in a total y-dose which was 8 per 
cent more than the dose of the constant distance 
15 sec exposure case. This represents what is 
believed to be the maximum increase that 
could have occurred for any of the personnel. 

Case I11 (emplq~es  other ihan A and E). These 
employees were assumed to have received the 
full contribution of prompt and capture y-radia- 
tion, but, like case I ,  the delayed y-rays were 
received at  a constant distance and, like case 11, 
the first 15 sec of the delay spectrum was 
effective. 

'I'he escaping closc from delayed y-rays which 
was received in the three cases considered was 
determined by the same method used for 
the prompt and capture y-dose calculation. 
The dosc [lD(r)]:$x ,I was found from equation 
(9) in wliich the poi on  of the delayed spectrum 
[I'(E)]${,inyci, seen by the J t h  case was employed. 
[D(r)]~;~{~,y,.d was then fitted by an empirical 
expression having the form of equation (10) 
and thr cscaping dose [Dy]&,ecl secn b y  case 
J \vas c~alculatecl froin the  equation: 

1 11:,]!(2a,,,,, 7- [; A,21 . (r ( i , ro)] (J) .  

Til(: resiilts for tlic tlosc multiplied b y  4xr2 are 
S ~ O W I I  i i i  Table 3. 

IV. DOSE MEASUREMENTS WITH A 
MOCK-UP OF 'THE CRITICAL ASSEMBLY 
To cstablish experimentally the relationship 

betwecn the total (ncutron -t. y )  first collision dose 
and tlic blood I V ~  activation, a mock-up of the 
critical assembly \\-as constructed and operated* as 
a low power reactor in two experiments. Fig. G 
shotvs the actual I-cactor tank surrountlcd ivith a 
large tank which rested on a concrete floor. Table 4 
gives details of the mock-up assembly as cornparcd 
to the actual critical asscmbly. The first experiment 
was designed to measure the ratio of ydose D,, to 
neutron dose U,, i.e. U,/L),. The asscmbly was 
operated at a power of about 6 W for 11  min. The 
y-dose rate a t  6 ft from the center of the assembly, 
point A in Fig. 6, was measured with an ionization 

* This phase of thc work was carried out at the ORNL 
criticality facility. 
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Diameter (in.) 
Height (in.) 

Total U235 (kSj 
u 2 3 5  conc. (g/l.) 

22 
9.2 

37.4 
2.1 

20 
15 
25.9 
2.00 

chamber having carbon walls and CO,  gas.* l h i s  
ionization chamber was calibrated with CoGO 
y-radiation to read the first collision tissue dose in 
rads. hfeasurernents of the neutron dose rate were 
carried out at the above mentioned position with the 
Radsan fast neutron dosimeter,'"'' wllich uses the 
absolute proportional counter.[17' These two sets of 
measurements gave a valuc of3.3 for the ratio D:,/Dn. 

The ratio D,/D, : 3.3 applics for the reactor 
which has been runniris a t  constant power [or 
approximately 3 min, thc tinic after start-up at  which 
the measurement was niatlc. 111 order to compare 
this result with those given in Section I l l ,  this ratio 
must be corrected to correspond to the case xvhere 
(a) the critical assembly in assumed to givc an 
instantaneous pulse of radiation, and (b) only the 
first 15 sec of the tlccay y-radiation is assunictl to be 
effective. When the experimental results of M w m -  
SCHEIN et ~ 1 . ' ~ ~ )  for the spectrum of the decay ?'-rays 
are used, the expcrimeritally dcterminctl ratio, I j : , / I ) ? & ,  
becomes 2.8 compared to the calculated ratio of 
3.09 given in Table 3. 

In the second experiment with the mock-up 
critical assembly, a burro \vas exposed in such a way 

* This type of ionization cliainber has been used 
extensively by thc Neutron l'hysics Division, ORNL, in  
their shielding program. For a drscription, see L. 13. 
RALLWEG and J. L. MEEnI, StaJldard Gamma-Ray Ionizalion 
Chambers f o r  Shielding A4easurements. ORNL-1028. 

that a point on his plane of symmetry coincided with 
the point A where the neutron dose was mcasured 
in the first cspcrimrnt. Il'he burro was chosen as 
the experimental animal because (a) lie is a large 

FIG. 6. Schematic of mock-up experiment. 
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Table 5. Blood sodium f o r  zndicidrccrls exposed and f o r  
experimental bii),o 

__ _. 

1 Blood sodium 
Exposed individuals (mg/ml serum) 

3.2 
3.2 1 A 

B 
C 3.2 

I 3.1 u 
E 3.2 

~xper imcnta l  burro ~ 3.1 

animal comparable in size to man, and (b) the 
amount of sodium pcr gram of blood serum is 
approximately the same for burro and inan. Table 
5 shows the concentration of sodium in blood serum 
for the burro and for some of the exposed individuals.* 

The second experiment was operated a t  a power 
of about 300 W for 42 min which gave the burro a 
fast neutron first collision dose of 48 rads.? Blood 
samples were draivn from the burro and counted for 
h-:i24 as described in the next section. From these 
data the value of d/Ll,L for this particular ncutron 
spectrum was detcrmincd to be G.0 ?: 

Na24 per ml of blood ;lilt1 pcr rad (Jf neutron tlosc, 
cornpared to 5.14 x itc obtaincci by using the 
mcthods given in Sections 11 ;id 111. Note that the 
rcsults calculated in Section I1 apply to the case 
where a model of a mati is the irradiated ob.jc:ct. 
The  close agreement of these two values is further 
indication that the burro is a good phantom for a 
man. 

Also, in the second experiment a series of threshold 
dctectors'18,lg) was uscd to obtaiii information on the 
fast neutron spectrum. 'I'he neutron detectors [Au 
(Au 4- Cd), S32 and Np  237 and UZz8 in 
2.2 g/cm2 B'O] were cxpo~ctl  at approximately 2 9  in. 
froin the center of the liquid assembly, point I1 i i i  

Fig. 6. 'lhe total flus of' ncutrons rcccivcd during 
the 42 rnin period Cor various energy ranges is shown 

* Thrse mcasurerrieuts wrre iiiatlc Ily Dr. C .  11. 
STEKTEII, Oak Ridge Hospital, using the flame photornctcr 
tcclinique. Although it  was not possible to obtain wlrolc 
blood sodium values at the time tlie experimental work 
was tloric., a subsequent evaluation of whole blood sodium 
for unirradiatcd burros siiowctl rcsults not inconsistent 
with values to be expected in normal man. 

t 'l'hc amount of exposure was determined with a 
LTz3j fission chamber wliich had Ixen calibratcd in terms 
of fast neutron dose in the first rxpcrinimt. 

in Table 1. The table also shows a comparison with 
the calculations given in Section 111. Using the 
flux values measured at point B the first collision 
neutron dose can be caIculated(l8' a t  the burro 
exposure position (point A ) .  A sulfur disc was 
fixed 011 the side of the burro facing the assembly. 
The measured value of the flux was corrected for 
distancc and for flux build-up: due to the burro to 
obtain the flux which would have existed a t  point A 
had the burro not been there. The first collision 
neutron dose at  point A was then determined from 
thc ratio of the neutron flux at point A to that a t  
point U and thc iieutron dose calculated for point B. 
'l'lius tlie threshold detector data when suitably 
corrected to refer to point A gives a first collision 
neutron dose at  point A equal to 42 rads compared 
to 48 rads using the proportional counter method. 

The value of the thermal neutron flux in Table 1 
s1iow-s that tlic dose due to thermal neutrons is 
ncgligitile compared to the fast neutron dose. How- 
ever, tlie magnitude of the thermal neutron flux is of 
interest because of anothcr factor. In Fig. 1 iL is 
seen that the probability that a thermal neutron enter- 
ing thc human body will produce NaZ4 is about 0.5 as 
large the probability that a fast neutron will 
bccomc thermalized and produce a Na capture in 
tlic body. 'Thus i t  would be cxpected that for the 
spcctriim shown in 'Table 1 only about 15 per cent 
Of tlic XaZ4 activity would be produced by thermal 
neutrc~ns. 'Illis fact is of coiisidcrable practical 
importance sincc it implies that it is not necessary to 
considr,r the \patial distribution of thermal neutrons 
in &.tail. 

V. ASSIGNMENT O F  DOSE VALUES TO THE 
EXPOSED INDIVIDUALS 

Tlic blood samples collected from the individuals 
were ( ounted with a 2 x 4 in. NaI crystal (Fig. 7). 
Polyethylene bottles (4 fluid oz capacity) containing 
tlie whole blood wcrc placed on the top of the 
c~-ystal. The horizontal lines indicatc liquid levels for 
50 aiitl 100 ml. (:ouiitiilg was done with a dis- 
ci-iniiiixtor sct to accept ;.,-rays above 0.66 MeV and 
2.0 Ale\? .  'The equipment was calibrated with 50 
and 100 1111 solutions of Saz4 in water. The counting 
geonic'try for Na2.' as \vel1 as the counlcr background 
(usinl: a 4 in. lead sliicld) is shown in Table 6 for 
the two bias values and for 50 and 100 ml samplcs. 

A fkw hours after exposure, 100 ml blood samples 
were taken from some of the individuals, and this 
was counted as whole blood without the use of an  
anticoagulant. A second set of blood samples was 

Tlw depth tlosc curves taken from W. S. SNYDER, 
Brit. .I. Radiol. 28, 342 (1955), and NBS Handbook 63, 
I iovci~i l~er  1957, were used as a basis of correction. 
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I 

Exposed 

I -- __ -  ____-  

5.8 x 10-4 
A B 

D j 5.2 x 10-4 

G I 1.1 x lo-' 

1 4.3 x 10-4 
C 5.4 x 10-4 

1: I 3.7 x 10 
F 1.1 x 10-4 

Experimental 
neutron dosc 

(rad) 

- -_ 
96 
51 
89 

62 
1 t i  
18 

aG 

Total 

dosc I '  (rad) 

'Theoretical Experimental* Theorctical~ " d o s e  experimental 

( I  ad) 
neutron close ;i-doce 

(ratl) 1 (rad) 

113 269 

104 250 
100 24 1 
72 154 
21 50.5 

I 

1 
I 

2 1  50.5 j 
I 

7 0 I 

1 
I 

319 
256 
32 1 
308 
223 
64.9 
(54.9 
21.6 

365 

339 
327 I 236 

68.5 
68.5 
22.8 

taken about 20 hr later, but this time only 50 ml 
was used and heparin was added to prevent clotting. 
This set of data was more nearly uniform than the 
first and it is the basis of the final dose values reported. 
The blood samples were counted for several days to 
establish that NaZ4 was the primary isotope being 
counted. Very early counting showcd some evidciicc 
of K42 in the case when tlic counting bias was 

'Table 7 shows the final results for the NaZ4 activity 
(extrapolated to the time of exposures) for the exposed 
personnel as well as that for the experimental burro. 
Blood samples (100 ml) from the burro, receiving a 
ncutron dose of 48 rads, were counted: in the same 
way as described above for the exposed individuals. 

Table 7 shows the first collision neutron dose, 
y-dose, and total dose obtained from the experimental 
data by direct comparison of NaZJ activities in the 

O.FF MeV. 

For the first few hours C138 rorripeicd with Na?', 
especially at the 0.66 MeV bias. 

human hlood \vith that of the burro blood, using the 
known last ncutrori dose given to the burro and the 
expcrimciitally measured ratio, U,/D,. Also shown 
in Table 7 arc the dosc valiics obtained by calculations, 
Sections 11 arid 111,s 

The counting mcthods described above are very 
scnsitivc. For cxampl<*, it is sccn by using data from 
Tablcs (i a r id  7 that 1 rail of neutrons give a count 
rate tluc t o  XaZ4 ccl~ial  to 40 counts/min (at  zero time) 
for 50 i r i l  burro hlootl when thc counting bias is 
2.0 Me\'. Tl'hus, sincc the couriter background rate 
is 113 ronnts/nliii. a dose of 1 ratl can be detected. 
TVitll minor improvements in counting techniques, 
it slionld bc possible to determine doses as low as 
100 mr:i(Is wi th  thc NaZ4 method. 

4 Thc rdculated values givcn in the table diffrr from 
thc cor.~-~~s.ponding values in report Y-1234, Accidental 
Ex.cursio,l of the Y-12 Plant, (4, A u p s t  1958). The inad- 
vrrlr-nt u,r 0 1  a high value of the concentration of NaZ3 in 
w l i o l t :  l ) l <  md Save calculated values which were too low. 

I 0 0 5 3 4 4  
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OZ. POLYETHYLENE BOTTLE 

L6364 DUMONT 
P HOTOMU LT I P L I E R 

FIG. 7. Grometry of tlic blood countcr. 

VI. DISCUSSION OF ERRORS 

As mentioned in Section I, comparison of 
calculations with experiment leads to indepen- 
dent tests of some of the assumptioils made in the 
experimental program. The  various soiirces of 
error in the experimental approach and the 
extent to which comparison of theory and 
experimerit helps to decrease the uncertainty 
involved in individual assumptions will now be 
summarized. The assumptions made in the 
experimental program are: 

(1) The actual radiation spectrum is tlupli- 
cated with the mock-up rcactor. 

( 2 )  NaZ4 activity in blood of the exposed 
person is approximately proportional to 
the first collision neutron dose, i.e. the 
Na24 activity resulting fi-om capture of 
thermal neutrons coming from tiic rcactor 
constitutes a correction factor. 

(3) The relationship of Na2.* activity in the 
blood of a burro, exposed to the radiation 
from the mock-up reactor, to the first 
collision dose is valid for a man exposed 
to the actual radiations. 

(4) The y-dose for each of the exposed 

persons may be established by deter- 
mining the ratio DJD, for the mock-up 
facility. 

Assumption (1) was checked by measuring 
the neutron leakage spectrum from the mock- 
up with threshold detectors. The neutron 
leakage spectrum from the actual assembly was 
calculated. 'l'nble 1 shows comparison of these 
two spectra. 'The y-spectrum for the actual 
assembly was calculated Tvith what is thought 
to be reasonable accuracy. Errors in dose due 
to the difference in spectra were thought to be 
negligible. 

Assumption (2) may lead to error for some of 
the cases. It was shown by calculation (see 
Fig. 1 )  that tlicrrnal neutrons are less eKective 
than fast neutrons in producing Na24 in the 
blood. 1.Zeasurcments of the thermal neutron 
flux for the csposed burro combined with this 
result show th;it only about 20 per cent of the 
Nazi is due to tiicrmal neutrons coming directly 
from thc rcact~ir. However, for those persons 
a t  large distniiccs from tlie reactor, the Na24 
riietliod may lt,ad to overestimates of the dose. 
This point cksc.rves further exploration. 

Assumption (3) was checkcd by comparison 
wit11 calculatioii. The relationship of neutron 
dose to Na"* activity 'was calculated for a man 
exposed to tlic. neutron spectrum, found from 
calculations oii the actual assembly, and com- 
pared to tlie value for a burro exposed to the 
mock-up. T h ~ ~  \ d u e  of rad per pc  per in1 of 
blood was 20 prr cent higher for the calculated 
casc. 

Assumption (4) has already been considered 
in detail in Section 111. Very little error results 
from this assuniption. 

IJcktiozoledg,,~erit j~~2 number of people gcncrously con- 
tributed thcir time immediately following the radi- 
ation accidrnt; these include J. S. CHEKA, P. N. 
HENSLEY, 1%'. LV. OCG and 17. 1%'. SANDERS. 17. C. 
A~AIENSCIIEIN, J .  1). KINGSTON, JR. and w. ZOBEL 
made the y-dosc measurements, and E. B. WAGNER 
and J. A. AUXII.R made the neutron dose measure- 
ments a t  thr rriticality facility. We are also indebted 
to J. C. GUNI)I.ACH and I;. J. MUCKENTHALER for 
the fission chamlirr measurements a t  the criticality 
facility. Early lvork on Na24 blood counting was 
carried out by l?, ,I. IIAVIS and P. W. REINHARDT. The 
amount of IVa in  blood samples taken from the 
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exposed persons was determined by Dr. C. H. 
STEFFEE, Oak Rldge Hospital. We would also like to 
thank the entire ORNL criticality group for theirwork 
in designing and operating the mock-up reactor 
experiments and the University of Tennessee AEC 
Agricultural Rcsearch Program for the work associated 
with the use of the burro. \Ye are also pleased to 
acknowledgecontinued guidance and suggestions from 
K. Z .  MORGAN, H. P. YOCKEY and kl. J. COOK. 1’0 
the many others who were called upon to render 
services in theii fields of speriality, w e  al,o extend 
our t l innkr 
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