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L INTRODUCTION

Ax analysis of the physical events leadmg to an -
accidental “radiation - excursion -at “the "Oak-
Ridge Y-12 Plant has been presented in the
first of this series of articles.® A’ companion
article® is devoted to” health physics problems "
arising from this accident. The present article
describes the methods which were used to arrive
at the doses received by the 1nd1v1duals “Al-
thouzh our main ob_,ectlve is to describe the:dose
apal\fsls of this particular excursion, efforts wxlli
be made to present methods and: 1nformatlon
which may be of use in similar problems _

Very early estimates of the doses received by
the individuals, based on their known posmons
at the initiation of the excursion and an estimate-
of the total number of fissions in the assembly,
were unreasonably high. For-example, the
fast neutron component of the total dose received
by employee A was estimated. to have “been
1500 rads. Hence one must assume that' the
location of personnel - during a substantial
fraction of their exposure time is unknown.
This fact, together with the fact that the
exposed employees were not wearing any type
of personnel monitoring  equipment, dictates
that the evaluation of dose be based on the
activation of body elements.” Experiénce at
Los Alamos® in the Pajarito accident indicates
that of the body fluid methods, Na% in blood-
may be the most reproducxble criterion - of
neutron exposure and, in particular, indicates
that the formation of P32 in urine is poorly
understood.

In spite of the fact that the exposed individuals

* Opcrated by Union Carbide Corporation for the
- U.S. Atomic Energy Commission. .

‘arrived’ at by the following procedure:
Blood and urine samples were collected from

~‘the blood and neutron dose.
- y-dose, D, toneutron dose, D, for this particular

were wearing no dose-measuring devices,¥ it is
believed that the final dose values are reasonably
accurate (+20 per cent). The doses were

()

the ‘exposed employees; these samples were
counted for radioactive substances+ (Na* in

~the blood and P32 and Na! in the urine) as
“described in Section V.
~exposed to a mock-up of the liquid assembly to

(2) A burro was

determine the relationship of Na?! activity in ~
The ratio of

type. of crmcal assembly was also determined

~with the mock-up experiment (see Section IV).

(3) A parallel program calculated these same
two quantities. The calculations, described in
Sections*:II and III, proved to be extremely
helpful since they provided a basis for checking
the experimental procedure at various stages.
IL. SODIUM ACTIVATION OF HUMAN
Y BLOOD
- The (n) process in Na* gives rise to Na%
which has‘a half-life of 14.8 hr and emits a

 1.38 MeV y-ray in cascade with a 2.76 MeV

t The personnel security badge did contain strips of
inditm which -proved invaluable in scparating the
exposed from the non-exposed persons.

1 Because of complex physiological factors involved in
the interpretation of P32 activity in urine, this work will
deal almost entirely with the interpretation of Na®
activity in’ blood. ‘Both P¥ and Na* in urine were
analyzed by L. B. FaraBee, ORNL. In the case of Na*
in urine, it appears possible to correlate activity with
neutron dose, particularly if the first void after exposure
is not used and if samples are collected before new sodium
is given to the exposed individual. In the case of P%, thc
difficultics reported in Ref. 3 were encountered.
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- elements in the blood shoil
‘of the " average “thermal ﬁu\: throuahout ‘the

1’22

y-ray: per \a-* deca\
L CTOSS- sectmn for-this
““behaviorlfron

Gou)s ru'\“‘
,\Mth a ma\mmm cxoss sec tmn at rcsonance 0f~

of captures occurrmg in
,neohgxble compared with !
thermal energies for slowing-down
: typlcal of h} drogenous medra GOLDSTEIN notes

~ expenmemal worL will be - necessary to resolve
the uncertainty.

not serious and this apprommatlon wﬂl be made
throughout this paper 8 :

‘The human body is several mean free paths
thick for fast neutrons.” k

iprobabrhty that a fast ‘neutron will be captured

~as a thermal. neutron A0t Very sensitive 1o its
initial energy. Thus the ‘body is roughly equn-'
valent to the “long counter”‘"’) used so much: in
neutron Hux meaaurements The activation of:

body and hence of the total ﬂu‘c mcxdent at all
_energies.

ThlS assumptlon is basu: to. the procedure

descrrbed below for: calculatui -the dose. to-

ose occur: ng atf
spectra.

However, it is expected ‘that
the neglect of epithermal activation of Na® is

Consequently, ‘the

¢ a valid measure

£ \T THl O\k RIDGE Y-12 PL \‘\T

i ’\(1~4 .um dll()n (e lcm") of blood in the human
yo-body il be -calculated -under: the: dssumptlon

that ‘the -hody is’ équivalent to acylindrical

' phamom of 15 -¢m radrus composed of soft"
: F o LIssue:
He ﬁndq a \Cl\ narrow resonzmce L

»Calcillations have heen made by SNYBER and:
‘NI:(,IFELD“” of the depth distribution of theérmal

¢ neutrons i an infinite slab. of tissue-equivalent

material 30 cm' thick due to a monoenergetic
broad beam ‘irradiation by normally incident
fist neutrons. The thermal neutron flux
~distribution . is- proportional -to' the curves

=‘Jabelled: T, ‘in Figs. 1 through 11 of SnyDER

and \ELFELD“” From these curves one may
obtain the fraction of those neutrons entering
the phantom which are captured at. thermal
energy. - This fraction is plotted in Fig. 1 as a
~function-of the’ mcrdent neutron energy.  Also
,plottcd are values for the fraction &(E) captured
in a right cylinder of 15 cm radius, obtained
from the slab’ data- by making approximate
“corrections for thermal and fast leakade through
the surface of the ¢ylinder. The fast leakave was
calculated by blmply avemgmg over ‘the path
~length distribution  in~a ' cylinder irradiated
“normal to its axis, taking the attenuation kernels
for plane slab penetration from the data given
by SxypeEr and - NECFELD'®. . The  thermal
leakage ~“was -determined by ~applyi ing . one
velocity  diffusion “theory to “those neutrons
which have entered the thermal region while in
‘the cylinder. More accurate calculations of the

et Thermal neutron capture probablhty na phantom

‘those exposed in the nuclear excursion. The‘tjﬂcapture hacuon for-a C\lmdncal phantom are
) i | o
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. process is
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~ bt-”" carried out b\ '\\ S Smdel usuw stochas-:

U\ methods. :

(Ine’ may ohmm a
1m\lt\, enc{endered in ‘
b heam of: fast nevtrons. of vk ‘incid
pormalito the axis of the cylinder, b‘v noting that
the number of neutrons in the’ energy interval
4l at E striking the cylinder is .1 iqﬁ(E dF;
 where §(E)dE is the fast neutron Aux ( (nfem?=sec)
in the energy interval ZE at E, tis the irradiation

: estxmate of the "\m*“

“yime; and A, is the area of the cvlmder projected
oft & surface normal to the beam, Of the total

e rnumber stnkm g, a fraction &(E) will be ez ptured
in the: phdnmm and the fractlon of these ]
will undergo -capturein - the - Na®(n,y) N

< %15 the total a )sorptlon cmss~sect10n Hence

-

vhe phantom as a 1esult oi 1rrad1at10n mll be‘

> cnen by -

- ‘x‘

o the volume of the -cyhnder is " V.and the
disintegration constant of Na* is i( /xc/atom of -

'Na%), then the total Na activity per unit
volume, 7, induced in the phantom by the
flux gb E) W1ll be i v [

“k E) ¢(m dE

o = (A,,/V) (E.\-z_./za 24

fux.

"Hence (Dn/ o), b the total ﬁrst colhslon fast :

~ neutron dose received by the phantom per unit

~activation of Na* due to-a flux dlstrxbuted 1n

(K energv like ¢(E), is gwen by

| %D‘ocE):sb(E) &

95(E)$(E) dE

) The V/A apphes toa cylmder thh a 15 cm
&'},be small enough that the \a34 actlvatlon may

radius. The cross-sectlon Z; was calculatedf

“ man(® and is equal to 0.023,

I phantom -

\h/...,. where ZN 4+ 1s the makcroscopic:
vabsmp’uon cross-section of Na® in tissue, and

( H .that the geometrical differences between the -
~-human body and the cylindrical phantom are
~negligible w1th respect to the thermal capture
~ of incident fast neutrons,
. approximations

‘COHlSlOI’l soft tissue dose in. rads per umt‘mc ent“‘" serious error in the result.

= . (2>
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ﬁnm the elemental abundax cein the‘standnrd
Wem~

unit’ demm for: the body. _\, was (aleulated

906 1 of N: A% percny uf\mu{e blood and-an’

ff,al)smptmn cross-section of 0. nt) bharns.® One
finds, appmxxmdtelv

i Douacu dE
:Jg X108 L
" SEE) dE

o

Xy

(3)
It has been assumed thlnu"hout all of the
work reported here that the- spectrum of

(rad uc per cm3)

:neutrons and y-rays in the neighborhood of the
“reactor - is independent - of dx;tance from the
. critical “assembly.
“-reasonable assumption for the range of distances
i involved. ‘Then. one may write that the flux -
. $(E) at a distance R from the assembly is given
by $(E,R) = N(E )[A7R?, where N(E) is the
“number of neutrons with energy E per unit.
,enerwy interyal leaking from the assembly. '

This “is thought to be a

- Clearly, the replacement of the body by a

ijffcvlmdncal phantom for the purpose of calcula-

tion s, accompamed -bv some uncertainties.
One must assume (a) that the blood is uniformly

“distributed th1oughotlt _the body~and - hence

takes on a sensible average activation and (b)

“It is believed that the
involved will - not lead to

The Na?* method. of determmmg the “fast
neutron dose is. most_useful in cases wheré the
number of thermal neutrons is not large com-~-
pared with the number of fast neutrons. If the
number of thermals is’comparatively large,

“‘the bulk of the activation will'be due toneutrons
- which do relatively little damage ‘to the body
~and" the accuracy of the method will. suffer.

However, 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 physicist the thermal flux component will

I, assuming -

ing an a\emue(s’ aalue of 83 mequiv/l. or. - ;
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be related to the fast neutron dose with good
‘accuracy.

v HEL CALCULATION OF. Dy/D FOR LIQUID

““ASSEMBLIES
Following the accident it ‘seemed desirable- to

estimate the leakage spectra of the neutrons and

the y-rays. Thc 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 of the assembly and

surrounding materials but the calculated spec-

trum seems to agree reasonably well with the

measured spectrum. A more accurate calcula- -
tion is planned, in which stochastic methods will

be employed.

The neutron and gamma ray Ieakage spectra'
were calculated under the ‘assumption that the

assembly could ‘be considered spherical and the
dlstrlbutmn 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/r sin @r{rg, where -
r is the distance from the centér of the assembly

and rg is. the radius of the equivalent sphere at
the prompt critical stage (24.25 cm).
number of neutrons and y-rays escaping the
assembly ‘was calculated by using infinite
medium penetration - data for point - isotropic
sources and- by ‘integrating these data over the
volume ~source  distribution assumed. - This
approximate procedure of employmg infinite
medium -attenuation data is dictated by the
lack of information relative to the bounded
medium. The error involved in this procedure
is believed to be small.

The details of calculation of the neutron
escape spectrum. will now be described. The

escape of high energy neutrons (E > 0.5 MeV)
from* the assembly . was carried out wusing.

infinite - medium . penetration data for fission
neutrons in water.t® One fits p(E,), the flux
of neutrons of energy E at a distance r in water
~ from a unit point source of fission neutrons, by
an cxpressmn of the form,

WE) = Tz S AE) exp (—m,(E» @
where the  constants - 4,(E) Va,,ndl ,ug(E) are
‘determined from an empirical fit-to the data.

The

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

In all cases considered, only a few terms in the
series were needed to obtain a good fit to the
data. Then, one needs to calculate the leakage

fraction through the surface at r, for a general

attenuation kernel proportional to e™#"/4z7® in

order to determine the leakage fraction for the

normalized distribution #(r) inside the spherc

"The leakage fraction & through the surface is

glven by

e~ kP

L = 4ary? f dv —— n-p 5 cos (1) | (5)

‘where p is a vector to the volume element dv

from the point P on the surface and cos @ is
the angle between p and the inward normal to
the surface at P (see F1g 2).  The integration is
carried out over the interior of the sphere.
Integrating over the volume by first varying p
while holding r constant and then finally
integrating over 7, one finds

L) =53 rdry’(r){[ro +1]
X Eylp(ro — )] = [ro —1]
, 1
X Ez[lf('o + )] —r oy

Uy

X [exp (—patry 1) — exp (—pulrg 1))

where
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Fic: 3. Sphere - transmission factors fot an
. exponential attenuation kernel.. Curve.4 is for

a source distributed as l/4mrg?r (sin mrfrg).
Curve B is for ‘a uniform’ source distribution,

“The leakage fraction & 4( yro) for the normahzcd
< eritical mode

L, ar
Gty

P =

was evaluated by numerical mtegratmn and is
given as curve 4 of Fig. 3.

Then the leakage spectrum N(E) for neutrons’

of energy E is given by k
| N(E) 34, E)z’A[rop,(E)} M

The attenuation data were ﬁtted ‘at scveral:
energies and the values of 4; and p, were

substltuted in this equation. The result is
shown in Fig. 4. Note that the normalization
in this figure refers to one fission in the core
rather than to one neutron so that the data
obtained from this formula have been multiplied
by 2.47 neutrons/fission to obtain N(E). Since
the results of ARONSON et al. 10" are valid only for
relatively high energies, it was: necessary. to
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Fic. 4. Neutron leakage spectrum.

fsupplement them by independent calculatibns

in the low energy region.
A multigroup, multxrcglon reactor analysis

~ IBM-704 code™V) applicable to water moderated
~ systems was. available and was used for this

purpose.* - Since this. code is limited to 'a

~constant: extrapolatxon distance (independent of

energy group), two independent calculations
were made, one with an extrapolation length
found from an overall group average, and the

. other with a value appropnate to the. high
R energy region.. The leakage in the high energy

region - predicted by the second  calculation
was not inconsistent with the results obtained

from the infinite medium attenuation kernels.
_However, since the leakage spectrum was given
 rather incompletely in this range of energies by '
- this particular. multlgroup code and since the

diffusion approxxmatlons are rather suspect at
these energies, the ‘attenuation kernel results

~were employed. The results of the first multi-
-group. calculation of the leakage at low energies

were used. .. 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 m dE at E leakmg

* The writers ate indebtcd to Mr. V. E. ANDERSON of

. -the Numerical Analysis Group of the Oak Ridge Gaseous

Diffusion Plant_ for carrymg out this porhon of ‘the

'calculatmn
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Table I. Relatwe ﬂux denszly of nentrons fbr various energy regmns -

ACCIDENTAL RADIATION EXCURSIO'\«v AT THE OAK RIDGE Y 12 PL: \NT——III

; ’ ; ; k Z\'thahzat“ion’ -
:Energy range . {Neutrons/cm oy, l Sl -
B AR ' (Neutrons/éme)exp_ \Neutrons/cmz)theo:,

Thermal 0,90 < 1M ~0.45 - 0.08

Total fast 2.0 x 1o -1.00 1.00

0.5keV to 0.75 MeV 0.25: x 101t 0.125 ~0.30..

0.75 MeV to 1.5 MeV - - - 0.70 x 101 0,35 0.204
1.5 MeV to-2.5 MeV- . 70,58 x o101 0:29 0.246

>2.5 MeV : - 0.50° % 1 0u 0.25 0.250

from the assembly per ﬁssmn occurrmg in the

interior. .- The total dose,
Jo

 this spectrum is found to be 1.08 X 10-9 rad-k
cm?/fission, and the ratio 9,/& is 1.95 X 103
rad-cm3/uc [equatlon 3.

“As stated above, it is assumed throughout th1s o

paper that the spectrum of escaping neutrons

" does not depend appremably upon’ distance -

from the assembly, so that in equation (3) for

D,/ one may substitute N(E). for  §(E). .

Pdthough this can be only approximately true,
since there is clearly an appreciable amount of
scattering and degradation ‘of the spectrum in.

the materials of the room, one éxpects that this
will “not - lead to serious error . in the dose
estimates. Note that the. thermal componcnt of .
the calculated neutron spectrum is smaller

than one finds expemmentally (Table l) The

hlghcr experimental value is probably explam- B

able in terms of room. scattering and is not
inconsistent with the results -of ‘Hurst, MILLS
_-and REINHARDT* on the leakage spectrum of
neutrons from the Godiva reactor.

Three sources of y-radiation were considered
(a) prompt y-radiation emitted

in the analysis:
. directly from the fission process, (b) capture
* y-radiation resulting from (n,p) reactions taking -

place within the assembly, and (c) delayed
* y-radiation from the fission products contained -
The spectral distribution

within the assembly.
of ~thc " prompt "~ y-rays,. I'(E), was obtained

%G, HURsT, W. A. Mrtis and P. W REINHARDT, K

‘unpubhshed data‘on neutron leakage spectrum from the
Godiva reactor at LASE :

DoE)N(E) dE, in -
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Fic. 5. Prompt and delayed y-spectra.

“directly from the recent work of MAIENSCHEIN

ef al.™® 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/rsin (mr[ry).

“The capture y-sources were obtained from the
following equation: - ‘

oo B E
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Table 2. Ca[)tun y-ray spectra

: lement ’ ~"(MeV/capture).-. ; _"(McV/phnton) I (photons/fission)
Hydrogen .| 2.2 ! o 2.2 | 0:478
Uranium | 6.8 ! 3.0 r 0.427

i

10 0N

w hex ¢

T'; = photons of energy E released from the
jth element per ﬁssxon . ~

"y = neutrons bo_rn per fission (2.47};
f, = neutron escape fraction (0.271);

@, = MICroscopic- radxatlve capture  cross-
section; -

' 'g = nucros'copié absorption cross-section;

E, ='energy release per neutron capture in

form of y-rays of energy E, ;-

X, = Macroscopic absorptmn cross-section;
¥
dowd

; = total macrosc0p1c absorption- cross-

- section of the assembly.

Uramum and hydrogen were the only elements

in the assembly which contributed appreciably

to the capture -dose. - For these elements the
values for E, and E, were obtained from
GrasstoNe!13), . In the case of uranium. these

values are not well known but the total neutron

binding ‘energy of 6.8 MeV is accounted for

correctly by the proposed y-spectrum. The:

calculated values for the capture y-sources are
shown in Table 2. ‘As in the case of the prompt

radiation, the capture = y-rays are released -
essentially simultaneously with fission so. that:

the spatial distribution agam follows that of the
fission events.

It was not necessary to detem’une the com-~
plete leakage spectrum of | prompt y-rays from
fission and y-raysfrom capture.  One is interested-

primarily -in the-y-dose escaping the system.

The calculation of the leakage dose for prompt .
and capture y-rays was carried ‘out by first

computmg the variation of . dose T{(r) with

distance in an infinite ‘medium having the

composmon of the assembly due to a unit point
isotropic source having the indicated distribution

of energy. Thus,

DO o= K[ BT E 1 (E)BE,

exp (—u(E)r) ‘
X T dE 9)
where :

. {D(r) == y-dose at 7 cm from a unit source
(rad/fission);
K=16x10-* racl/MeV-grn~1
l"(E) = number of y-rays of energy E
“emitted per unit interval from
one fission (photon/fission MeV);
et (E) = energy absorption coefficient for
tissue dose (cm?/g);
d(E ‘ur) = dose buildup factor;1#
U{E) = attenuation coeﬁiment_ of water
for photons of energy E (cm™1),

The integration was performed numerically
using .values of B; obtained from the work of
GorpstemN and” WILKINs14), [D(r)]capture Was
evaluated in the same way except that a sum

“-over the j capture photon groups was: carried

out. The computed curves for [D (7)) prompt and

”[lD(r)]captm.e were then  fitted by empirical
~formulas of the form used in the neutron
calculation, - ,

' B
- D) =g diep (—pr) (10)

and the dose; D,, escaping per fission was found
~from the cquanon

1"'—‘ ZA“?A(/‘:’())

The treatment of the delayed’_ radiation
presents somewhat more of a problem as both

(11)
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the source strength and the energy dlstnbutton
are strongly time dependent during the first
few - seconds followmg fission. - The spectral
distribution shown in’ Flg '3, was obtained by

normallzmv the spectrum measurcd by MAIEN- "

SCHEIN et al 12 3t 6.2 sec to: the mteural over

the first 15 sec of the measuréd decay spectrum. .

It 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 turbulence

following the initial release of energy, hence it -
was necessary to.obtain traiismission factors for.

uniformly distributed sources of y-rays. The

leakage fraction, ZLp(ur,) for a normalized.

* uniform distribution #(r) = 4—”;:)33 may be
written explicitly as o '

33(/”9) =§ (g X [2(/”0)2—‘1

(1 + 2ry) exp (—2uny)] (12)

which may be shown by carrying ot the

mtegratlon indicated’ in equanon (6). This

_result is shown as curve B of Fig. 3. ,
The movements of the exposed “persons

subsequent to. the initial excursion mﬂucnccd'

“the amount of y-radlatlon which they received.
In the dose analysis it was assumed that each
person exposed ‘was exposed to a single nuclear

excursion but that his individual actions in the

few seconds following the excursion resulted in
different y-neutron dose ratios. This results
in- a delayed y-dose shghtly larger than that

obtained by assuming a constant -power

assembly delivering the same total fission energy.
The following three cases treated were based

upon the actions of each of the individuals as

determined from personal interviews.1%)

Case 1 (employee A). This employee was
exposed to the full comple'ment of prompt and
' capture y-radiation but, since it is believed that
he left the area first, it was assumed that only

the first 5 sec of the delaycd y-spectrum con- -,

tributed to his dose.
Case I1 (employee E).

source, but the y——neutron -ratio was adjuste

‘take into account an assumed 15 sec exposure
to the delayed y-spectrum ‘and, further, that
his exit from the area took h1m to wtthm 10 ft of :

15 sec ‘exposure: case.
‘believed to be the maximum increase that

This employee was also‘
exposed to the prompt and capture y-radla on: .

the assembly. -~This case givcs the largést
y-neutron dose ratio used in analysis ang

 reflects the fact that this employee was apparenﬂ)v
“the last to leave the area. The assumed exjt

path resulted ina total y-dose which was 8 per
cent more than the dose of the constant. distance
This represents what j

could have occurred for any of the personnel,

Case 111 (employees other than 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 II,

“the first 15 sec of the delay spectrum Was
“effective.

The cscapmg dose from delaved y—rays which
was received in the three cases considered was

- determined by -the same method used for

the prompt‘ and capture ‘p-dose  calculation,

_rThe dose [D(7)]{))1yea Was found from equation

(9) in whlch the. portlon of the delayed spectrum
[INE )] de Jayea Seen by the Jth case was employed.
[D(r)]4ayea was then fitted by an empirical

- expression havmg the form of equation (10)
- and the ‘escaping dose [D},]demyed seen. by case

J was calculated from the equation:

[D,1urea = [3' A2 p(p; 70)](J)

The results for the dose multlphed by 47772 are
shown in Table 3.

IV. DOSE MEASUREMENTS WITH A
MOCK-UP OF THE CRITICAL ASSEMBLY

To - establish cxpenmentally the relatlonshlp
between the total (neutron —+ p) first collision dose
and 'the blood Na activation, a mock-up of the
critical assembly was constructed and operated® as
a low power reactor in two experiments.. Fig. 6
shows - the “actual reactor tank surrounded. with a
large tank which rested on a concrete floorg
gives details of the ‘mock-up assembly as

* This phase of the work was carned out at the ORNL
crmcahty facility. )
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Table 3. Results .yry-a;,s; calolatin

e Delayed : Total V
- Case no,. - 7 (rad-cm'/ﬁsswn) (rad—cmz/ﬁsmon) D,[D,
[ 2061020 64101 | 40x1070 310 x 100 287
et 206 x7107% 64 ) 107 e 94 10710 3.64 % 1079 ~3.37
g 2,06 x:10-° l 6.4 x 10710 6.4 x 10-10 3.34 x 1079 - 3.09
. , B SR

- Table 4. Comparison of lheﬂvmack-up critical assembly with the actual critical assembly

Actual &ritical assembly

Mock-up critical assembly

[

Diameter (in.)

Height (in.)
U8 conc. (gfL)

Total U2 (kg). -

20 20
9.2 15

374 25.9
2. 2.00

- The ratio. Dy/D,,

3.3 applies for " th k

reagtor

that a p int on his plane of symmetry coincided with
thc point A where the neutron dose was measured
first- expenment The burro was chosen as
erimental animal because (a) he is a large

which: has been running~ constant ‘power for

insiantarieous pulsc of rad tio
first-15 sec of the decay y
~ effective. . 'When the expenmental

- are used the experimentally determined ratio, D 7, /D

‘compared to the: calculated ratio of -

3,09 gwen in Table 3.
~ /Ini-theé  second expenment w1th the mock-up'

~* This type of - ionization chamber ‘has been used :

extensively by the: Neiitron Physics Division, ORNL; in
their shielding program. For a’déscription; see L. H.

Bariweg and J. L. Meewm, Standard Gamnia=Ray Ion;zatzon o

“ Charmbers for Shzeldmg Mea.mmnents ORNL-1028

“critical assembly, a burro was equscd in such a way "

20" DIA. SST
i 'REACTOR TANK

SOLUTION
LEVEL~

l]ls\s ql?zlm' ‘

9-6" DIA.

i Fie, 6 Schematlc of mock-up experiment.
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Table 5. Bh)ad sodzum Jor zndwzdudls expo.red and ﬂrr
expmmental burro : o

"Blood sodium

Exposed individuals i (mg/ml serum) -

BOO R
[£+
NS

’Experimental burroy | RPN S

E <
samples were ‘drawn from the burro and counted for

spectrum was determined  to be 6.0 x 108 uc of

Na2? per ml of blood and per rad of neutron’ dose,
compared to 5.14 % 10~% uc¢ obtained by using the -

“methods given in Sections II and TH. Note that the

results caleulated . in Section 1 .apply“to the case’
where a model of a.man is the irradiated object.”

" 'The close agreement of these two values is further

‘indication that the burro is a good phantom foria

man.
“Alsoy in the second experiment a series of threshold
detectors1819 was used to obtain 1nf9rmatxon on the

< fast: neutrori’ spectrum. The neutron detectors [Au
(Au + Cd), $% and - Pu®? Np 2% and U8 ‘in
2.2 g/cm? B1%] were exposed at approximately 29 in.

“from the center of the liquid assembly, point B in

Fig. 6. The total flux of neutrons received during
the 42 min penod for various enérgy ranges is shown

* These measurements were made by D,
SteFFeE, Oak Ridge Hospital; using the flame photometer

‘technique. : Although it-was not possible to obtain whole’

blood sodium values at the time the experimental work
was done, a subsequent evaluation of whole blood sodium
for unirradiated -burros showed results not “inconsistent

“. with values to be expected in-norrnal man.

t The amount ‘of exposure was determined w1th a '
U fission chamber which had been cahbrated in terms. -~

< of fast neutron dose in the first experiment.

""Na" as-described in the next section. - From thesc .
data.the value of /D, for this partmular neutron

C. H.

in Table 1. The table al§o shows a comparison with,
the “calculations given in q(’Cthﬂ. ITI. Using the

. flux values measured at point B the first collision

neutron' dose ‘can . be calculated®® - at. the burrg
exposure .position. (point  A4). A sulfur disc ‘wag

. fixed -on the side of the burro facing the assembly,

The measured value of the flux was corrected  for
distance and for flux build-up} due to the burro to

obtain the flux which would have existed at point 4
had the burro not been: there.

The first collision
neutron dose at point' 4 was then: determined from

“.“the ratio of the neutron flux at point 4 to that at
© “point-B and the neutron dose calculated for point B,

Thus the threshold detector data when suitably

- corrected to refer to point A gives“a first collision
neutron dose at point 4 equal to 42 rads compared

. ‘ G G -0 48 ra ng the proportional counter method.
~ animal comparable in size to man, and (b} the " ds using prop

amount. of sodium per gram -of “bleod serum is:
’ approxxmately the same for burre and man, Table -
5 shows the concentration of sodium in blood serum

The value of the thermal neutron flux in Table 1
shows that ‘the dose due to thermal neutrons is
negligible compared to the fast neutron dose. How-
ever, the magnitude of the thermal neutron flux is of
nterest “because ‘of another factor. In-Fig. 1 it is

-seen that the probability that a thermal neutron enter- .
" ‘ing the human body will produce Na2! is about 0.4 as

‘large ‘as“the probability that a fast neutron will
- become thermalized and produce a-Na capture in
“the body.  Thus it would be expected that for the

spectrunm. shown. in. Table I only about 15 per cent
of the Na?! activity would be produced by thérmal
neutrons.: This’ fact is of  considerable practical
importance’since it implies that it is'not necessary to

‘consider the spatial distribution of thermal neutrons

in detail.

V. ASSIGNMENT OF DOSE VALUES TO THE

EXPOSED INDIVIDUALS

The blood samples collected from the individuals: k 
were counted with a 2 x 4 in. Nal crystal (Fig. 7) '

Polyethylene bottles (4 fluid oz capacity) containing
the whole blood were placed on the top of the
crystal; ‘The horizontal lines indicate liquid levels f
50 ‘and 100 ml.
criminator set-to accept j-rays above 0.66 MeV and

2.0 MeV. The equipment was calibrated  with 50 . -

and 100 ml solutions of Na2?! in water. The counting
geometry for Na?* as well as the counter background

(using a 4 'in. lead shield) is shown in Table 6 for.
. the two bias valués and for.50 and 100 ml samples.

A few 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

$ The depth dose curves taken from W. S. SNYDER,.

Bﬂt J. Radiol.-28, 342-{1955), and 'NBS Handbook 63, -

November 1957, were used as:a basis of correction.

Counting was done with a dis=
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Table 6. Nat countmg geometty and backgmund Sfor 2 by-4.in. ’\aI crystal at twa bias level s
' Bxas"’/‘y ' Geometry (50 ml) Geometry (100 ml). ! Backgtound
(McV) ~ G T ( % , (counts/min)
0.66 17.7 13.3 250
20 5.9. 43 115
*Table 7. Na** actfvatiqn ‘and dose_z‘)alukeix for ex‘b;%séd peﬁmnml
d’i' , Nath Experim’ent&l “kTI‘ieotetibcalv ; E%perimcntal*, Theoreticalf Total g
.E’_‘p,ose o & | | neutron dose | neutron dose | . yp-dose - y-dose experimental
individuals | (uc/ml) " (rad) (rad) | (rad) | (rad) doso
A 5.8 x 104 96 113 269 349 365
B - 4.3 x 1074 “71 .83 . 199 256 - 270
¢ Lo 5.4 x 1074 -89 ~104 -:250 ~321 339
) 52 %104 | 8 100 241 308 327
E 3.7 x 104 62 SR 174 223 236
F. L1 x 104 18- 21 50.5 - 64.9 68.5
G 1.1 x 1074 18 =21 -50.5 64.9 68.5
H . 0.36 x 1074 6.0 7.0 - 168 21,6 .22.8
Burro 22,9 %1074 48 .

* Using Dy/D, = 28.
el Lsm95 Dy/D =3, 09

" taken about 20 hr latcr, but this time only 50 ml

was used and heparin was added to prevent clotting.
This set of data was more ncarly “uniform than' the

first and it is the basis of the final dose values reported.
Sections II and I11.§
establish that Na* was the primary isotope being'

The blood samples were: counted for several days to

" counted. Very early counting showed some evidence

of K% in ‘the case’ when. the ‘countin blas was‘
g :

0.66 MeV.

Table: 7 shows the ﬁnal results for the Na24 actwlty'

~(extrapolated to the time of expesure) for the exposed
personnel as. well as that for the expenmcntal burro:

Blood: samplcs (100 ml) from the burro, recelvmg a;

neutron: dose: of 48 rads, were counted}

+ For the ﬁrst few hours CI** competed w1th ’\Iaz‘
especnally at the 0 66 MeV bias. k

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 cdmp’arison, of Na activities in the‘f'f“

human-blood with that of the burro blood, using the
known fast neutron dose given to the burro and the
:experimcntally measured ratio, Dy/D,.  Also shown
inTable 7 aré thedose values obtamed by calculatxons,

The counting methods described ‘above are very
“sensitive.  For example, it is seen by usmg data from
“Tables 6 and 7 that 1 rad of neutrons give a count'

© rate due to Na* equal to 40 counts/min (at zero time)
. for 50-.ml burro.blood when the' counting bias is

2.0 MeV. Thus, since the counter background rate
115 counts}mm, a dose of 1 rad can be detected.
- With minor improvements in counting: techniques,
it should be possible to determine doses as low as
“'100 mirads with the Na2¥ method.

8 The calculated values given in the table differ from
the “corresponding “values in “report Y-1234,. Accidental
Excursion at the Y-12 Plant, (4, August 1958). The. inad-
“vertent use of a high value of the concentration of Na* in

’ whdlc‘blood gave calculated values which were too low.
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-4 0Z. POLYETHYLENE BOTTLE

j
100 cc
Peet

7 p
6364 DUMONT
PHOTOMULTIPLIER

i TUBE o

Fic. 7. Geometry of the blood counter,

" VI. DISCUSSION OF ERRORS *
- As mentioned in Section I, comparison of
calculations with experiment Ieads to indepen-
~dent tests of some of the assumptions made in the

experimental program. The various sources of

error in the expcrlmental approach and the
extent to which comparison of theory and

experlment helps ‘to decrease the uncertamty‘
involved in individual assumptlons will ‘now be:

summarizéd. The  assumptions made in' the
experimental program are: :

(1) The actual radiation spectrum 1s dupli-

cated with the mock-up reactor.

(2

the first' collision neutron- dose, i.e. the:
Na?* activity resulting from.:capture of
thermal neutrons coming from the reactor
constitutes a correction factor.

The relationship of Na? 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.

(3

(4) The y-dosc for each of the exposed ;

“‘up ~with threshold "detectors.

Na? activity in blood of the exposed
person is approximately proportional to"

- persons may - be established by det ‘
- mining the ratio D, /D . for the mock-upA
facility. '

'\ssumptlon 1\ was checked by measuring
the neutron leakage spectrum from the mock.
The neutron
leakage spectrum from the actual assembly was
calculated. Table 1 shows comparison of these
two- spectra. The y-spectrum for the actual
assembly was calculated with 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 thermal neutrons are less effective
than fast neutrons in. producing Na?* in the
blood.  Measurements of the thermal neutron

- flux for the exposed ‘burro combined with this

result show that only about 20 per cent of the
Na?t is due to thermal neutrons coming directly
from the reactor. However, for those persons
at large distances from the reactor, the Na%*
method ‘may lead to overestimates of the dose,

- This point deserves further exploration.

" Assumption (3) was checked by comparison

:with " calculation. ~'The relationship of neutron

dose to Na?* activity was calculated for a man
exposed to the neutron spectrum, found from

‘calculations on the actual assembly, and com-

pared to the value for a burro exposed to the
mock-up. The value of rad per uc per ml of
blood was 20 per cent higher for the calculated
case. ’ :

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