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ESTIMATION OF WHOLE-BODY RADIATION DOSES 
IN ACCIDENTAL FISSION BURSTS * 

By JOSEPH G. HOFFMAN, PH.D.,t L Z ~ I ~  LOUIS H. HEhIPELXIAhX, h1.D.t 

WO nuclear accidents occurred a t  the 
T L o s  A 1 T  mos Scientific Laboratory, on 
August 21, 1945, and on M a y  21, 1946. 
T h e  accidents centered about the occur- 
rence of uncontrolled fission reactions in 
such a manner that  I O  persons were ex- 
posed to bursts of penetrnting ionizing 
radiation. Two of these persons died as ;i 

result of exposure to the radiation, while 
some survivors (Cases 2,  9, and TO) sho\ved 
clin i call y in sign i fic ;in t reac t ion s. The case 
histories of 9 of the individuals have been 
described in detail b ~ r  Hempelm;inn, Lisco, 
and H ~ f F m a n . ~  ’The following account deals 
with the methods and physical problems of 
estimating the radiation doses sustained in 
these 9 cases. ?‘lie cases are numbered ex- 
actly as they were given in the clinical re- 

Penetrating ionizing radiations were the 
sole cause of injury sustained by the per- 
sonnel. The1 e wei-e no heat or mechanicnl 
effects accompanying the release of energy 
from the critical assemblies of fissile m;i- 
terial. A state of criticality was reached 111- 

advertently and then removed as fast ;is 
the reaction time of the operators pel-- 
mitted. There were no complications due 
to the spread of radionctive fission prod- 
ucts, these having been retained within the 
confines of the assembly. Therefore, the 
radiation doses 1vel-e due to  the fission proc- 

and only second;uily due to the 
delayed radiation from the products of fis- 

\ y I . j \ G k  ’ Injury to tissue was brouglit about by 
fast neutrons and gamma rays. T h e  former , \.p 
impart their energy to the tissue primarily 

duce recoil protons. After becoming ther- 
malized, the neutrons are captured. T h e  
capture in H’ is followed by the emission of 

2 . 2  met‘. gamma quantum. This gamma 
radiation pi-oduces a “selfdosage” of the 
tissue, or an “autodose.” Neutron capture 
in  N’J releases a proton, the reaction hav- 
ing a 2 value of 0.6 mev. Of particular in- 
terest ;ire the induced radioactivities in 
NaZ4 and Lvliich follow neutron capture 
in NaP3 and P31. These activities occurred 
i n  measurable quantities, as is shown in 
Table I (see also Reference 4). T h e  NaZ4 
activity provided n physical means by 
which neutron doses could be estimnted. 

T h e  g;inimn rays contributing to  the tis- 
sue dose were: first, the prompt g~1111171a 
ra!.s released in the fission process; second, 
the autodose ‘irising from H’ captures, :is 
mentioned iibove; and, third, the de1;iyed 
gamma ra!vs coming from the fission prod- 
ucts remaining after the fission burst. Dos- 
age due to delayed gamma radiation de- 
pends, of course, on whether or not the iii- 

dividud reni;iins near the fissionable ;IS- 

sembly after the fission burst has occurred. 
Only i n  C;ise I belolv did the delayed gain- 
ma radiation assume importance, since 
thnt individual remained close to the setup 
after the critical state had come and gone. 

The major components of the complex 
radiation dose are listed in order of magni- 
tude: (a) fast-neutron collisions producing 
recoil protons in tissue, (b) hydrogen-cap- 
ture gamma rays producing an autodose of 
the whole body, (c) slow-neutron captures 
in N1’, and (d) prompt gamma rays from 
the fissioning material. Induced activities 
in Na, C1, P, and A h  give rise to a negli- 
gible tissue dose. However, an important 
cause of tissue injury, which appeared in 
two operators close to the fissioning as- 
sembly, was the high intensity of soft 
radiation in  the blue glow. This comprised 
secondary soft x-rays, slow neutrons, and 

* From the University of California, 1.0s Al:inios Scientific Laborntory, based on  u o r k  performed under contriict with the United 

t Now at Roswell Park Rlemorial Insti tute,  Buffalo, Ncw Yak. 
1 Now a t  School of nlcclicine, liniversity of Roche~ter ,  Rocliestcr, New York. 

S ta tes  Atomic Energy Commission. Major portions of this account nppeared in the report 1,.4-687. 
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TABLE I 
P H Y S I C A L  DATA O S  P E R S O N S E L  

____ - - 

I 2 3 4 5 6 
Estimated 

Body PX2 i n  Urine,t NaZ4 in Urine, Case from Height, Torso 
Distance 

dPs dPS Assembly, cm . Weight> Thickness,* 
cm. cm . kg 

300 I 70 86.3 30 4.70 1 *38 

4 I00 175 79.4 25 68. I O  15.10 

140 '65 68 .o 25 13.60 7.75 
' 8 3  75,s  22 2.97 5.35  

210 178 74.8 22 2 . 5 3  3 . 3 5  
9 400 17s 77, '  '5 I .40 1.92  

I O  400 I 68 59-09 20 I .40 I .27 

_- 
I 30 I79 92 .o 30 110.00 22.50 

3 5 0  I 68 59.4 20 357.00 248 .m 

6 
7 210 
8 

2 

- 

* Anteroposterior thickness a t  diaphragh.  
t Specific activity in disintegr;itions/sec./mg. normal element. 

secondary electrons, most of which are ab- 
sorbed in superficial tissue layers. 

I. I N D U C E D  RADIOACTIVITY 

T h e  detailed protocol on the induced 
radioactivities in the bodies of the patients 
lias been published (Reference 4, Section 
VIII), and the results have been discussed in  
extenso. Here are given the specific ac- 
tivities of P32 and Na2' in urines (Table I, 
colunins 5 and 6) to  show one of the eft'ects 
of thermalized neutrons in the body. It 
turned out  that  the urine activities were 
not as selfconsistent as were the serum 
Na24 activities. For purposes of dose esti- 
mation the serum NaZ4 activities given in 
Table 11, column I, appeared to give a 
representative measure of neutrons inci- 
dent on the body tissues. 

I t  is assumed that  the NaZJ-serum ac- 
tivity measures the average slow-neutron 
flux throughout the body. Using an aver- 
age value of serum NaZ3 of 3.25 mg./cc. 
and a capture cross section of 0.45 barns 
for NaZ3, the slow-neutron flux is given by 
6.48 X 109 times Nazi specific activity and is 
tabulated in Table 11, column 2 .  For the 
computation of hydrogen captures of neu- 
trons, the capture cross section is taken as 
0.31 barns and the density of H' atoms/gm. 
of tissue as 6.6X10'~. The  captures in N'd 

are based on a capture cross section of 1.75 
barns, and that  N14 represents 3 per cent 
by weight of tissue. 

The  captures in tissue elements shown 
in Table 11 are not  produced uniformly 
through the bodies of the personnel. T h e  
primary fast neutrons which gave rise to 
the slow neutrons are assumed to  have had 
an average energy of 0.5 mev. Neutrons of 

TABLE I1 
5I.O\Y-NEU?'RON F L U X  A N D  C A P T U R E S  B A S E D  O N  

S E R U M  Na2' SPECIFIC ACTIVITY 
___ 

I 2 3 4 
Slow- Hydrogen N 

Na24 in Neutron Cap- Cap- 
Case Serum* Flux, tures/ tures/ 

n t  gm. gm. $ 
dps X ~ o ~ / c m .  X109 Xro8 

I 18.00 117.0 2.400 2.660 
2 7.1 0.145 0.161 1.10 

,1 73.60 477.0 9.750 10.820 
4 13.30 86 .3  1.760 1.960 
6 7.10 4 6 . 1  0.942 1.040 

3.80 24.7 0.510 0.561 
S 2.03 13 .2  0.270 0.300 
0 1 . 5 4  10.0 0.200 0.230 

10 I .22 7 .9  0.160 0.180 

- 

* Specific activity of  Na*J in disintegrations/sec./mg. serum 

t Slow-neutron flux=6.48X iogxspecific activity Na*l. 
$' XI4 c:iptures= 2.27X w 3 X  n. Hydrogen captures/gm.= 

sodiu ni.  

0.020+. 
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this energy :idministered over a large area 
of skin have low penetr,iting power. T h e  
curves of Tait19 and of i\l;u-shak7 show a re- 
duction to half intensity nt about 2.S cm. 
depth in nqiieous tissue. I liis is also seen 
i n  the calculations of Biram.' There is, 
ho~vever, no specific evidence to support 
the ;issaniption of 0.5 mev. ;IS the aver,ige 
neutron energy. T h e  assumption is l),ised 
solely on the knowledge that  there w;is suf- 
ficient scattering mnterial :u-ound the as- 
semblies to ensure a t  least one collision for 
most of the fast neutrons. 

T h e  neutrons represented in Tnble 11, '1s 

measured b! serum N;i2I activity, probnbly 
diRused throughout (0 per cent of  all the 
tissues of the body. The difhsion length 
for thermal neiitrons is ;IbOi7t 2.9 cni. Dif- 
fusion coupled ~ i t h  the mnximum pene- 
tration of fast neutrons to  8 cm. accounts 
for half the body tissues. Workers with 
water baths for t1ierm;dizing fast neutrons 
usually allow 3 to 4 cm. for the difiiision 
loss of thermal neutrons xt the edges of the 
bath. 

By the same token, however, there is the 
problem of estimating the loss of thermal 
neutrons from the body. T h e  edge esect  
arising in 3 cm. is appreciable, since 3 cm. is 
n significant distance compared to the 
cross-sectional dimensions of :ill pxrts of 
the body, including the torso. T h e  ditfii- 
sion loss, along with the loss of sc'tttered 
fast neutrons and theil- effect on the esti- 
mated tissue dose, can be ;messed only by 
nieans of judicious guesses until experimen- 
tal data. become avai1:iLle. T h e  captures 
shown i n  Table II form tlie Lnsis for the 
mi t i  imum possi bI e doses. Corrections for 
diffusion and scattering loss of neiitrons 
are discussed later i n  this report (Section 
VII). 

I 7  

11. THE AUTODOSE D U E  1'0 H Y D R O G L N -  

C 4 I V U  R E G.4 MM.4 IIA DI A T 1 0  N 

At the time of tlie xccidents i n  1946 the 
methods for assessing autodosage h;td not 
been fully developed i n  the literatui e. I n  
order to cnlculate ;i miniiii~ini possil)le 
value for this kind of dose, the i-ecip-oc;il 
I-elntionship betwceii a radiation source 

* 3  and absorber was used. 1 he reciprocity 
theorem is discussed by NIayieord!' and by  
Bush.' Cxlciil:itions were made using the 
appi-osimation formulas for the integral 
dose in ellipsoidal cylinders as developed by 
M ;i v n eord with the nppropl-ia te correc- 
tions for elongation, nnniely, the ratio of 
the length to  the width. Integrnl doses were 
computed for the uniform distribution of 
h!rdrogen captures ;it ;i density of Io8/gm. 
of tissue. T h e  linear ;lbsorption coegcien t 
o f  the ganimn raj's was 0.028 cni.-', and 
the source strength was taken as 7.43 
X 1 0 - ~  r,110* Hi captures. 

It turned out, ;is will be seen in the fol- 
Io\\~ing, that  estimntes based on these cal- 
cu1;itions were low, because the contribu- 
tion of one part  of the body to the other was 
not accounted for. 'I'he cnlculation for each 
part, ;is for example the torso, gave only 
the dosage arising from the smrce  material 
within tha t  part. Experiments on a mock- 
lip of ;L st;indard man, filled with Na24 i n  
water, showed that the first computed 
minimum values of in  tegrnl dose were 50 
per cent of the expel-imentally determined 
values. With the subsequent publication 
by Bush2 of the integral autodose calcu- 
1;itions for over-;dl body dosage, taking into 
xccount the exposure of all p u t s  by the 
others, it was f ( ~ n d  that  the first estimates 
were 57 per cent of his theoretical values. 

In the following there will be described 
tlie experimental method using a mock-up 
man to determine the integral dose of hy- 
drogen-capture gamma radiation. This will 
he followed by the theoretical computation 
I);ised upon Bush's application of the rec- 
iprocity theoreni to the problem. 

&4 mock-up man was constructed ot 
0.030 in. copper sheet (0.762 mm.) to  weigh 
70.072 kg. when filled with water. T h e  
masses of the various parts of the man are 
shown in Table III. T h e  ninn described by 
A I a y t ~ e o r d , ~ ~  weighing about 72 kg., served 
;\s n prototype for this man. (Compare also 
the data of the International Commission 
on l<adiologic;tl Protection8 and Lisco's 
figures, quoted by Schubert," for the prop- 
erties of the St;undard Man.) T h e  purpose 
was to dissol\re hT';~2"C1 in  the water of the 

1 0 0 4 3 8 4  
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TABLE 111 
GAMII.4-DOSE RATES A T  ANTERIOR SURFACE O F  70- 

KG. WATER JvIOCK-UP MAN WITH 80,978 DIS- 
INTEGRATIONS NL*~/MIN./CC. 

- 
M, I,* MI, 

Mass of Gamma Integral 
Parts, Intensity, Dose Rate, 

kg. mr/hr. gm.r/hr. 

Part  of Man 

Foot (lower) 
Knee 
Thigh 
Diaphragm 
Arms (elbow) 
Neck 
Head 

Total 

I .388 
8.180 

36.100 
5.620 
4.330 
4 .250  

10.200 

70.072 

29.4 40.7 
38.7 377 .o 
5 3 . 2  603 .o 
68.3 2470.0 
60.3 339 .o 
46 .5  2 0 1 . 3  

4 6 . 5  1 9 7 . 5  

4168.5 

Height of mock-up man= 168 cm. 
Intensity a t  center of torso (at di;iphr;igm)= 123 mr/hr.  
4168.5 gni. r/hr.=69.5 gni.r/niin. 

* Gntnriia intensity mirltiplietl by o.jZ6 to correct for energy 
dependence. The aversge ilosc r:ite is 95.7 ~ni-/Iir. or 77 per cent 
of centriil dose rate. 

filled mock-up man nnd me;isure the g;ini- 
m a  I-ny dose rates in nnt l  about the parts 
of the body. T h e  two gxmma. rays from 
Na2’, having energies of I qS mev. and 
2.76 mev., were assumed to  give a good ap- 
proximation to the 2 . 2  mev. 13’-capture 
grimma rays. T h e  gnnimn ray dose I-ates 
fol- a known number of Na2’ disintegra- 
tions/cc. of mock-up water would serve 21s 
a basis for estimating the ;iutodose due to  
El 11 eu tro n captures. 

Sninples of Na21 CI in the JJos Alamos 
water-boiler” reactor for an hour a t  the 

5 km. level were measured for their gamma 
a n d  beta activity. T h e  following table gives 
the  results obtained with three different 
gamma-detecting meters along with the 
beta activity: 

’3 

“ 

All meters were calibrated against radium 
in 0.5 mm. P t  capside. 

T h e  output in gamma r / m c . h r . / ~ m . ~  a t  
I cm. is the constant k of Mayneord“ and 
the I, of Marinelli, et nLG This fundamen- 
tal constant has the value 19.3 r/mc.hr. 
for hTaZ4. More recently l\/layneord12 quotes 
nie;isurements as yielding a value of 18.85 
r/mc.hr. At  the time tlie above measure- 
ments were made, i t  was assumed that the 
constant was near 20 r/nic.lir. T h e  table 
above shows that tlie counter-type Vic- 
toreen survey meter, which had a thin- 
walled Geigei--Miiller tube mounted inside a 
steel casing, gave over twice the expected 
gamma intensity. ’This  as attributed to 
vari;ition in response with gamma energy. 
This counter meter agreed exactly with the 
br;iss-walled, direct current, ionization- 
chnmber-type meter in  readings made 
;il)out tlie mock-up mnn.  

It W;IS assumed tli ;i t tlie air-wall- type 
chamber gave the correct gnmma intensity 
i n  roen tgens, n;imelp, “3. I r/mc.lir. This 
chaml)er was not suited for practical 
nieasiirements about the mock-up , man. 
’I’liercfoi-e, the non-air-walled instruments 
were used ~ i n d  their readings reduced in the 
ratio o f  ~,?.1/44.1 =0.526, where 44.1 is the 
:~ver;tge of 41.6 ;ind 46.6. 

‘Thc autodose rntes found i n  and about 
the mock-up m;m xre shown in Table III. 

At  the anterior diaphr;igni surface the gnm- 
mi1 intensity 011 the counter-type survey 
meter w;is 130 mr/hr.  for 60,978 Na2-’ ciis- 
integrntious/min./cc. FI’liis \.vas corrected 
to the air-wall chamber equivalent reading 
by mdtiplying by 0.526, ;is were all the in- 
tensities i n  Table III. T h e  integral dose rate 
measured externally a t  the diaphragm is 
seen to be 69.5 gm.r/min., which becomes 

Meter 

Gamma Ray l‘ot:iI Beta Intensity, 
liadintion, KaCI \\:eight, 

gm. ... - ni r/m c. hr./cm .* n t 
111L. 

I cni. distance 
- 

Victoreen Geiger-Muller counter survey meter I O  2 . 1 5  41.6  
13rass-wnlled ionization chambcr (“Wnttsineter”) I O  2.14 41 .6  
Victoreen “air-wall” 0 .25  r c l~ani l~er  10 2 . 1 4  23. I 
Victorecn Geiger-Afiiller counter survey meter 1 0.264 46.6 
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69.5/80,978 = 8.6X 10-4 gm.r/N:~?~ disinte- 
gration. Since the dose rate on the central 
axis of the torso is 123 and the external 
dose rate is 68.3 rnrjhr., the average is 
95.7 mr/hr. This is perhaps high in that  the 
difference between the central and external 
surface-dose rates is not as great in the 
lower limbs as was found in the torso. 

The  average body-dose rate of 95.7 mr 
/hr. for 80,978 Ka'. disintegrations/min. 
/cc. forms the basis for computing the 
average gamma ray ( 2 . 2  mev.) dose 
throughout the body. T h e  average body 
dose becomes 1.g7X IO-5 nir/Na24 disinte- 
grations/cc., which is converted to HI- 
capture quanta by multiplication by the 
ratio of the k values, namely, 9.9/19.3, 
where 9.9 r/mc.hr./cm.2 a t  I cm. is the k 
value for H1-capture gamma rays. This 
lends to the average dose rate of 1.05 
X  IO-^ mr/H1-capture/cc. Table IV, col- 
umn I ,  shotls the gamma ray dose in r ob- 
tained by the product of hydrogen cap- 
tures/gm. and the average dose rate, COI-- 

rected in  the ratio oi the body weight to 
70 kg* 

T A B L E  IT7 
I K'I'EG RA L A UI'ODOS ES VU E TO H YV ROGEK-CA I'TU R E 

CAhlhl.4 RAYS 
__ -. .- .... -. . .~ -._____ 

Mock-up Man Theore tical 
Measureinen ts Estimate 

- 
Aut od ose 

I< :ictium,t 
1negagm.- 
r/mc. hr. 

Case tivernge Integrd Theore tical 

Au todose,? 
r megagm.r megngin.r 

r30ciy i \ l I t O -  Rate for I n  tegrnl 

Dose, Dose,* 

I 33 .0  I .91 '04 
2 1 . 9  0.108 99 
3 87.0 .OI  59 
4 21 .0  I .20 88 

7 5 . 9  0 . 3 5  8 s  
S 3 .O 0 . 1 8  so 
9 -'.I 0.13 84 

I O  I .4 0.0s 59 

6 9 . 5  0.5s '73 

7 1  

2 , 2 2 0  
0.128 

5 . 1 5 0  
1.380 
0.613 
0.g80 
0.190 
0.150 
0 . 0 8 5  

* Computed from the mock-up m:in constant  6.06X 10-4 

gin.r/H'-cnpture. 
t Computed from the  theoretic;il tables for r;idiurn autodosnge 

of Bush.* Column j gives integral dose for I n ich r .  ofRa/gm.  of 
tissiie. 

The  average integral dose rate for 
the entire body becomes (95.7/68.3) X (8.6 
x  IO-^) = I 1.8x  IO-^ gm.r/Na24 disintegra- 
rions,'cc. and the integral autodose rate is 
11.8x ro-'Xo.513=6.06X10-' gni.r/H'- 
c '1 p t u r e. 

Integral autodoses based upon this con- 
s tant  are shown in Table IV, column 2 .  To 
illustrate the computation, take Case 3 in 
v, hich the hydrogen captures (Table 11) 

were 9.75X I O ~ / C C .  T h e  body weight is di- 
vided by 70 kg. to normalize it against the 
mock-up man:  59.4/70=0.849. The  inte- 
gral dose is then 0.849 X 9.75 X io9 X 6.06 
X  IO-^= 5.01 X 106 gm.r, or 5 megagm.r. 
The  comparison by weight with the mock- 
up man figures is approximate; it does not 
take into consideration variations of height 
m d  thickness of the i ndi viduals . 

For ;I comparison with the theoretical 
values based upon Bush's2 computation of 
integral autodose, Table IV, column 4, 
shows the integral autodoses, assuming that 
the doses as computed by Bush for radium 
can be converted to H1-capture gamma ray 
dosage according to the ratio of k values 
(see, for example, Mayneord," p. 154). The  
k value for radium in a 0.5 mm. Pt con- 
tainer is 8.3 r,'mc.hr. For H'-capture gam- 
ma rays k is 9.9 r/mc.hr., or 9.9 r/1.332 
X I O I I  rjcnpture. From Bush's paper the 
values for integral autodose rates for 
radium in patients of varying heights and 
weights are given in Table IV, column 3. 
t l s  a11 example of the arithmetic, take Case 
3. 'rhe r,idinm autodose rate, column 4, is 
59 meg;tgm.r/ mc.hr., this having been de- 
termined from Bush's table by Case n's 
weight of 59.4 kg. and 168 cm. height, as 
given in Table I .  T h e  radium autodose rate 
is corrected for radiation quality by the 
ratio 9.9/8.3, and then multiplied by the 
HI-capturesjcc. and divided by 1.331 
X 10". Thus, 59X (9.9/8.3) Xg.75X  IO^ 
11.331 X IO"= 5.15 megagm.r. 

T h e  autodoses computed thus far are not 
minimum doses due to capture gamma rays: 
they are high because the H'-captures did 
not occur uniformly throughout the body, 
but rather were concentrated toward the 
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I 20.5  2.74 '3.44 
2 I . n  0.77 1.47 
3 S3 .6  1 1 . 1 5  (14.75 
4 1 5 . '  2 . 0 2  17.12 

6 s . 1  I .o: 9 . 1 7  
7 4.4 0 . 5 :  4.97 
S 2 . 3 0.31 2 .61  
9 1 . 7  0.24  1 .94  

I O  1 . 4  0 .  I 8  I . g s  

2 . 1 6  
0 .  ' 3  
5 . h.? 
I .?6 
0 . 6 2  

0 . 3 9  

0 .  ' 5  
0.093 

0 . 2 0  

side facing the neutron source. In  Section 
VIII below the distance factor for the source 
of radiation is discussed. 

I1 I. H E AV Y -  PA RI'I C L E  D 0 S E 

Fast-neutron Recoils. The  estimation of 
fast-neutron dose is based on tlie assunip- 
tion that  each neutron captured in H' re- 
leased 0.5 mev. to the tissue before ther- 
nialization and that  I roentgen-equivalent- 
pliyical (rep) corresponds to 93.1 ergs 
/gni., or 5.8 X 1013 electron volts,'gm. Thus, 
each captured neutron/gm. contributed 
~ . ~ ~ I O ~ / ~ . S ~ I O ~ ~ = ~ , ~ ~ X I O - ~  rep. This 
coiistrint, multiplied by the number of neu- 
tron captures in H'/gm. of tissue, gives the 
dose in rep which is tabulated i n  column I, 
Table v. The  number of H' captures is 
taken from column 3, Table 11. rSlthoug1i 
the dose is designated as frist-neutron dose, 
it comprises energy released in  the form of 
recoil protons and heavier atoms. 

An '-Neutron Captures. T h e  dose arising 
from IV1 capture of SIOW neutrons is a 
heavy-particle dose. T h e  renction -2 value 
is 0.6 mev. A proton rind recoil C" are the 
heavy particles which c:iuse ionization in 
tissues; for this reason the Y-c ; ip tu re  dose 
is tabulated with the fast-neut~.on dose in 

I 4 
3 2 'I'otd of Tot;l, Fast- N" Dose I;;lst- 

Neil troii 
;1nd N" Dose Capture 

Doses rcp 

Case Neutron Neutron Body 
Dose* 

rep  IO^ rep rep 

* Total body dose is t h e  product of coltiiiin 3 multiplied by 
body weight. 

Table v. T h e  dose in rep is cnlculated on 
the assumption that  each capture releases 
0.6 mev. to  the tissue, and that  I rep equals 
j . 8  x IO' mev./gm. of tissue. The  rep shown 
in column 2 ,  Table v, are based on the N14 
captures given in Table IJ, column 4. (For 
;i discussion of the nature of the N14-cap- 
tiire dose, the reader is referred to Solo- 
mon,"j Chapter 4.) 

Recoil Deuterons. In  the 1948 report5 it 
was pointed out  that  the deuteron recoil 
following Hi-neutron capture has a kinetic 
energy of 1,300 ev. For log H' captures 
/gm. of tissue this recoil contributes 0.022 
rep. From Table 11, column 3, it is seen that  
the H2-recoil dose is negligible compared to 
the HI-capture gamma ray autodose, Table 
IV, column I ,  even if tlie relative biological 
eft'ect (IIBE) fartor is taken as I O  for the 
H2 rep. 

IV.  D O S E  OF P R O M P T  A N D  D E L A Y E D  

GAMMA RADIATION 

In order to estimate the dose of the 
prompt gamma rays from tlie fissions, 
measurelnents were made of tlie variation 
of delayed ga inm:~ ray intensity from the 
assem til?., to which Cases 3 to  I O  were ex- 
poseci. Over the range of distances ( P )  from 
75 cm. to 2,500 cm. tlie gamma ray inten- 
si ty  fell off as I 1 1 - l . ~  I-atlier than iis I /r2.  T h e  
deviation from tlie I/T? law W;LS also found 
in the planted film badges which showed a 
frdling-off ;is I /Ti.:.1 for an exposure which 
incluclecl the prompt as well ;IS some of the 
delaJ-ecl gnmni;i rays. By way of comparison, 
the urine-inc!uced activities in P32 and 
and N;i?.' fell oft' ;is I / +  , while the serum 
NaY1 went as T h e  distances of per- 
sonnel ;ire given in  'T;tble I and their NaZ4 
activities in  Tables I and 11. 

In the ;ibove mentioned assembly for 
Cases 3 to IO, i t  W;IS estimated that  a t  a I 
meter dist:mce tlie maximum amount of 
prompt g:amma radiation to emerge would 
lead to a dose of 7.2 r. On the basis of the 
observed variation with distance r as I 
/ ~ l , ~ ,  the incident g;Lmiii;i ray dose on per- 
sonnel can be estimated using the distances 
s1iou.n in Table I. In Table VI, column I ,  
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are given the prompt gamma ray doses a t  
the skin surface. 

Assuming an average energy of I mev. 
for the gamma rays, for which the linear ab- 
sorption coefficient in water is 0.03 mi.-', 
the average body dose is calculated from 
IGIayneord's'O tables and tabulated in col- 
umn 2 .  For example, Case 4, a t  IOO a n .  
from the source of radiation and hnving ;I 

torso thickness of 25 cm., had an average 
body dose of 0.73" r/incident r clue to 
pl a JI e-w ave radiation. (The fact ors are 
tabulated in Table IX.) This is corrected 
for a source a t  100 cm. by the factor 0.85. 
T h e  resultant average body dose is 7.2 
X0.732X0.85 =4.5 r. T h e  prompt gamma 
ray doses are seen to be small. 

Cases 3 to  I O  h;id no significant body 
dose due to delayed gamma radiation. 
This group of individunls left the vicinity 
of the ~issembly a t  about 20 seconds after 
the fission burst. Cases 1 and 2 ,  however, 
did not leave their positions after the 
burst. Case 2 was far enough away (300 
cm.) so that  his dose due to prompt and de- 
layed gamma radiation was negligible. T h e  
particular assembly near which lie was 

stationed was heavily shielded. On the 
other hand, Case I was near that  assembly 
(30 cm.) and worked with it during and 
after the fission burst. On the basis of his 
;iccount of his protracted manipulations of 
the assembly, i t  is estimated that  he sus- 
taiiied a. minimum average body dose of 
220 r of gamma radiation. 

Gamma ray measurements on a similar 
assembly showed a dose rate of 190 r/min., 
measured in an air-walled chamber, a t  30 
cm. distance a t  I O  seconds after t h e  burst. 
I n  the earlier reports"5 Case 1's n ~ i n i m u n ~  
\t as stated as I IO r, which is now regarded 
as far too low in view of the fact that  t h e  
patient is known to have worked in and 
about the setup for a t  least I O  minutes 
after the fission burst occurred. T h e  220 r 
includes prompt and delayed ganima radi- 
;ition dose (Table VI). 

. .  

V. WHOLE-BODY DOSE D U E  T O  

I N D U C E D  KADIOAC'I'IVITIES 

Although the activities induced by slow- 
neutron capture in tissue elements such as 
NaZ4 were measurable, their contribution 
to radiation dose was very small. It turns 

1'A 13 LE VI 
I'ROMI'T A N I )  D E L A Y E D  G A M M A  RAY DOSES A K D  SOME KEI'RESEN'I'ATIVE AMOUNTS O F  INDUCED ACTIVITIES 

IiY I'ERSOXKI:L 
_ ~ . . _ _ _ _ _ _ _ _ ~ ~ - . ~ . ~  

I 2 4 5 6 7 8 
) 

r r r 
________ _ _ ~  

I 
2 2 2 0  (15 .o 15.7 8 .6  7 2  2.15 

3 18.1 11.4 170.0 41 .o 22.7 191 5.70 
4 7 .2  4.5 41 .o 10.0 5 *4 46 I .36 
6 3 .8 2 . 4  1 S . S  4 . 5  2 .5  21 0.60 
7 I . 8  I .3 
S I .8 I .3 
9 0.7 0 . 5  

10 0.7 0.5 
- 

For Case 2 the  pronipt and delayed-gamma ray doses were negligilJy small. 
For Case I the prompt and delayed doses are lumped together in t h e  delayed gamnia rxy dose. 
Aniriunts ofindiiced activity can be corrected for possible slow-neutron loss by the factor 1.18. 
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out  that  the dose is small compared to the 
autodose arising from H'-capture gamma 
rays. 

For purposes of indicating the magnitude 
of induced activity and its resultant dose, 
the following computations for Case 3 :ire 
typical. Referring to Table 11, column I ,  
the specific activity, Case 3, is 73.6 dps. 
/mg. serum Na23. For an Na-content of 
3.25 mg/cc. of serum, this activity is 6.47 
X I O - ~ ~ C  Na2'/cc. T h e  beta rep due to the 
total disintegration of this amount of Nn" 
is calculated on the basis of h/larinelli'sc 
evaluation of tlie constant: 29 beta rep 
/pc Na24 destroyed. T h e  6.47 x  IO-^ pcjcc.  
of serum then deliver 0.187 rep over a pe- 
riod of several half-lives of Nazi (h;df-life, 
14.8 liours). \Vith ;t hematocrit of 40 per 
cent this dose becomes 0.187Xo.6=0.112 
rep/cc. of blood. 

T h e  average beta and gmiim:i ray dose 
tliroughout tlie body is best taken on the 
basis of the total Na in  the body and mi 
average ainount/cc. of tissue computed. 
Total amounts of Nil are quoted ;is: 63 
gm./70 kg. of ninn, S l i ~ h l ; ' ~  S9.2 gm./66 kg. 
of man, 1Cloo1-e;'~ and 105 gni. in  the 
Standard Mati weigliing 70 kg. (Inter- 
national Commission on R:iciiological Pro- 
tection*). T h e  more recent figure of 105 
gm. beconies 1.5 mg. ?Ta/'gm. of tissue 
averaged throughout tlie body. On the 
basis of Case 3's specific activitj-, it turns 
out  that  for his 59.4-336. weight he hnd 170 
pc Na2" total. For co~npm-ison, the permis- 
sible total in a 70 kg. inan  is 1 5  pc.* '!'he 
average beta ray dose in Case 3 is o.oS3 
rep. 

T h e  gamma ray dose delivei-ed by the 
NaZ4 is an autodose like that due to H'-cap- 
ture gamma rays. '1'0 compute the g;inima 
ray dose rate in  Gtse 3, tnke an average 
tissue Na content of 1 . 5  mg./gm., specific 
activity of 73.6 Na2.' dps./mg. Na", and the 
average body-dose rate  for a 70-kg. ni;m 
found in Table HJ, namely, 1 . 9 7 X r o - ~  I- 
/NaZ4 disintegi-ntionsjgm. of man. 'There 
are, then, 3 X 1 0 - 3  pc NaZ4/gni. for which 
the total number of disintegrations is 8.45 
X  IO^, for a mean life of Nilz4 of 21.3 hours. 

T h e  average body gamma ray dose during 
the destruction of Na24 is 0.14 r. Tlie bio- 
logic half-life of NaZ4 of 1 2  days plays no 
significant part  in this dosage. 

The  beta and gamma ray doses toegther 
comprise less than I per cent of the H'- 
capture gamma ray dose recorded i n  Table 
IV. For Case 3 the H1-capture gamma ray 
dose is 87 r. T h e  Na2-L beta dose is 0.083 rep 
and the gamma ray dose 0.14 r. Since the 
N:L*~ doses are small, they are not tabulated. 

'The possible contributions to the induced 
activity dose due to short-lived isotopes 
other t1i;in N : L ~ ~  were examined. The  iso- 
topes K4? (12.4 hours), MnSG (2 .6  hours), 
C138 (0.62 hours), ;tnd Mg27 (0.16 hours) 
were tlie chief ones concerned. The  total 
miounts of isotope along with hTa2.' are 
tnbu1:tted in Table VI for Cases I, 3, 4, and 
6. 'I'aking ;iccount of the isotopic abun- 
dance, the amount in  the body, and the 
energies of the r;tdi;itions, the doses from 
the four isotopes other than Nit?-' are 
negligibly smnll. T h e  magnitudes oftlieir 
contt-ibutions deci-ease in the follon~ing or- 
der: CP, ICqr, M n z c ,  atid Mg". 'The gamma 
ray doses are in tlie same order totnling ;in 
;iciditional 140 per cent of the Nn2' average 
wliole-bod>~ dose. 

1'1. ES'I'IR.IA'I'I< O F  GAMMA RAY DOSE ,. I lie total induced activities shown in  
'r;tble VI along with the serum NaZ4 specific 
activities in Table 11 provide an indication 
of the order of gmnnia ray intensity from 
tlie bodies of victims to be expected a t  
vnrious dose levels. The  gamma ray inten- 
sity 11;~s :in ac1vant;ige in  that  it can be 
measured a t  the ;in terior diaphragm level. 
Tlie ;issay of activity i n  sera or in wines is 
more elaborate in that it requires a cnreful 
prepnixtion of snmples and counting. The  
body elimination of Pa2 has yet to be clari- 
fied." Sodium in urine is subject to wide 
fluctuxtions. Therefore, the sera Na?' are 
the most reliable measure of neutron flux. 

Case 3 in  Table VI had a total of 170 pc 
Nit2" whicli was mostly produced in the 
arms and torso, since he was close to the 
source of neutrons. His dose was lethal as 
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was tha t  of Case I ,  although the latter had 
only 65 pc Na24. T h e  additional dose due 
to  delayed gamma radiation in Case I 
probably was a major factor in his death. 
For purposes of estimating the amount of 
NaZ4 which would indicate a lethal dose, it 
is assumed that  the activity of Na2-‘ of 18 
dps. in Case I was less than that  corre- 
sponding to  a lethal dose such as in Case 3 
with a serum specific activity of 73.6 dps. 
This is substantiated to  some extent b!, the 
fact that  Case 4 had a specific activity of 
13.3 dps. and survived. 

T h e  mock-up man’s measurements 
showed 130 nir/hr. for a concentration of 
80,978 Naz4 disintegrations/min./cc. nieas- 
ured a t  the diaphram skin surface with 
the counter-t!rpe survey meter (calibrated 
against Rx), not corrected for the NaZ4 
gamma energy. In terms of counts, the 
same gamma-meter showed 4,500 cpm. 
/ I  mr/hr., or 72 counts/disintegration/cc. 
of mock-up man. T h e  latter figure shows 
that  I gamma ray in every 2,000 emitted in 
the man was recorded by the counter. If 
nieasurements had been made on Case I at  
the time of tlie accident, an approximate 
counting rate of about 12,500 cpm., or 2.S 
mr/lir., a t  diaphragm level, would have 
been recorded due  to the hTaz4 alone. The  
biological half-life in man for Na2‘ of about 
1 2  days makes it necessary to consider only 
the natural decay for the decrease in  inten- 
sity with time. 

The  essential feature of these data  is 
that  the Nn21 gamma rays occur in intensity 
sufficient for an appraisal to be made of the 
magnitude of tlie radiation exposure. There 
are three aspects of this gamma assessment 
of dose which need to be pointed out. The  
first is the correction for the natural decny 
of NaZ4 according to a 14.8 hour half-life. 
T h e  second is that  the other short hnlf- 
lived isotopes such as K42, Mii5G, C138, and 
Mg?’ be allowed for. The  Mn”, C13s, and 
Mg2’ will have decayed after about 12 
hours. After that  the ICdz will continue to 
contribute about 25 per cent of the gamma 
reading, since it has a half-life of I 2.4 hours. 
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tion on the gamma assap of dose is that  it 
gives a measure only of thermal neutrons 
in the body. The  question as to  the spec- 
trum of fast neutrons which gave rise to 
the thermal neutrons has to  be estimated 
from other information about tlie exposure. 

1’11. CORRECTIONS TO T H E  M I N I M U M  DOSES 

The  various components contributing to  
the total close are summarized in Table 
VII under the column entitled “Primary 
Doses.” For illustrating the make-up of 
the total close, Case 6 was found to be most 
suitable. Other cases near the source in- 
vol ved extraneous factors obscuring the 
fission-burst dose. Case I was near a heavily 
shielded source and, moreover, sustained a 
large dose of delayed gamma radiation. 
Case 3 was too near the source to permit 
accurate evaluation of the distance relative 
to the source, since his hands were 011 the 
assembly and his feet about 90 cm. from its 

TABLE VI1 
S U h l h I A R Y  O F  AVERAGE B O D Y  DOSE COMPONEXTS 

F R O M  FISSION BURST 

Case 6. Average Neutron Energy 0.5 mev. 
~ _ _ _  

Equiva- Equiva- 
lent- lent Primary 

Doses Component Gaininn Doses as 
Doses.* Percentage 

r of T o t a l  

Il’-capture gam- 
ma ray 
(Table IV) 9 . 5  r 9 . 5  16.4 

1;;ist neutron 
(Table v) 8 .1  rep 40.5 50.1 

N‘~-neutron cap- 
ture 
(‘l’al~le v) 1.07 rep 5 . 4  9 . 3  

Prompt gamma 
rays 
(’Table VI) 2 . 4  r 2 . 4  4 . 2  

Total 57.8 100.0 

These doses :ire not corrected for slow-neutron loss or fast- 
neutron scatter. 

-, 

T h e  third and most important qualifica- *  ne HI rep i$ Iiologically equivalent to 5 gamma rep 
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center. Case 4 is known to have been pnrtly 
shielded from the assembly by Case 3’s  
body. Case 6 was entirely unprotected; his 
entire body, except possibly his lower legs, 
was exposed to the source a t  a reasonably 
well-ascertained distance of 140 cm. 

For a comparison of the relative mngni- 
tudes of the components, a relative bio- 
logical eft‘ectiveness (RBE)  of 5 is assigned 
to the H’ rep. T h e  RBE hassbeen described 
in the clinical case report’ (Sections 11 C 
and IV A). Zirkle (Oberlin Confet-ence,lG 
p. 53) takes as :I rough average R B E = 4  
for protons. On the other hand, Nenrv“ 
takes RBE = IO in tolerance-level con- 
siderations. In  Table VII the column called 
“Equivalent Gamma Dose” has the proto11 
rep multiplied by 5 .  The last column shows 
their relative magnitudes. For 0.5 niev. 
neutrons the recoil rep have already be- 
come 70 per cent of the total dose. 

T h e  dose components in Table VII are 
minimum doses. T h e  dose components due 
to H2 recoils, slow-neutron-induced activi- 
ties, and delayed ganimn rays have been 
omitted because they are negligibly small. 
T h e  dose due to  neutron-capture gamma 
rays from surrounding objects, walls, 
floors, etc., has not been considered. An im- 
portant item in considering these as mini- 
mum doses is loss of thermal neutrons by  
difhsion from the body ;is was mentioned 
earlier in  this report. T h e  first three com- 
ponents i n  Table VII are directly propor- 
tional to the Na2’-induced activity in the 
blood sera. 

In  considering a possible correction for 
diffusion loss of slow neutrons, the dimen- 
sions of the various parts of the human 
body are important. T h e  largest part, the 
torso, is about 20 to  25 cm. thick and 30 to 
40 cni. wide, from which diffusion loss is 
conservatively estimated to  be I O  to 1 5  
per cent. 

T h e  other body members, such as head 
( r s X 2 0 X 1 8  cm.), arms ( I O  cm. diameter) 
and thighs (15 cm. diameter), present 
blocks of aqueous material from which dif- 
fusion losses range from 20 to 30 per cent, 
depending on thickness. As a final estimate 

of slow-neutron loss due to diffusion, 1 5  
per cent nppenrs reasonable and conserva- 
tive. Thus, the first three dose components 
in  Table VII should be increased by a fac- 
tor I .  I 8 to account for slow-neutron loss. 

T h e  energ!‘ of the primary neutrons not 
only influences the amount of leakage of 
slow neutrons from the body, but obviously 
plays an importxiit part  in the dosage. I n  
Cases I and 2 the assignment of an average 
energy of 0.5 mev. to the neutrons is justi- 
fiable because of the heavy shielding about 
the critical assembly to which they were 
exposed. In the remaining 7 cases there is 
the possibility that  a small fraction of the 
neutrons may have had high energies. As 
Glasstone and Edlund3 point out, the fission 
specti-um of neutrons extends from about 
0.1 mev. out to beyond I O  mev., the ma- 
jorit), of neutrons having energies in the 
range I to  2 mev. 

T h e  pronounced contribution of fast 
neutrons to the dose is illustrated by the 
following example which serves also to 
estimate a maximum possible dose to be 
added to  the computations made thus far. 
If 5 per cent of the neutrons indicated by 
Nn2’ activities have an average energy of 5 
mev. rather than 0.5 mev., then the total 
fast-neutron rep in Table VII and Table v, 
coluinn I are increased by 45 per cent. 
Thus, in Cases 3 to I O  a reasonable max- 
imum dose due to neutron energy in the 
fast-neutron rep would require that the 
minimum doses be increased by a factor of 
1.45. 

There remains yet a correction to be 
made for fast neutrons scattered from the 
body before becoming thermalized. This 
correction applies only to the f* ds t-neu tron 
component, since it implies that  a fast 
neutron imparted a fraction of its energy to 
the tissue in the form of a recoil atom and 
then was scattered out of the body. This is 
:L dosage in the form of fast-neutron rep 
which is tentatively assumed to  be I O  per 
cent of the total. 

T o  summarize the corrections which have 
been described in the foregoing paragraphs: 
The first is an 18 per cent increase in the 
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TABLE VI11 

S U M M A R Y  OF AVERAGE BODS DOSES 

I 2 3 4 5 6 

Gamma-Equivalen ts 

Average Incident 
r rep rep r Dose, r t  Dose, r$  

Prompt Fast  Nl4 Cap t i i  re 
Case Gammn Ray, Neutron, Capture, Gamma Ray, 

I 33 .o 27 .o 3.23 
2 1 . 9  1.7 0.20 

3 s7  .o 109.0 13.20 
4 21 .o 19.6 2 . 3 8  
6 9.5 1 0 . 5  I .26 
7 5 . 9  5.7 0.6: 
8 3 .o 3 .o 0.3: 

2 . 3 2 . 2  0 .  rX 
I O  I .4 I .s  0 . 2 7  
9 

220.0*  

11 .4  

4.5 
2 . 4  
1.3 
1.3 
0 . 5  
0 . 5  

404 

709 
136 
71 
39 
21 

‘ 5  

I 1  

I 2  

587 
16 

1125 

219 
I I O  

56 
30 

17 
22 

~~ 

Doses in this table are corrected for slow-neutron diffusion loss ntid fast-neutron scatter. 
* Prompt and delayed doses are  combined i n  this one case. 
i In  the summation of doses in  columns I ,  2 ,  3, a n d  4 the Ireavy-lxlrticle doses wei-c tnultiplied by the ]<RE= 5.  
1 I mev. gamma rays for wliiclr p=0.03 cm.-1. 

first three components of dose listed i n  
Table VII, since these are proportional to 
the slo~~r-neutron flux. T h e  second cori-ec- 
tion is a IO per cent increase in the fr lst- 
neutron component to coinpensxte for fxst- 
neutron scatter out  of the body. T h e  xver- 
age body doses, taking these corrections 
into account, are summarized in ’t’:iLde 
VIII, columns r ,  2 ,  3, and 4. In the same 

Table, column 5, are the average body 
doses which are the gamma equivglent of 
the slim of components listed in the first 
four columns. It should be emp1i;tsized thnt 
the ;ivei-;lge body closes of ‘Table VIII are 
avei-;iges of dose within tlie tissue and are 
not to IE confused with average incident 
ciose to the body. 
By ine;ins of tlie conversion factors in 

?‘.413I.E Ix 
CONVERSION FACTORS FOR EXI’KESSING AV.YKAGI< B O D Y  DOSES .4S I K C I D E N T  I MEV. G A M M A  A N D  80 KEV. 

ROENTGFX-RAY DOSES* 

____ .__.__ ~ __ __.-__ 

Source- to-Bod,. .4verage I3otly Corrected Average 
Distance Correction Dose/ri. Body Dose/r 

Case 
Roentgen Roentgen l<oentgen 

R a y  Gnm ma Crmima Gamma li ay l i  xy 
I 2 \ 

I 
2 

3 
4 
6 
7 
8 
9 

I O  

0.75 
0.94 
0 . 8 0  
0 .85  
0.ss 
0.92 
0 .92  
0.94 
0.94 

0. j s  
0.96 
0.83 
0 .91  
0.94 
0.96 
0.96 
0.97  
0.97 

0.69  
0.69 
0.78 
0 . 7 3  
0.73 
0.76 
0.76 
0.73  
0 . 7 8  

4 5 6 

0 . 5 2  
0.65 
0.63 
0.62 
0.64 
0 .70  
0.70 
0.69 
0 .73  

0 .28  

0.30 
0 . 2 7  
0.28 
0.32 
0.32 
0.29 
0.35 

0.22 

~ ~ ~~ 

All entries in this talile iire i n  units of r/incident r. 
*Assuming the radiating assembly is ii point soiirce. 
t For  incident plnne wave.  

1 0 0 4 3 9 2  
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T.4 B1.E s 
ISTEGRAL DOSES I N  T E R M S  O t  ENERGY ABSORBED CONVERTED TO EQUIV4LEP;T GAMMA ROENTGEKS 

I 2 > 4 5 

Heavy-l’article C;ipture-G;imnia l’rompt-Gamma Delayed-Gamma Total Integral 

niegagm .-r megagm .-r nieg.igm .-r megagm.-r megagm.-r 
Case Dose,* Dose,t l)ose,t Dose, Dose, 

I 

2 

3 
4 
6 
1 

1 
9 

10 

2.25  
0.13 
5.90  
I .30 

0 .41  

0 . 1 5  
0.09 

0.65 

0 . 2 1  

0.68 
0.:36 
0.16  

0 . 1 1  

0 .  I O  

0.04 

0.03 

20 36 .o 
0.93 
42.8 
10.7 
4 .8  
3 .o 
I .6 

0 .73  
I . 2  

* Froin T:ible v, colunins I ;1nd 2 .  corrected for KRE= 5, and neutron losses 
t I ~ r o m  Table IV, corrected for slow-neutron loss (18 per cent).  
$ Prom Table VI, column 2 ,  niultiplied by p t i e n t ’ s  weight. 

Table IX, the average body dose is trails- 
formed into incident gnmma dose shown in 
column 6, Table VIII. These are the inci- 
dent doses coniing from the ;issenibly (as- 
sumed to be a point source) wliich would 
produce the body average dose in column 
5. 

T h e  total integrnl dose as a sum of the 
component integral doses is given in  Table  
x, column 5. This is ;L gamma integral dose 
in tlint the heavy-particle dose was con- 
verted to the biologicd equivalent by the 
liBE factor of 5. T h e  c;ilculntion is made 
by multiplying tlie nverage body dose by 
the body mass to give the integr;il dose. 

VIII. S O F T  R O E N T G E N  R A Y  E Q U I V A L E N T  

O F  T H E  HEAVY-l’A1Cl’ICI.E DOSE 

T h e  low penetrating power of 0.5 mev. 
neutrons was pointed out in Section 11 

above. The  induced activities ultimately 
measured in the sera were concentrated a t  
the instant of exposure in  the half of the 
body facing the source of neutrons. T h e  
computations of the major dose compo- 
nents listed in  Table VIII  are on the basis 
of average values tlirougliout the body, 
because the Na24 became uniformly dis- 
tributed throughout the body. Actually, 
the fast-particle doses, namely, the fnst- 
neutron and N’4-capture doses, were initial- 

ly concentrated along the surfaces of the 
body facing the source. 

Therefore, the conversion of the dose to 
gamma-ray equivalents, as shown in col- 
umns 5 and 6 of Table VIII, and in  Table x, 
colunin 5, is somewhat misleading as re- 
gards the physical picture of how tlie dose 
was administered. A closer approximation 
to the distribution of the heavy-particle 
close due to the c.5 mev. neutrons is ob- 
tained bv converting i t  to 80 kev. roentgen 
ray dosage for which the linear absorption 
coeficient is p=00.14 cm.-] and the half- 
value layer in copper is 0.082 mm. A com- 
parison o f  the depth-dose data  for the So 
kev. roentgen rays with the theoretical 
wide-beam depth dose for 0.5 mev. neu- 
trons as published by Tait19 suggests tha t  
the dose distribution in whole-body ir- 
radiation would be similar for the two 
radiations. 

Table IX shows the factors which enter 
in  to the conversion of the heavy-particle 
rep i n  Table VIII, columns 2 and 3, into an 
equivalent incident dose of 80 kev. roent- 
gen rays. T h e  heavy-particle average body 
close for Case 3 totals 122.2 rep, wliich 
comprises the H’-recoil dose corrected by 
the factor 1.3 for neutron loss and scntter, 
and the NI4-capture corrected by the fac- 
tor I .  I S  for neutron loss. 

The calculation o f  the incident roentgen 
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TABLE S1 
F I S S I O S - B U R S T  DOSE EXPRESSED A S  I N C I D E S l  G.AMM.4 R.4TS AS11 5OFT ROENTGEN RAYS 

______ - __~__ -. 

Hands 
_____ 

liigh t Left Incident I n  ci den I 

Roentgens Roentgens* 
Case So Kev. Koentgen Tiny G:unm;i R X J  Tl‘ery Soft Roentgen i’erj. Soft Roentgen 

I1 a y  RXV 
Roentgens I t  oen tgen s 

I 
2 

3 
4 
6 
7 
8 
9 
IO 

840 
45 

203 6 
40: 
210 

100 

53 
4 3 
3 0 

487 .o 
a ’ 2 

156 .0 
41 .o 
19.0 

6 . 2  
4 .o 
2 . 6  

10.0 

* I mev. gamma rays having linear absorption coefficient of p = 0 . 3  ctn.-l. 

ray dose is based upon Mayneord’s’O tables 
and correction formulas. T h e  correction 
for source-to-bod!, distance is given 111 col- 
umn 2 ,  Table IX; for Case 3 it is 0.83. The 
average body dose/incident r is determined 
by Case 3’s torso thickness of 20 cni. :ind is 
0.362 r (column 4, Table I X )  for pl;ine-w;iI-e 
radiation. Corrected by  0.83, tlie avernge 
dose becomes 0.30 r/incident r (colunin 6). 

This is the average body dose/r which 
Cnse 3 would have received at  ;I distance o f  
50 cm. from an So kev. roentgen rnj. soiirce. 
I h e  122.2  rep multiplied by  the R13E f ~ c -  
tor of 5 make a total o f  61 I gamma-equivit- 
lent r of aver‘ige bod!- dose which have to 
be delivered 1 ) ~ ’  the i.oentgen rays. ‘tlitis, 
the incident roentgen-ray dose is 61 I , ’ O . ~ ,  

or 2,030 r, ~vhich is given in Table XI, col- 
umn I .  Basicnl1~- the calculation ;issunies 
that  the critical assembly approximated ;t 

point source resembling tlie focal spot o f  ;I 
roentgen tube. 

r l  

IX.  BLUE-GLOW DOSE R A T E S  

I n  the critical-assembly ;icciden ts of 
August 21, 1945, and May 21, 1946, there 
was reported a blue glow imniedi;itel~~ sur- 
rounding the assembly. This blue glow had 
been reported earlier (June 4, ~ 9 4 5 )  when 
another assembly had tnomentnrily been 
out  of control. T h e  operators of their re- 
spective assemblies, Cases I ;tiid .?, h:id 

their hands and arms in this glow. As the 
clinical record indicates, these body inem- 
1 )e  I‘S s 11s t;i i n ed ex t rem el y high r adi a t  ion 
doses. For :in estimate of tlie doses, it is 
necessary to deduce the order of magnittide 
of energy flux wliich will produce the blue 
glow i n  air. 

I t  turns out th;it a glow in air  due to 
ionizing 1-ndiations c;tn be seen under vary- 
ing degrees of background lighting: tlie 
lower the bnckground the less intensity re- 
cliiired to make ;i glow visible. The  criticnl 
;~ssemblies mcn tioned above produced a 
glow under w i del y differing circu ins t :in ces. 
’I‘lie first one w;is seen against tlie dnrk 
w;tlls of ;I Inr-ge steel tank coiit;iining the 
;isseinbl>.. Tl)e  incandescent lighting ~ind 
cln!.light tlii-ougli remote windows wei-e not 
brig11 t. The  second assembly glow W:IS seen 
against c1;ii-k \)locks of shielding wi th  incan- 
descent light about 8 feet overliend (at 
I I :oo P.M.) .  Case 2 was reading a news- 
paper wi th  his back toward the nssembly. 
He was aware of  a bright flash when this 
x s e m  bl y went critical. 

The  thii-d assembly was seen to  glow i n  a 
well-lighted Inboratory near large windows 
through which the bright afternoon (3 : 20 

l’.M.j siin shone directly. Three of the per- 
sonnel present were positive i n  their state- 
ments of having seen a blue glow which 
seemed to 11;tve extended 20 cm. belrond 

1 0 0 4 3 9 4  
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the critical assembly.* I n  view of the fact 
that  a blue glow was seen in this brightly 
lighted laboratory, i t  is believable that  
Case 2 sliould have been aware of a bright 
flash on his newspaper in  the night acci- 
dent. Yet, it must be remembered thxt 
there were considerable differences in nia- 
t er i a1 si1 r round i ng the two a s seni bl i es . T h e  
afternoon assembly had relatively little 
material i n  the way of heavy metal around 
it  as conipnred to the night assembly. 

Various facts pertaining to blue-glow 
phenomena due to ionizing radiations are 
presented in the following discussion. A 20 
micronmpere beam of 5 Jnev. deuterons 
can be seen readily i n  d;u-kened room. 
From the range-energy relation and as- 
suming a I cm.2 beam cross section, :I roiigh 
estininte is that  a11 absorption of 2.8X IO"' 

ev./cc./sec. occurs in the air nt the point 
where the deuterons have 5 mev. energy. 

Experiments with high-intensity radio- 
active sources showed that a blue glow 
easily seen in a dark room corresponded to 
the absoi-ption of 4.4X 10'; ev./cc./sec. in  
air. Using these da t a  and extrapolating to  
those of the laboratory in which the after- 
n oon sun gave b n c kg r o LI n tl i 11 u ni i n a ti on 
(a f;ictor of 10' i n  light intensity is as- 
sumed), the figure of 4.4X 1o15 ev./cc./sec. 
is to be raised to 1oL9, wl~icli is comparable 
in magnitude to the figure of 2 . 9 X   IO'^ 
ev./cc./sec. for the deuteron beam. T h e  
roentgen rate is 6 X  loi r/cc./sec. for the 
blue glow seen in a well-lighted room. 

Tlie dose components i n  the blue glow 
comprise soft roentgen r a~r s  m d  electrons 
as well as the effects of ionization due to 
the primary fission radiations such iis fast 
and slow neutrons, g a m m a  rays, and recoil 
particles. In the above computation of dose 
rate it is assumed that  the meclinnism of 
blue-glow formation by deuterons and al- 
pha particles is essentinlly the same as tha t  
for tlie radiations coming from tlie criticd 
assembly. 

Tlie blue glow in which tlie hands of 
Cases I and 3 were immersed for fractions 

* Five individuals who were neiir the blue glow in three differ- 
en t  assemblies reported 21 tingling, salty sensntion :tbout their 
tongues while tlie glow was visible to them. 

of ;i second produced an exposure a t  a 
high rate and of soft radiations. From the 
accoiints given by the individuals, it is esti- 
ninted that Cnse I sustained about ~o,ooo 
to 40,000 I' on the right hand and 5,000 to 
1 q,ooo r on the left hand. Cnse 3 received 
J~OOO to 10,000 r on the riglit hand and 
15,000 to 30,000 r on the left hand. Case 4 
had his left hand extended toward the as- 
sembly iind probably sustained 400 to 600 
I- o n  it. 

X. 1)ISCUSSION O F  DOSES 

There are four diffei-ent ways in which 
the whole-body dose can be designated, no 
one of which has been accepted as tlie pre- 
ferred way. This m a y  be due to tlie meager 
clinicd experience reported in the literature 
of wl~ole-body irradi;ition. There may be 
other \v;iys of specifyins whole-body dose; 
the four which are pertinent to tlie fission- 
burst accidents are discussed as follows: 

I .  I lie designation of an average value 
of the rep absorbeci throughout the body. 
I he essential figures for this dosage are 
given in Table VIII, columns I ,  2 ,  3, and 4. 
'T'Iie dose presented in rep or r is simple. If 
it is desired to account for extreme expo- 
sure on one side of tlic body as occurred in 
Cases I and 3, tlie aveixge rep provides a 
convcnient reference point from which the 
dose c;in be rnised or lowered ;IS tlie case 
may require. Tlie doses in Table VIIT are 
corrected for estimated slo\wieutron-dif- 
fusion loss ;ind for fast-neutron scatter 
from the body. 

2. I h e  second specification of whole- 
body dose is an extension of the average 
1)ody rep to total whole-body dose as in 
the concept of integral dose. T h e  total rep 
is the product of the average body rep times 
the hody mass as in Table V, column 5, 
where the rep Iiave not vet been corrected 
for slow-neutron loss and fast-neutron 
scatter which amounts to an additional 30 
per cent for the H-recoil dose and 18 per 
cent for the N'-'-cnpture dose. T h e  integral 
dose in terms of gamma equivalent dose is 
summarized in Table x. The conversion of 
henv>--particle rep to gamma rep was made 
usinl;: the RRE factor of 5 .  

, *  

r .  

, 7  
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For practical purposes the gm.r in this 
report is taken as 93.1 ergs/gm. of tissue. 
T h e  assumption is that  a11 the various 
gamma rays give I rep/roentgen in   an^ 
tissue of the body (see Mayneord," p. 144, 
for units and discussion). 

3 .  The expression of body doses in 
terms of the incident dose rather than a n  
average dose throughout the tissue. 'This 
statement of dose stems from radiothern- 
peutic experience i t i  which the clinical 
reaction is measured by incident dose in  
well-defined radiation applicators. T h e  
doses in this form are stated for ti570 differ- 
ent types of radiation. In  Table VIII, col- 
umn 6, the incident gamma radiation from 
the assembly is given whicli would produce 
the average gamm;i body close in coliimn 5. 
This in turn is the sum of the four close 
components shown 111 columns I ,  2,  3, and  
4. 

I t  is recognized that the gammn eqiiiv'i- 
lent of all the doses is ;it-tifici,il i n  that  the 
1ie;ivy-particle component w;is conce~i- 
trated tow;mi one  side of the body while 
the gnmma doses 1ve1-e iiniforml), distt i1)- 
uted. A single figure SIICI I  ;is that  shrnvn 
in Table VIII, column 6, i s  not I-exlily in- 
terpreted to show the pli> sic,tl distribution 
of dose. 

The  difficulty in tlie single g;inim;t- 
equivdent dose is .ivoided b v  clescribing 
tlie exposure i n  terms of  tu'o ditfercnt 
r;tdi;itions. 'I'he 1ieavy-p;irticle close i s  
given in terms of incident 80  kev. roentgen 
I-ays and the  gamin‘^ component i n  terms 
of an incident g;inima dose as i n  Ta1)Ie SI. 

l 'lie recourse to a soft r o e n t w n  rc1\, dose 
is somewhat arbit;ii-~~. Yet i t  gives a better 
picture i n  terms of :i knoMrn tlierapeiittc 
raciintion. I ts  use is justified to some extent 
by tlie fact tha t  fission bursts will invnr-  
ably involve scattering materials around 
the source of neutrons. ?'he degraded neii- 
tron-fission spectrum will be tlie rule r;ithei- 
than the exception. Furthel- dn t:i 111 iij.  s h o ~ .  
the properties of ;i voltage other than So 
kev. to be more appropri,tte for the lienv~r- 
particle component of dose. Tlie nctunl 
roentgen ray voltage is irrelevant except 

? 

insofar as it provides a working guide for 
the radiologist in terms of :I familinr tool. 

4. The fourth index of whole-body dose 
is peculiar to neutron exposures. I t  is the 
specific activity of the Na2.' i n  blood serum 
(Table 11, column I )  as has already been 
pointed out in the clinical report on the g 
c;~ses.~ T h e  P3? activities have yet to be 
studied in the human being. The  com- 
plexities apparent in its elimination pre- 
clude its being useful a t  this time. In the 
earlier report on the accidents5 it was 
noted tha t  the appearance of measurable 
PS2 in blood serum indicated a lethal dose. 

'Hie use of  induced activity ;IS an index 
of  I-adiation injury requires, however, that  
the presence of fast neutrons be :iscer- 
tained from other evidence, since readily 
accessible induced activities give 110 clue 
to  the energy spectrum of fast neutrons. 
'l'his problem has been discussed in Section 
VI i n  connection with the estimate of dose 
by  the g;inim;t. rays coming from Na?.' in  
the body. 

'The exrlier doses p~iblislied in the clinical 
report" (p. 292) are lower than those gi veil 
here. 'l'he integral doses in 'I';ible I '  (p. 
792) cot-respond to those in T;ible x above 
except that  i n  Table x the RBE factor of 
5 has been xpplied in the heavy-particle 
dose. T;ible 11,' (p. 2g3), giviiii the incident 
doses in terms of soft roentgen rays and 
gimma r;iys, corresponds to Table XI 
;i hov e. 

In this report the dose of delayed gamma 
radiation of Case I has been increased on 
tlie basis of the high intensity of delayed 
gmim;i rxys known to have existed and 
tlie estim;tted length of time spent near the 
assembly. This has been discussed in Sec- 
tion IV. 

I h e  doses in  this paper are higher than 
those in the clinical report for several rea- 
sons, :tlthougli they are not significantly 
higher except for the special circ~unst;ince 
of Cnse I discussed above. T h e  capture 
CI-oss sections for slow neutrons in  NnZ3 rind 
in  H' :ire tnken ;is 0.45 ;uid 0.31 barns re- 
spectivelv, whereas in  the 194s report these 
were 0.693 ;ind 0.25 bnrns. Tlie correction 

r ,  
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for slow-neutron-diffusion loss ;uld fast- 
neutron scatter from the body was not 
made in the earlier dose calculations. I n  
this report the source-to-body distance fac- 
tor Iins been taken into ;iccount, whereas in 
the enrlier report the doses were given in 
terms of plan e-w a ve in c i de n t radiation . 
\T%ile the distance f,tctor entails the 1111- 

desirable assumption that the critical as- 
sembly w;is a point source, tlie results seem 
less artificial thm the use of the plane-wave 
concept. I he distance factor raises the 
incident dose. 

T h e  heavy-particle integral dose i n  col- 
unin I ,  Table x, nnd its equivalent soft 
roentgen ray incident dose in Table XI, 

column I ,  reduced to 77.S per cent of their 
values, give the doses without the neutron- 
loss corrections. For ex;iniple, in  Case 3 the 
soft roentgen ray dose is 2,036 r. Reduced 
to  77.S per cent, it becomes 1,585 r. 

T h e  absolute magnitude of tlie doses is 
determined by the average fast-neutron 
energy as discussed in Section VII above. In 
the first appraisals of the exposures an 
aver'ige energy of 0.35 mev. for the neu- 
trons had been assumed. In the accident 
involving Cases 3 to I O  the material about 
the assembly was such ;IS to make an esti- 
mate  of 0.5 mev. seen1 in order. 

?'here is the possibility that  the average 
energy of 0.35 mev. is xppropriate to the 
accident involving Cases 1 and 2 because 
of the large amounts of shielding material 
present. ?'lie doses in those cases might 
thus be considered slightly high. In the 
other cases it is believed that the doses due 
to neutron exposure are co~iservntively esti- 
mated and low. Certainly, if tlie corrections 
for slow-neutron loss ;ind fast-neutron scat- 
ter ;ire removed, the resultant doses must 
be nenr the absolute minimums possible. 

The possible revision upward has ;ili-endy 
been indicated i n  Section V I J  above and in- 
volves the ;idditionnl dose due to f, '1st n e w  
trons. T h e  increase of 45 per cent in tlie 
1ieav)--p;irticle dose by the presence of 5 
per cent of neutrons having ;I 5 mev. Liver- 
age energy appears to give the order of 
m;ignititde of the upw;trd estimates. Al- 

r .  

though this kind of estimate is consistent 
with the general knowledge about the fis- 
sion spectrum, it has not been added to the 
doses reported here. Such upward revisions 
will have to awnit more detailed informa- 
tion ;tbout the neutron-fission spectrum. 

SUMMARY 

1 n two nuclear accidents involving un- 
con trolled fission reactions 9 persons were 
inadvertently exposed to complex ionizing 
1-ndiations. Whole body doses Lire computed 
on the ;issitnip tion tlia t serum Na2' slow- 
neu troii-induced x t i v i t y  provides a meas- 
lire of fiist-neutron intensity. 

'l'lie selfdosage in the human body due 
to g i m n i a  radiation from slow neutron 
capture in hydrogen is computed on the 
basis that  the set-uni Nn2-' activity gives a 
me;isure of slow-neutron density. Measure- 
ments of gammn ray intensities about a 
mock-up man filled with Na24 in water are 
described. The assay of induced Na2.' i n  
the scrx of liuninns by R measurement of 
g;inini;t ray intensity a t  the anterior dia- 
phragm is discussed. 

Slow-neu tron-induced activities although 
me;isurable are found to be negligible inso- 
far as rxliation dosage is concerned. 

In decreasing order of magnitude the 
dose components are: frist neutrons, hydro- 
gen capture gamma rays, N14 captures, and 
prompt gam m a rays. 

Doses are expressed in: (a) average rep 
throughout tlie body; (b) integral dose; (c) 
terms of incident r delivered by I mev. 
g;tmma and soft roentgen rays; and ((1) the 
seix m Na?.' i ti d uced activities. 

1)r. Joseph G. Hoffman 
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