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This is a preliminary report based on all data avail- 
able at the close of the operation. The contents of this 
report a re  subject to change upon evaluation for the 
final report. Conclusions andrecommendationsdrawn, 
if any, are tentative. The work is reported at this 
time in order to provide early test results to those 
concerned with effectsof nuclear weapons and to pro- 
vide for an interchange of tnformation between pmj- 
ects for the preparation of final reports. 
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ABSTRACT 

! "  

. 

Physical measurements of neutron and gararm radiat ion dose as a 
function of distance from point of detonation were made of the Wasp, 
Moth, Hornet, Bee, and Wasp-Prime, shots of Operation Teapot. Heutr 

pu239-~10, $38 &J and S detectors. Neutron nreasurements with t i s sue-  
equivalent ionization chambers were a lso  made t o  test functional char- 
a c t e r i s t i c s  of the ion chambers. Measurement of neutron and &amma 
radiation dose was made inside and outside T-inch thick lead hemispheres 
used i n  previous tests fo r  exposing mice t o  neutrod radiation. 
radiat ion measurements were a l so  made Inside 1/4-inch thick aluminum 
exposure s ta t ions,  at various depths i n  the lead shields  and at various 
heights above and below mound. 

inside l/h-inch aluminum s ta t ions  as a function of distance from point 
of detonation were made also,  using CF1 female mice. Splenic and thymic 
w e i g h t  l o s s  5 days a f t e r  exposure, t o t a l  body weight loss  72 hours a f t e r  
exposure, and median survival t i m e  were the responses used 86 biological 
indicators of radiat ion e f f ec t .  

dose i n  rep va calculated from flux measurements v i t h  Au, Au-Cd, Np 8%-BlO, 

Gama 

Measurements of radiation e f fec t  i w i d e  7-inch lead s ta t ions  and 

A preliminary sunnrary of the results is as follows: 

The neutron f o i l  system gave excellent indirect  measurements of 
neutron dose ( i n  rep)  under f i e l d  conditions. 

Over the region of measurement (from 1 t o  6 mean free patha), no 
var ia t ion i n  bomb neutron spectrum 88 a function of distance VBB found. 

A t  a l l  distances, the neutron dose ( i n  rep) i m i d e  the  7-inch thick 
lead exposure s ta t ions  was 1/2 that i n  air and the primary e f f ec t  of the  
lead was the  degradation of neutrons with energies above 1.5 mev d w a  
i n t o  the  energy region of 700 kev t o  1.5 mev. 

The neutron t o  gamma radiat ion dose r a t io s  i n  air  w e r e  extremely 
high f o r  the specif ic  weapons considered, and the neutron dose per kilo- 
ton was def in i te ly  a function of bomb geometry and the presence or 
absence of boosting. 

i n  bomb geometry and as a resu l t  of shielding by various bomb components, 
such as the "X-unit". 

"he chloroform chemical dosimeter with varying concentrations of 
water i n  the system vas a sat isfactory method for  the measurement of 
g a m  rays i n  the presence of neutrons, both i n  lead and i n  air, if 
adequately cal ibrated and i f  the neutron sens i t iv i ty  is sa t i s f ac to r i ly  
evaluated. 
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Perturbations were introduced i n  the neutron dose by asymetries 



A t  a l l  distances, the &anmra r ay  dose inside the  lead exposure 
s t a t ions  was only about 7 per cent of the neutron dose. 

The modified NBS film pack was a aat isfactory method for t he  
determination of gaum radiat ion dose i n  air, if corrections due t o  
thermal and fast neutron e f f ec t  and other film responses are applied. 
The same film packet was inadequate, however, for measurement of the 
gama ray dose inside the lead hemisphere for those s i tua t ions  i n  which 
the  thermal neutron flux WLE high and the t o t a l  neutron doae i n  air  was 
50 per cent or mre of the t o t a l  rep dose delivered. 

The t issue-equivalent ionization chamber saturated under f i e l d  
exposure conditions. 
system, i n  the  design used i n  the present meaeurements, v a s  inaaequate 
for field measurement of total dose, gamrsa ray dose, or neutron dose. 

Over the  doae range of 100 t o  loo0 rem, the RBE of bomb neutrons 
averaged 1.7. 

Over the dose range of 100 t o  loo0 rem, the RBE of bomb @moa rays 
was not s ign i f icant ly  d i f f e ren t  from 1. 

The RBE of bomb neutrons appeared t o  vary slowly aa t he  t o t a l  dose 
increased and may be inversely proportional t o  the dose rate above some 
l imi t ing  value. 

The tissue-equivalent and mphi te  C@ i on  chamber 

Additivity of bomb neutrons and gamma rays appeared t o  be complete. 
I 
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PREFACE 

. 

The purpose of this report I s  to afford preliminary distribution 
of the data collected by Profect 39.7, C F X ,  on the physical and biolog- 
ical assessment of neutron and gamma radiation doses as a function of 
distance from point of detonation of the Wasp, Moth, Hornet, Bee, and 
Wasp-Prime nuclear devices detonated during Operation Teapot. 

methods of physical dosim?try of the neutron and gama ray components 
of the mixed radiations from an atomic detonation and an evaluation of 
the perturbation of neutron and @ant% radiation doses prdluced by the 
7-inch lead domes used for the exposure of biological materials during 
past operations. 

is given I n  preliminary form, and in some cases vlthout refinement and 
proper evaluation, in order that the’material may be made available 
in the shorteet possible time. 
diecuaslon and evaluation of data may be changed lo the final report. 

Primary objectives of the etudy were the evaluation of certain 

Those ueing thie report should keep in mind tbst the information 

Same of the numbers and portions of the 
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. 
INTRODUCTION 

1.1 OBJECTrVES 

The general objective of Project 39.7 was to correlate by physical 
and biological means neutron and gamma radiation dose and effect from 
nuclear devices which, because of design, were expected to yield high 
ratios of neutron to gamma radiation dose. ',.%o of the weapons on nhich 
measurements were p d e  were of the "boosted" .and three were of the 
"non-boosted" types, which provided an opportunity to study the neutron 
and gamma radiation -dose and effect of "boosted" versus "non-boosted" 
weapons. 

A highly important objective of Project 39.7 was a more careful 
assessment of the msgnitude and effect of gamma and neutron radiation 
doses inside and outside the 7-inch lead hemispherical exposure con- 
tainers used during Operations Greenhouse, Tumbler-Snapper and Upshot- 
Knothole for the study of the biological effects of neutrons from 
nuclear detonations. 

Another objective of this Project was the measurement of neutron 
dose in rep as a function of distance from the point of detonation and 
comparison of different methods of physical dosimetry of neutrons and 
g a m  rays. A part of this objective also was the measurement of the 
biological effects of neutrons and neutron plus gamma radiation-simulta- 
neously with physical measurement of radiation dose in order to obtain 
informtion concerning the relative biological effectiveness of bomb 
radiations and the additivity of neutrons plus gama rays. 

the characteristics and performance of tissue-equivalent ion chambers 
and chloroform-phase dosimeters under field conditions and to measure 
gamma radiation dose as a function of heiuht above and below ground. 

1.2 BACKGROUND INFORMATION 

1.2.1 Physical Measurements 

Other objectives were the collection of additional information on 

Physical measurements of neutrons and g a m  rays as a function 
of distance from point of detonation have been made at all tests since 
Operation Sandstone. 
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Generally, the neutron measurernuts consisted of flux d e t e m i m -  
t ions  with gold and sulphur threshold detectors. By using two sets of 
gold f o i l s ,  one bare and one covered with cadmium, the difference i n  
act ivat ion YBE used as an index of the  t o t a l  neutron flux below 0.3 ev. 
The act ivat ion of sulphur f o i l s ,  on t h e  other hand, gave an index of 
the t o t a l  neutron f lux  above 3 mev. 
of the f lux  of neutrons of intermediate energies, which are responsible 
for a large portion of the  neutron dose, and gave very l i t t l e  knowledge 
of the  neutron spectrum, which 1s essent ia l  for dose ca lcu la t iom.  The 
above measurements vere, therefore,  not adequate for correlation of physical 
dose with the biological e f f ec t s  of neutrons. 

physical measurements of neutron dose were attempted. During that 
operation, K u r s t  e t  al.  ( I ) ,  attempted t o  use a fission f o i l  system t o  
measure the neutron flux i n  broad spectral  bands between the  energy range 
of 0.3 ev and 3 mev. 
the  neutron dose i n  rep on the  basis of single co l l i s ion  theory. The f e w  
r e s u l t s  t h a t  were obtained indicated t h a t  the method had excellent possi-  
b i l i t i e s  for  f i e l d  use. 
made a lso  t o  measure d i r ec t ly  the neutron dose i n  rep by means of the  
tissue-equivalent ionization chamber designed by Rosai ( 2 ) .  

gas, it is possible t o  determine the t o t a l  radiat ion dose, i n  rep, 
delivered t o  t i s sue  by neutrons plus gslmna rays. The simultaneous use 
of a graphite chamber f i l l e d  w i t h  COP permits the determination of the 
gamma ray dose alone. By subtracting the dose due t o  gamma rays alone 
from the t o t a l  radiation dose measured by the tissue-equivalent chamber, 
it is possible t o  obtain d i r ec t ly  the radiat ion dose i n  rep delivered 
by the neutrons. Measurement of neutron dose by t h i s  method is obviously 
independent of neutron energy and spectral  dis t r ibut ion.  The r e su l t s  
obtained durlng Operation Upshot-Knothole were feu and inconsistent and 
indicated tha t  a var ie ty  of problems vas involved. These problem i n -  
eluded possible saturat ion e f fec ts  of high radiation dose ra tes ,  the 
r e l i a b i l i t y  of the  chambers under f i e l d  conditions, the general e f fec ts  
of radiat ion on the insulators and cases of the chambers, the  possible 
sens i t i v i ty  of the graphite chamber t o  neutrons, the e f fec t  of po lar i ty  
of the chamber, and the problem of adequate cal ibrat ion of both’the 
graphite and t issue-equivalent chambere against  sui table  sources of 
radiat ion.  

measure neutrons by measuring the change i n  conductivity of the semi- 
conductor, germanium. These measurements, of course, do not measure 
rep o r  f lux d i rec t ly  but depend on cal ibrat ion against  a sui table  

which, if the detectors a re  cal ibrated againat sui table  neutron sources, 
w i l l  permit a physical measurement of energy f l u x .  

during every t e s t  program s i n c e  Operation Trini ty  in 1945. Film badges 
have been used almost exclusively for  these measurements. Since a film 
badge only measures indirect ly  the radiat ion dose i n  roentgens, the 
appl icabi l i ty  of r-he method depends upon the sens i t i v i ty  of the  film to 
other radiat ions and upon the cal ibrat ion of the f i l m  against  a su i tab le  

These measurements gave no knowledge 

It WE not u n t i l  Operation Upshot-Knothole i n  1953 that specif ic  

From these measurements, it was possible t o  calculate 

In  the same operation the first attempt was 

Using a tissue-equivalent chamber f i l l e d  with tissue-equivalent 

I 
I 

1 

A l s o ,  i n  Operation Upshot-Knothole, attempts were made t o  

radiat ion source. Studies EO far indicate a consistency i n  response I 

Physical measurements of gamma radiat ion dose have been made . 
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source o? radiation. 
from nuclear detonations was developed by the Bureau of Standards for 
use during Operation Greenhouse. 
a l l  subsequent tests as an index of gamEb9 radiat ion dose versus distance. 
The packet 
i n  film sens i t i v i ty  with p u m B  ray energy between 110 kev and 10 mev. 

It is known that the  packet is sensi t ive t thenml  neutrons 

A f i lm  packet for meaeuring ganmm radiat ion &ne 

!hie seme f i lm packet haa been used at 

developed v i t h  the purpose of eliminating the var ia t ion 

and experiments at  Los A h a  Indicated that 4 x 10 8 thermal neutrons 
per square centimeter gave 
that produced by 1 r of Cod ganrms rays. The gens i t iv l ty  of the packet 
t o  fast neutrone has not been thoroughly studied but some pertinent 
data on f a s t  neutron response w i l l  be given i n  the final report  of this 
project.  

1.2.2 Biological Measurements 

density reading which ME equivalent t o  

Biological systems have been wed t o  measure both neutron and 
garmpa radiat ion dose versus distance from nuclear detonations. 
i c a l  measurements were first conducted a t  Operation Greenhouse i n  
1951 (3).  
used t o  study radiat ion e f fec t .  Only one system, however, proved 
su f f i c i en t ly  prac t ica l  i n  t h e  f i e l d  t o  be employed i n  more than one 
subsequent t e s t .  This par t icular  system is based on the quantitative 
relationahip between radiat ion dose end t h e  w e i g h t  loss of the  spleen 
and thymus of the  mouse 5 days a f t e r  exposure. 
vas cal ibrated against known doses of bard X-ray i r radiat ion,  and the 
r e s u l t s  obtained w i t h  neutrons and gamna rays i n  the f ie ld  were in te r -  
preted i n  terms of the cal ibrat ion curve to determine the  radiation 
dose i n  rem. 
loo0 rem. 
function of distance during Operation Greenhouse and t o  measure neutron 
dose on subsequent shots during Operations Tumbler-Snapper ( 4 )  and 
Upshot-Knothole ( 5 ) .  
modifications, were used during a l l  operations and f o r  the present 
experiments. 

ki locurie  %-La gamma radiat ion sources have indicated that median 
survival  t i m e  may be a su i tab le  biological  method fo r  measuring radiat ion 
dose i n  the f i e l d  over the dose range of 10,000 t o  l50,oOO rem. 
t h i s  range, the dose response relat ionship play be represented by a n  
expression of the  type 

Biolog- 

During t h i s  operation, a var ie ty  of biological systems WBB 

The biological response 

The method i s  applicable over the  dose range of 100 t o  
It was used t o  measure neutron and ganana ray dose as a 

The same mouse exposure containers, with minor 

Laboratory experiments conducted a t  LOS Alamos (6) using m u l t i -  

Over 

log Y = a - bX 
. i  

vhere Y is the median survival t i m e  and X is the radiat ion dose i n  rem. 
In t h i s  dose range, the  median survival t i m e  is probably a measure of 
the  d i r ec t  e f f e c t  of radiat ion on the cent ra l  nervous system. 

the  measurement of neutrons and g a m  rays from a nuclear detonation. 

a t ion  e f f ec t  i s  vhole-body weight loss.  
(7 )  have shown t h a t  whole body weight loss of mice 7'2 hours a f t e r  

Present . studies  const i tute  the first attempt t o  apply t h i s  biological response t o  

Another simple quantitative biological method of measuring radi- 
Laboratory s tudies  at Lo8 Alamos 
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exposure is linearly related to radiation dose over the range of 100 to 
1200 rem when the weight loss is expressed as.per cent of the body 
weight of unirrsdiated controls. 
studies to supplement radiation dose measurements by the spleen-thymus 
veight loss method. 

Thie method was used in the present 



CHAPTER 2 

mmIMENTAL METHODS 

2.1 PARTIC D A T I O N  

Project  39.7 par t ic ipa t ion  was confined t o  f ive  shots of the Opera- 
t i on  Teapot se r ies .  
par t icular  devices t o  be detonated,and t h e i r  predicted yields .  
shots chosen f o r  the program were selected on the baais of (a) predicted 
high neutron t o  gama ray flux, (b)  the presence of mlninral shielding 
and perturbing materials i n  the v i c in i ty  of the device, and ( c )  applica- 
b i l i t y  of the resu l t s  t o  previous detonations and t o  planned stockpile 
items; 

of detonation were as follows: 
The Wasp, a non-boosted device, yield 1.2 KT, 8W-foot a i r -  

burst  a t  a posit ion 426 fee t  West, 36 f e e t  North, and 39 f ee t  low with 
respect t o - t h e  predicted point of detonation; 

(2 )  
300-foot tower; 

(3) 
300-foot tower; 

( 4 )  
tower; and 

( 5 )  
a i r -burs t  a t  a posit ion 62 f ee t  West, 95 fee t  North, and 61 fee: low 
w i t h  respect t o  the predicted point of detonation. 

The various studies carried out under Project 39.7 may be divided 
into physical and biological  measurements. 
carr ied out were as follows: 

lead exposure s ta t ions used f o r  the a n i m l  studies,  as a function of 
distance from point of detonation, using the H u r s t  f i s s ion  f o i l  and 
threshold detector systems. 

th ick  lead shields as a Punction of distance from detonation, using the 
Rossi tissue-equivalent and graphite ionization chamber method, prinrarily 
t o  detennine the e f fec t  of various i o n  chamber character is t ics  on t he i r  
perfonaance. 

and outside the 7-inch lead exposure s ta t ions  as a function of distance 
f r o m  point of detonation. The de ta i l s  of the r e s u l t s  of t h i s  study a re  
reported separately as  a part of Project 39.5 (report  I'IR-1170). 

The experiments were planned on the bases of the 
The 

The f ive  devices selected,  t h e i r  character is t ics  and the conditions 

(1) 

"he Moth, a non-boosted device, yield 2.5 KT, detonated on a 

The Hornet, a boosted device, yield 3.6 KT, detonated on a 

The Bee, :a boosted device, yield 8.1 KT, detonated on a 5W-foot 

The Wasp-Prime, 'a non-boosted device, yield 3.2 KT, 800-foot 
~ ~ . .  

The physical measurements 

(1) Measurement of neutron dose ( i n  r e p )  inside and outslde 7-inch 

(2) Measurement of neutron and gama radiat lon dose inside 7-inch 

( 3 )  Determination of response of germanium semi-conductors i n s i d e  
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(4) Measurement of gamm radiat ion dose iaside and outside 7 - i d  
lead, animal exposure stations and i m i d e  1/4-inch th ick  aluminum mimal 
exposure s t a t ions  versus distance from point of detonation, using E W  
film packe and chloroform-phase dosimeters. 

( 5 )  Measurement of ganmvr radiation dose as a function of distance 
above and below ground and distance from point of detonation, using 
EG&C f i l m  p c k e  . 

The biological  measurements carr ied out on each shot were as 
follows : 

(1)  
lead exposure shields  as a function of distance from point of detonation, 
using weight loss of spleen and thymus, vhole b d y  weight loss, and 
median survival  t i m e  of CF1 feemale mice. 

inside l/b-inch aluminum exposure s ta t ions  as a function of distance f r o m  
point of detonation, using weight loss  of spleen and thymus, whole body 
weight 106s and median survival  time of CF1 female mice. 

2.2 MFPIODS OF PHYSICAL MEASURPlENT 

2.2.1 Neutrons 

Mtasurement of biological effect of neutrons iaside '(-inch 

(2)  Measurement of biological, e f fec t  of neutron plus garma radiat ion 

The threshold detector method of measuring neutron dose i n  rep 
is based on the  determination of neutron flux i n  specif ic  regione of the 
energy spectnun by taking advantage of energy intervals  over which the  
f o i l s  have f la t  responses. From the f lux  measurements and the average 
values for rep per neutron per square centimeter, calculated from single 
co l l i s ion  theory, it is possible t o  calculate the neutron dose i n  rep 
delivered t o  t i s sue  by a know. flux. 

the lead exposure s ta t ions  as a fun t i on  of distance from point of detona- 
t ion  consisted of Au, Au + Cd, Pu 235, Hp237, and 
2 cm of ~ 1 0  The purpose of surrounding the three f i s s ion  foils 
with 2 cm ofagnfoS;s t o  eliminate the high Pu f i s s ion  cross-section f o r  
thermal neutrons and t o  eliminate resonances i n  the epi-thermal region. 
Under these conditions, the t o t c l  neutron fluxes above the effec.tlve 
thresholds of the detectors my be measured after a s ingle  cal ibrat ion 
of the Au and Pu f o i l s  against  a known thermal neutron flux and cal ibra-  
t i on  of the  S pe l l e t s  against a known f lux of 14 mev neutrons from the 
DT reaction produced w i t h  the  Cockcroft-Walton Accelerator. The fo i l  
system used i n  the present study gave the t o t a l  neutron fluxes i n  the 
following energy intervals:  

The f o i l  systems used t o  measure neutron dose inside and outside 

I surrounded with 

Au - (Au + C d )  = t o t a l  neutron flux below 0.3 ev. 
Pu239 - Np237 
Np237 - U 
v258 - s 

= t o t a l  f lux between 100 ev and 0.75 mev. 
= t o t a l  f lux between 0.75 and 1.5 mev. 
= t o t a l  f lux  between 1.5 and 2.35 mev. 

S = t o t a l  f lux above 3 mev. 

The neutron dose i n  each energy i n t e r v a l  vas calculated from the 
t o t a l  number of neutrons i n  each in te rva l  and from t h e  average r ep  per 
neutron per square centimeter. The sum of the  doses in  the various 

22 



. 

. 

in te rva ls  gave the total  neutron dose in rep. 
Threshold detector measurewnts of neutron dose were nadc at 10 

d i f f e ren t  distances from point of dttonation on each of the ahots. 
Measurements were made both inside the ?-inch lead statiom used f o r  
animal exposures, and in the  open. 

chambers is based on the de temlnat ion  of the ions produced by the 
neutrons in  a chamber c o n s t m c k d  of material having essent ia l ly  the 
chemical composition of t i s sue  and f i l l e d  with tissue-equivalent gas. 
Theoretically, such a chamber should provide a d i r e c t  determination of 
t i s s u e  neutron dose in  rep regardless of the spectrum of the  incident 
neutrons. 
ganmvr radiation, and i n  a mixed radiat ion f ield an independent zeasure- 
ment of gama dose m a t  be made and subtracted from the total  i n  order 
t o  obtain t h e  dose due t o  neutrone alone. 

insensi t ive t o  neutrone, w e r e  used t o  mzmure the &anma radiat ion dwe. 
Dunnqy t issue-equivalent chambers we* alno used t o  test insulator  effects 
and character is t ics .  
marimm of 200 rep  and the  other a msrimm of 2OOO rep. Placement in 
the  f i e l d  was predicated on the baeis of these ranges. 
chambers had not been extensively f i e l d  tested, th p r i m y  experiments 
i n  the field were planned t o  k a t  chamber character is t ics  and adequacy 
of design. Since the  question of saturat ion and ion recombination had 
never been s a t i s f a c t o r i l y  solved for the dose rates involved, 24 chambers 
of the  various types charged t o  d i f fe ren t  col lect ing voltages were 
u t i l i z e d  at  each location. 
each shot. 
i n  experimental design in  the  f i e l d  and failure and discard of a number 
of the  chambers. 

of the  semi-conductor, germanium, a r e  a l te red  by exposure t o  fast  neutron9 
and that the degree of a l te ra t ion  is proportional t o  neutron dose. The 
conductance of germanium is essent ia l ly  unaltered by g88mLs rays; there-  
fore ,  germanium detectors that have been adequately calibrated against 
e known fast neutron f lux provide a method of measuring neutrons i n  the 
preeence of gamma radiation. Calibrated, s ingle-crystal  'germanium fast 
neutron detectors were placed in  a number of the exposure containers on 
each detonation t o  measure fast neutrons versus distance. 

The measurement of neutron dose v i t h  tissue-equivalent ionization 

Obviously, the tissue-equivalent chamber a l so  respondn t o  

Graphite chambers f i l l e d  with C02, which theore t ica l ly  should be 

The chambers were of two ranges, one reading a 

Since the 

Originally, eight locations were planned for  
The actual  numbers used, however, varied because of change 

Cassen e t  al. (8) have shovn that the  conductance character is t ics  

2.2.2 Garma Rays 

Tvo d i f fe ren t  methods were used t o  measure gama radiat ion dose 
versus distance on a l l  detonations. 

The - film packet, 88 developed by the National Bureau of Standards 
and modified by EG&G, w w  used t o  measure gamma radiat ion versus distance 
under four di f fe ren t  conditione. MeasuremPnts were made on each of the 
f i v e  shots inside 15 of the 7-inch lead exposure s ta t ions ,  i n  15 stat ions 
of 1/4-inch aluminum, and at 1 0  different locatlone i n  the  open. 
packs vere a l so  used t o  measure ganmvr radiat ion dose at  various distances 
above and below ground a t  10 different  distances from point of detonation. 

The 

In order t o  p a r t i a l l y  eliminate and fur ther  evaluate the thermal 
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neutron response of the f i lm,  some packets were wrapped i n  lithium 
metal which decreaaed the thermal neutron flux reaching the film by 
fac tors  of about 4 t o  8. 
accepted but w a s  checked and p a r t i a l l y  evaluated during cal ibrat ion 
experiments a t  LASL using the  Godiva aasembly. All f i l m  packs w e r e  
furnished, developed and read by EG&G. 

a lso  t o  measure &amma radiat ion dose aa a function of distance from the 
point of detonation on each of the f i v e  shots. 
ments were made inside the  7-inch lead and the 114-inch aluminum exposure 
s ta t ions  which consti tuted a l l  of the  positions at which animals were 
placed. 

conductivity water system adjusted t o  pH 1. Under the influence of 
ionizing radiations,  a chain reaction is in i t i a t ed  which r e su l t s  i n  
ra ther  sens i t ive  changes i n  the pH'of the  system. 
magnitude of pH change by e i t h e r  colorimetric o r  t i t r i m t r i c  methods 
gives a measure of the  radiat ion dose. 

vary the  response t o  neutrons. 
decreased, its neutron response decreaaes. 
phase system (that system i n  which the chloroform is essent ia l ly  anhy- 
drous) ,  it is possible t o  prac t ica l ly  eliminate the  f a a t  neutron reapowe 
and measure gamma radiat ion dose i n  the presence of neutrona. 

t ion,  it is possible t o  make a d i f f e ren t i a l  measurement of neutron and 
gamma radiat ion dose. Experiments have shown that chemical dosimeters 
of t h i s  type give some response t o  them1 neutrons and are  energy- 
dependent t o  g a m  rays below 80 kev. 
therefore,  wrapped i n  0.5 mm of lead and varying thicknesses of l i thium 
metal t o  eliminate gamma rays having energies of 80 kev or less and t o  
lessen t h e i r  response t o  thermal neutrons. 

The film response t o  f a a t  neutrons waa 

The so-called h a 1 f - e  chloroform chemical dosimeters were used 

Crumna radiat ion measure- 

- 

The phase chemical dosimeters are composed of a chlorofonu- 

Determination of the 

By changing the  amount of water i n  the syetem, it is poesible t o  
As the  water content of the d o s i e t e r  is 

By using the so-called half-  

By using half-phase, single-phase and two-phase systems i n  combina- 

The chemical dosimeters were, 

2.3 MGI?IODs OF BIOLOGICAL MEASUREMENT 

Mice were used t o  mehaure the biological effect  of neutrons and 
neutrons plus gamma rays on each of the  f ive  shots as a function of 
distance from the point of detonation. 

lead-shielded s ta t ions,  it was possible t o  get a d i f f e ren t i a l  biological 
e f fec t  i n  t e r m  of rem due t o  neutrons plus gannna rays, and neutrons and 
gamma rays  alone. 
t ions  could be studied. 

versus distance curves could be developed. 
pared with rep versus distance curves established by the physical 
dosimeters previously mentioned, it waa possible t o  determine an RBE 
figure for the  prompt radiations from nuclear detonations. 

e f fec t ,  namely, spleen-thymus weight loss, median survival t i m e  and 
t o t a l  body weight loss .  
were connwrcially procurred CF1 females. 

By placing animals in  1/4-inch aluminum s ta t ions  and in 7-inch 

I n  t h i s  way, questions of addi t iv i ty  of mixed radia-  

From the  biological measurements made i n  these studies,  rem dose 
When these curves were com- 

Three d i f fe ren t  responses were used as indicators of biological 

A l l  mice used t o  measure biological e f fec ts  
The animals used for  
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spleen-thyme weight loss determinations were from 8 t o  10 weeks of age 
a t  t i m e  of exposure. 
14 t o  16 weeke of age. 
f a c i l i t y  3 t o  4 days p r io r  t o  participation. 
age group were randomized separately on t h e  basis of random number tables  
and weighed and randomly assigned t o  exposure groups. 
loaded i n t o  t h e i r  respective cages and placed i n  the exposure u n i t s  in the  
f i e l d  aa late as possible i n  the evening of D-1 .  
controls were kept a t  the houaing f a c i l i t y  and non-irradiated environment- 
a l ly-s t ressed  controls were placed i n  exposure u n i t s  s e t  up outside. 
soon a f t e r  shot t i m e  aa possible, the exposed animals and the stressed 
controls were recovered and returned t o  the  housing f a c i l i t y  where thev 

Those used f o r  mdian  survival time s tudies  vere 
The animals were flown from IASL t o  the  Nevada 

On D-2 the mice of each 

The animals were 

Adequate non-stressed 

A s  

were given water and Purim Iaboratory chow - ad libitum during the post- 
exposure period. 

2.3.1 Spleen-Thymus Weight Loss 

Spleen-thymus weight loss vas used t o  measure biological e f fec t  
over the dose range of 100 t o  1000 rem. 
follows : 

exposure posit ions on the  basis  of a system of random numbers, were 
exposed t o  neutrons inside 7-inch lead exposure s t a t ions  and t o  neutrons 
plus gamma rays inside l h - i n c h  aluminum hemispheres. 
animals and groups of unirradiated but s t ressed controls were k i l l ed  a t  
120 hours a f t e r  exposure. 
and the wet weights of the spleens determined itmediately t o  the nearest 
m i l l i g r a m .  The thymuses were placed in 10 per cent formalin f o r  24 hours 
t o  f a c i l i t a t e  removal of excess fa t  and connective t i s sue .  
removal of the  adherent t issues ,  each thymus was blot ted dry and weighed. 
The mean per cent organ weight loss  for each group was determined by 
comparison with the mean splenic and thymic weights of the  non-irradiated 
controls that were stressed, caged and killed i n  an essent ia l ly  ident ical  
mauner. 
weights f a l l i n g  outside 2.4 stanhard deviations were discarded and new 
means calculated.  
( i n  rem) received by the various groups of animals were calculated from 
a dose-response regression equation that was established on tne same 
mouse s t r a i n  by exposing appropriately large numbers of animals t o  
graded doses of 250 KVP X rays a f t e r  app-opriate environmental stressing. 

The method was essent ia l ly  as 

Groups of 20 mice each, assembled into groups and assigned t o  

The exposed 

The spleens and thymses were dissected out 

Following 

In determinations of the mean weights of the various groups, 

The neutron and neEtron plus gamma radiat ion doses 

2.3.2 Median Survival Time 

Median survival t i m e  of mice was used a t  each of the  detonations 
t o  measure biological e f fec t  of neutrons and neutrons plus gamma rays in 
the  supra-lethal dose range. 
radiat ion from nuclear detonations has never been measured before and 
may be of i n t e re s t  i n  cer ta in  defensive and t a c t i c a l  bombing s i tuat ions.  

The median survival t i u e  of CF1 female mice, following radiat ion 
doses above 10,000 rem, decreases exponentially with increasing dose. 
This re lat ionship may be represented by an expression of the  type 

log Y = a - bX 
25 

The biological e f fec t  of massive doses of 
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where Y i s  the  median survival time and X is the radiat ion dose. The 
expression was shown t o  hold between doses of 10,OOO and l p , o O O  rem, 
although a r e l a t ive ly  small discontinuity in the  curve between 80,oOO 
and 120,OOO rem haa been indicated. 
s ign i f icant ly  lessen the value of the relat ionship as a quantitative 
method of radiat ion effect i n  the  supra-lethal range. 
range the median survival  t i m e  is probably a memure of  the direct 
effect of radiat ion on the central nervous system. 
applicable i n  the range of lo00 t o  10,OOO r ,  over which the 6 ~ 1 ~ 1  
t i m e  is approximately 3.5 b y s  and is  independent of radiation dose. 
Below 1000 rem, the median survival  time is also exponeutial with dose, 
and was used as an index of radiation e f f ec t  in t h i a  range i n  conjunction 
with spleen and thymus weight loss ,  in order t o  get portions of the 
t o t a l  median survival  t i m e  curve a t  both ends of the f l a t  response 
region. 

Croups composed of 20 randomly selected mice each, were exposed 
a t  various distances from t h e  point of detonation of each of the  f i v e  
devices. 
1/4-inch aluminum hemispheres fo r  neutron and neutron plus gemre radia-  
t i o n  e f fec ts ,  respectively. 

After recovery, the  mice were returned t o  their l iv ing  quarters 
and the time of death of the  animals i n  each group observed. 
survival time of each group was determined by p lo t t ing  probi t  of per cent 
mortali ty against  log of time a f t e r  exposure. 
was the time corresponding t o  probit  5 (50 per cent mortali ty).  The 
dose of neutrons and neutrons plus gams% rays ( i n  rem) for  each group 
was  determined from a dose-response regression l i n e  established with 
Ba-La gamma radiat ion delivered a t  4000-6000 rep per minute. 

2 . 3 . 3  Total Body Weight Loss 

This deviation, however, does not 

In  this dose 

The method is not 

- 

! Groups were exposed inside 7-inch lead shields and inside 

The median 

The median survival  time 

I 

I Total body weight l o s s  of mice is a very simple indicator of 
radiat ion e f fec t  and because of its simplicity was used t o  supplement 
biological e f f ec t  measurements made by the  spleen-thyum weight loss 
method. 
weight loss of i r radiated animals, expressed 88 per cent of thqbody 
weight of unexposed controls, and the radiat ion dose over the dose range 
of 100-1200 rem. 
extending the weight loss method t o  include a dose range of 100-10,000 rem 
Total body weight loss determinations w r e  made on animals exposed both 
t o  neutrons and neutrons plus gamm rays. The same groups of animals, 
used a160 for  t h e  spleen-thymus weight loss determinations, were care- 
f u l l y  weighed pr ior  t o  exposure and used fo r  the weight loss determina- 
t ions .  Seventy-two hours a f t e r  exposure, they were weighed again. The 
i r rad ia ted  groups and the s t ressed,  unirradiated control animals chosen 
a t  random from the same population were given water and food ad libitum 
during the post-exposure period. The rem dose of neutrons andneutrons 
plus gamma rays received by each group was determined from the per c e n t  
weight loss and a dose-response regression l i ne  established by i r rad ia t ing  
s t ressed animals of the  same s t r a in ,  6ex and age w i t h  graded doses of 
2’50 KW X rays.  

The basis of the method is a l inear  relationship between 

More recent s tudies  have indicated a poss ib i l i ty  of 

* 
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Fifteen of the  Series  "b" Stations Yere placed on each of the f i v e  shots, 
and their locationa, i n  term of slant range from point of detonation and 
distance from Ground Zero for each O f  the detonations, are given i n  Table 
2.1. An example of the Ser ies  "b" s t a t ion  is shown i n  Figure 2.2. 

The Series "c" s ta t ions  uoed f o r  the exposure of various types of 
dos i re te rs  i n  the open consisted of the "goal post" arrangement wed by 
lAsL Croup 5-12 on past operatione for the exposure of neutron detectors 
and other measuring devices. Tht various materials erposed i n  the open 
vere placed i n  su i tab le  containers t o  protect them from blast and the 
containers vere fastened t o  the  crossbar of t,he g a l  posts v i t h  U-bolts. 
An exnmple of the Ser ies  Ten Series 
"c" s t a t ions  were placed on each of t h e  f i v e  shots. 
these s t a t ioas  with respect t o  Ground Zero and slant range from each 
detonation are given i n  Table 2.1. 

the  tissue-equivalent, the  dumuy and the  graphite ionization chambers. 
These s t a t ions  Consisted of ?-inch thick lead domes ident ical  t o  those 
used fo r  the Series  "a" s ta t ions ,  v i t h  the exception that no vent i la t ion 
vas provided. No extraneous measuring equipment o r  na te r ia l s ,  which 
could perturb o r  othervise a l t e r  the neutron flux, vere placed i n  the 
Series  "d" s ta t ions .  The ionization chambers were racked i n  2 b a r h  in  
such a manner that self-shielding W a a  eliminated and the act ive volumes 
of the  chambers vere perpendicular t o  a l i ne  through the point of detona- 
t ion .  Eight of the Series "d" s ta t ions  vere placed on each of the  f ive  
shots.  They were not a l l  used, hovever, on each shot because of field 
changes in  the experimental plan. The locations of these s ta t ions  with 
respect t o  Ground Zero and s l a n t  range f r o m  each detonation a re  given in  
Table 2.1. 

An additional exposure container vas located adjacent t o  the  10 
Series "c" s ta t ions  for  the- purpose of studying gama radiat ion dose as 
a function of distance above and below ground level .  This exposure con- 
t a ine r  consisted of a 3-inch s t e e l  pipe, 6 f e e t  long, 3 f e e t  of which 
were buried below the ground. The upper end of the pipe w a s  closed v i t h  
a steel cap. EC&G f i l m  packs were suspended on a s t r i n g  fastened t o  the 
cap I n  a manner such that the packs were positioned a t  +3, +2, +1, 0, -1 
and -2 f e e t  from ground level.  
on each of the  shots vere the 8- 88 those given for the.Series "a" 
s t a t ioas ,  the locations of which a re  given In mble 2.1. Figure 2.4 
shows the  exposure pipe and the arrangement of the f i l m  packs before 
lowering in to  posit ion.  

"c" s t a t ion  is shown i n  Figure 2.3. 
The locations of 

The Series  "d" s ta t ions  were used exclusively fo r  the exposure of 

The locations of these exposure uni t s  



2.4 STATION PLACEKEXT AND FIELD EXPOSURE =OD5 

The nuclear devices selected f o r  Project 39.7 p6rt ic ipat ion were 
detonated in two d i f fe ren t  areas. 
system of s t a t ion  placement was used which made it possible t o  u t i l i z e  
the stations on two d i f f e ren t  shots in the  same area without relocating 
t h e m .  
e s sen t i a l ly  in arcs  between two detonation points at  varying distances 
fYom each. 
tower cab that would have perturbed the  radiat ion dose a t  the  locations 
i n  the  center of the arc,  it was necessary t o  re locate  a number of 
s t a t ions  in a s t r a igh t  l i n e  in another sector f o r  that par t icular  shot. 

systems on each of the  five shots  are given in lbble 2.1: 
locations depended upon predictions from data obtained from previous 
detonations i n  other operations and upon the predicted yields of the 
devices in question. 

required f o r  each type of measurement, the s ta t ions  were arranged i n  
se r i e s  as t o  type and designated Series "a'' through "d". Series "a" 
s ta t ions  in a l l  cases consisted of 15 7-inch thick lead hemispherical 
shields .  Series "b" s t a t ions  consisted of 15 aluminum hemisphere uni ts .  
Series 'IC" s t a t ions  consisted of 10 "goal post" u n i t s  used t o  expose 
the various dosimeters in the  open and Series "d" s ta t ions  consisted of 
8 lead hemisphere uni t s  used f o r  t h e  tissue-equivalent ion chamber 
s tudies .  
o r  types of s ta t ions  arranged in four arcs  on di f fe ren t  r a d i i  between 
two detonation points. 
a re  shown also i n  Table 2.1. 

any differences in  synnnetry which might have occurred due t o  unforeseen 
perturbing fac tors  around the bomb assemblies. 

A s  mentioned previously, the exposure units used in  these s tud ies  
were e s sen t i a l ly  the  same or  similar t o  those used on previous operations. 
The Series  "a" s ta t ions  used fo r  the exposure of animals t o  neutrons 
were t.he same a8 those used fo r  the  same purpose during Operations 
Greenhouse, Runbler-Snapper and Upshot-Knothole. These s ta t ions  con- 
s i s t e d  of lead domes 28 inches In diameter w i t h  walls 7 inches thick.  
These domes were provided with a 4-inch access port  on one side and 
were mounted above an appropriate vent i la t ing  system. 
system w a s  s l i gh t ly  modified fo r  t h i s  operation. Fif teen of the Series 
"a" The locations of 
these s t a t ions  i n  terms of distance from Ground Zero and s l an t  distance 
from point of detonation f o r  the Wesp, Moth, Hornet, Bee, and Wasp-Prime 
are given i n  Table 2.1. 
i n  Figure 2.1. 

The Series 
neutrons plus gemrma rays were the same s ta t ions  used fo r  similar expos- 
ures during Operation Greenhouse. 
aluminum hemispheres l /h-inch thick and were mounted above an appropriate 
vent i la t ing  system buried in  the ground. 
was s l igh t ly  modified from tha t  used during Operation Greenhouse. 

I n  order t o  save work and t i m e ,  a 

The s t a t i o n  posit ions,  therefore, were not in l i n e  but were 

However, because of additionel construction i n  the Hornet 

The distances selected for placement o f t h e  various messuring 
The s ta t ion  

A s  d i f fe ren t  distances and d i f fe ren t  numbers of s ta t ions  were 

Thus, the general f i e l d  placement consisted of four s e r i e s  

The materials placed i n  each series of s ta t ions  

It was expected that the a r c  arrangement of s ta t ions  would indicate 
I 

The vent i la t ing 

etat ions were placed on each of the f i v e  shots. 

An example of the Series "a" s t a t ion  is shown 

"b" stat ione which were used t o  expose animals t o  

They consisted of 16-inch diameter 

Again, the vent i la t ing  system 
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CALIBRATION OF MEl'FIODS 

Attempts were made t o  ca l ib ra t e  al l  physical and biological methods 
used i n  Project  39.7 p r io r  t o  the  operation. It was not always possible 
t o  calibrate a l l  of the  methods t o  the  extent  of complete sa t i s fac t ion .  
I n  other cases, it w a s  not possible t o  completely analyze the  data pr ior  
t o  test time. 
p re - t e s t  ca l ibra t ion  data i n  t h i s  repor t .  
given i n  the f i n a l  document. 

methods are  presented below. 

3.1 PHYSICAL METAODS 

For the  above reasons, it was not possible t o  report  
These data, however, w i l l  be 

The general methods of calibration of both physical and biological  

. 

! *  

3.1.1 Neutrons 

The neutron threshold detector system has been cal ibrated a 
number of times i n  the  past  by Hurs t  e t  al. Calibration has consisted 
of checking the  f o i l  systems against  theore t ica l  s ing le-co l l i s ion  dose 
calculat ions and against  the Hurst Proportional Neutron Counter using 
the  ORNL Cyclotron, t he  OREX Tower Reactor f a c i l i t y  and the LASL Godivs 
assembly as neutron sources. 

The t issue-equivalent ionization chamber method end the  par t icular  
chambers used i n  Pro.iect 39.7 were cal ibrated f o r  g a m  ray response using ~. . 
t he  LASL 250 KVP C. i .  Haxitron X-ray machine and the 250 kVP Picker 
Indus t r ia l  un i t .  
brated at  UCLA and afterwards again a t  Columbia. 
cal ibrated for  neutron response, using the LASL Codiva assembly. 
f o r  sa tura t ion  effect  were conducted by operating the  assembly a t  
d i f f e ren t  power se t t i ngs  and under c r i t i c a l  burst  conditions. 
la t ter  case, the en t i re  neutron dose w a s  delivered over a period of 
only 45 psec. 
insu la tor  e f f ec t s .  
chambers t o  thermal neutrons. 

brated for fast neutron response against  the  University of California 

During t h e  f i e l d  tests the chambers were again cali-  
The chambers were 

Tests 

I n  the  

The various chambers were a l s o  t e s t ed  f o r  leakage and 
No measurements were made of the response of the 

The germanium single-crystal - fast neutron detectors were cal i -  

Cyclotron and a few were t e s t ed  wi th  f i s s ion  neutrons 
Alamos Godiva assembly. Numerous tests f o r  g a m  r a y  
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detectors  were conducted using conventional X-ray machines. 

measurements made v i t h  half -phase, one-phase and tvo-phase dosimeters 
provide a n  estimation of neutron dose, vas t e s t ed  in preliminary fashion, 
both a t  the Tover Reactor f a c i l i t y  a t  Oak Ridge and the Godiva assembly 
a t  Loa A l a w s .  
may give neutron dose readings that are about 30 per cent low vhen com- 
pared with the H u r s t  foil method. 

The chloroform-phaae dosimeter system, in which d i f f e ren t i a l  

These tests indicated that the  d i f f e ren t i a l  phase system 

. 
3.1.2 G~iuana Rays 

The pr incipal  g w ~ a  ray dosimeters used in Project  39.7 were the 

The EG&C f i l m  pack8 vere cal ibrated against the Los Alamos 
EG&G f i l m  pack8 and the  half-phase chloroform chemical dosimeter. 

250 KVP X-ray machines. 
were a l s o  checked f o r  thermal neutron sens i t i v i ty  in the  t h e m 1  column 
of the Loa Alamos Homogenous Reactor. Both the  film pack8 and the  film 
types were checked f o r  f i s s ion  neutron response using the  Los A l a m o s  
G Calibration curves for dose versus f i l m  density using 

Bureau of Standards I n  Washington. 
Over the  past several  months the  half-phase chloroform doaiueter 

has been cal ibrated repeatedly fo r  i t s  response t o  X and ganma rays, and 
j u s t  p r io r  t o  use i n  the  f i e l d  it vaa checked for f i ss ion  neutron response 
both a t  the  Oak Ridge Tower Reactor f a c i l i t y  and the  Loa Alamos Codiva 
assembly. 
neutrons. 

ion chamber system a l so  provided a potent ia l  measure of garmna radiat ion 
dose. 
Lo6 Alamos X-ray machines and a l s o  tes ted  for  t he i r  reeponse t o  fission 
neutrons using the Godiva assembly. They have not been adequately c a l i -  
brated for  thermal and fast neutron sens i t i v i ty  and p re - t e s t  cal ibrat ion 
experiments def in i te ly  indicate a neutron response. 

- --- 
"he various f i lm types used I n  the .film packs 

iva assembly. 
Co % ga~nrm radiation and the 10 mev Betatron were established by the  

It has not been tes ted adequately fo r  its response t o  thermal 

The graphite chambers used aa a par t  of the tissue-equivalent 

These chambers were cal ibrated for gamrma ray response using the  

I 

3.2 BIOLOGICAL - KEI'HOE 

The same biological tes t  systems, aamely, spleen-thymus weight 
loss, t o t a l  body weight loss, and median survival time, were used t o  
measure the biological e f fec ts  from both neutron and neutron plus gaum~% 
radiat ion.  

3.2.1 Spleen-Thymus Weight Loss 

I 

The spleen-thymus weight loss  response of CF1 female mice has 
been cal ibrated many times a t  LASL against  X and g m  rays and thermal 
and f i s s ion  neutrons. 
the base l i n e  response of the experimental animal population j u s t  pr ior  
t o  application, using animals s t ressed under essent ia l ly  the  same con- 
dit iona encountered i n  the f i e l d .  
curves were established on CF1 female mice 7 t o  9 week8 of age t h a t  bad 
been placed outdoors i n  the animal  exposure containers and alloved t o  

It is standard practice,  however, t o  es tab l i sh  

Prior t o  t e s t ,  base l i n e  response 
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remain overnight under temperature Condition8 comparable t o  those ex- 
pected in  t h e  f i e l d .  
containers overnight, they were exposed t o  graded doses of 250 Kyp X rays 
ranging from 100 t o  loo0 r. 
of t h e i r  spleens and thymuses vas determined t o  provide the base l i n e  
dose response curve. 
pre- teat  cal ibrat ion of the  spleen-thymue veight loss method. 

After the animals had remained i n  t h e  exposure 

Five days after exposure, the veight loss 

This base l i n e  response -e served as a n  adequate 

3.2.2 Total Body Weight Loss 

The t o t a l  body weight loss response curve was calibrated and a 

The animals vere c a r e f i l l y  veighed pr ior  t o  being 
base l i n e  va8 established v i t h  the same mice used f o r  the spleen-thymus 
weight loss method. 
placed oytdoors i n  the a n i m l  exposure containera. Seventy-tvo hours 
after exposure t o  radiation, the animals were again weighed and their  
t o t a l  body veight loss compared t o  that of a 5 0 u p  of streamed but 
unirradiated controls. These data vere used t o  es tab l i sh  the  base l i ne  
response curve and provided adequate cal ibrat ion of the  method. 
t e s t  experiments have Indicated a poeaibi l i ty  of extending the weight 
lose method t o  include the dose range of 100 t o  10,OOO r. 
X r a p ,  cal ibrat ion curves were extended t o  include t h i s  e n t i r e  range. 

3.2.3 Median Survival Time 

Post- 

U s i n g  250 KVP 

A base l i n e  f o r  the median survival t i m e  response uas established 
a t  Loa Alamos by exposing animals t o  massive doses of gama radiat ion 
delivered at dose rates of 4,000 t o  6,000 rep per minute from a multi-kilo- 
cur ie  Ba-La radiat ion source. 
established on animals stressed by placement in the animal  exposure con- 
tainers overnight. 
i n  the containers pr ior  t o  exposure t o  massive doses of 250 KVP X rays 
showed median survival times that vere quite i n  keeping v i t h  that expected 
from the Ba-La gama radiation dose response curve of unstressed animals.  
Pr ior  t o  the  f i n a l  report ,  a cal ibrat ion -e fo r  f i s s ion  neutrons i n  
the high dose range will be established using Codiva a8 the  neutron source. 

!Fhe baae l i n e  response curve, however, was not 

It was shown, however, that mice that vere stressed 



CHAPTER 4 

RESULTS 

4 . 1  PHYSICAL MEASUREMEKTS 

4.1.1 Neutrons 

The neutron flux measurements determined by the threshold detect-  
ors and f i ss ion  f o i l s  i n  7 inches of lead and i n  a i r  a re  summarized i n  
Tables 4.1, 4.2, 4.3, 4.4, and 4.5 f o r  t he  Wasp, Moth, Hornet, Bee, and 
Wasp-Prime; respectively.  These a re  preliminary values and the  missing 
data have not as yet been calculated.  
energy in te rva ls  of < O . 3  ev (thermal), > 100 ev, >750 kev, > 1.5 mev, 
and > 2.5 mev i n  a i r  and inside the Series  "a" lead exposure s t a t ions .  
From these data the neutron dose, I n  rep, inside and outside the 7-inch 
lead shields  as a function of distance waa calculated f o r  each of t he  
f ive  devices. The r e s u l t s  of these dose calculations a re  summerized In 
Table 4.6. 
lead exposure containers f o r  each of the f ive  shots are plo t ted  i n  
Figures 4.1 through 4.10. 
and outside the lead s ta t ions  are  s h m  In Figures 4.11 and 4.12. 

aluminum exposure s t a t ions  using the chloroform-phase chemical dosimeters 
a re  shown i n  Tables 4.7 through 4.11, for  the Wasp, Moth, Hornet, Bee, 
and Wasp-Prime, consecutively. These results a r e  l i s t e d  i n  the four th  
column (1-phase neutron rep) f o r  both the Series  "a" lead-shielded 
s ta t ions  and Series  "b" aluminum s t a t i o m .  These r e su l t s  a r e  "as read" 
determinations and have not been increased upward by 30 per cent, as 
was indicated necessary by the cal ibrat ion runs between the chemical 
dosimeter system and the f i s s ion  f o i l  systems. 
graphically i n  Figures 4.13 through 4.17 by the curves labeled "n inside 
lead" and "n i n  aluminum". 

germanium detectors inside and outside the Series  "a" lead-shielded 
s t a t ions  were made i n  collaboration with Project 79.5. 
a r e  presented i n  the preliminary report ,  ITR-1170. 

These data give fluxes In the 

The data shoving the neutron flux inside and outside the 

The data f o r  the slow neutron flux inside 
I 

The r e s u l t s  of the neutron dose measurements i m i d e  the lead and 

- The r e s u l t s  are shown 

The fast neutron measurements collected with the s ingle-crystal  

The primary data 

. 



4.1.2 Gams Rays 

form chemical dosimeter system are  shovn in Tables 4.7 through 4.11. 
These resul ts  are in t h e  columns labeled "1/2-phaae gama rep" and 
"2-phase &-anma rep". 
the gama dose is determined. 
dependa upon the aolution of simltaneoua e uatione developed from 
1-phase and 2-phsae i n i t i a l  numbers. rmie 132-phsse results are included 
in Figures 4.13 through 4.17 and are shown by the curves labeled "7 in 
lead" and "7 in aluminum". 

tances from the  detonation points fo r  each of the  five devices are given 
i n  Tables 4.12 through 4.16. 
read on the  films. 
cal ibrat ion curves found for  the  various emla ions  by the use of a Co 

a1 Bureau of Standards. 
"b", an& "c" station locations.  In cer ta in  cases the  packets were 
wrapped v i t h  lithium, in order t o  get an indication of the thermal 
neutron response of the  film. 
and air rmasurementa are plot ted in Figures 4.18 and 4.19. 

order t o  account f o r  thermal neutron sens i t i v i ty  (approximately 4 x 109 
neutrons per square centimeter per density change equal t o  1 roentgen), 
fast neutron sens i t i v i ty  (about 2.5 per cent per rep of fast neutrons), 
and others,  including act ivat ion and consequent exposure of the  packet 
betveen t i m e  of recovery and t i m e  of development, and l ight response of 
the  film due t o  sc in t i l l a t i ons  produced i n  a high dose r a t e  f i e l d  of 
heavy par t ic les .  
a r e  not amenable t o  p lo t t ing  a t  the present t i m e .  

various distances above and below ground were not available at  the time 
of issuance of the  preliminaxy report .  

The resul ts  of the  gam ray measurements rmde v l t h  the chloro- 

The 1/2-phase system is the  basic method by vhich 
The final resu l t  of t h e  2-phase system 

The r e s u l t s  of the film badge measurements made at various dis- 
- 

The re su l t s  a re  given in t e r m  of roentgens 
The roentgen number was determined by comparison g t h  - 

I source and a 10 mev Betatron. The calibrations were made a t  the Nation- 
Data are shom from measurements at Series "a", 

The data of t h e  aluminum-shielded s ta t ions  

In no case have correctlone been applied t o  these resu l t s ,  in 

. 
The r e su l t s  found i m i d e  the heaispherical lead shields 

1 -  
The film badge measurements made inside the 3-inch pipes a t  

I 
4.1.3 Saturation Measurements 

The r e su l t s  of the  measurements on ionizstion chamber saturation 
a r e  shown in Tables 4.17 through 4.21. 
dose in rep as measured by the high dose (2000 rep) o r  lov dose (200 rep) 
t issue-equivalent or graphite chambers and the charging voltage and di rec t -  
ion of each. No dumy chamber r e su l t s  are given and various corrections 
have not been applied. 
of the  t o t a l  dischatge by the rep per uni t  discharge found on the latest 
X-ray cal ibrat ion of the  chamber. 

The tables  indicate the t o t a l  

These are  rav data determined by multiplication 

4.2 BIOLOGICAL MEASUREMENTS 

4.2.1 Spleen-Thymus Weight Change 

The r e su l t s  of the spleen and thymus weight determinations are  
shown in Tables 4.22 through 4.26. The r e su l t s  a re  l i s t e d  for both the 
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Series  "a" lead-shielded s ta t ions  and Series "b" aluminum i ta t ions .  
The weight values are l i s t e d  as per cent of control weight and were 
determined by comparison with unirradiated control anlmals which were 
placed i n  an ident ica l  exposure uni t  at  the time of f i e l d  placermznt 
and recovered a t  the same time as the irradiated animale. 
exposure conditions were essent ia l ly  reproduced t o  eliminate cnvlron- 
mental e f f ec t s  on the response. 

measurement of t h i s  response. 
by the 100 and lo00 rem levels and r e s t r i c t s  the area o? measurement. 
Values less than 100 rem are estimates only. 
weather conditions and a 5-hour delay caused the l o s s  of Beveral s ta t ions  
88 noted in TBble 4.22. 

The rem doses shovn i n  the table6 are not final, but are f o r  pur- 
poses of the preliminary report  only. These values were determined by 
comparison with 250 Kvp X-ray control runs made at Loa Alamos in  1949, 
1950, 1951, and 1954, with the same s t r a in ,  sex and comparable age grmps 
of animals. 
mental conditions in a uni t  ident ical  t o  those used i n  the f ie ld .  The 
r e s u l t  i s  computed on the  basis of comparison t o  the response found after 
a known dose of X radiation. 

point is the  average of both the  spleen and thymus values. 
ahom have been adjusted pa ra l l e l  by F-test ing the r e su l t s  of di f fe ren t  
detonationa. 

Thus, the 

Hot a l l  s ta t ions  f o r  any one detonation were activated for 
The range of the method is roughly l imlted 

On the Wasp shot, extrenr 

The 1954 runs were made after exposure t o  similar environ- 

I 

The data are plot ted i n  Figures 4.20 and 4.21, i n  which each 
The curves 

I 
4.2.2 Median Survival Time 

Median survival  time data a re  a l so  given i n  ZBbles 4.22 through 
These results a re  on the  basis of the time of 6 ~ i v a l  (measured 

I n  cer ta in  
4.26. 
from time of exposure) of 50 per cent of the exposed group. 
instances, no median survival  time is given and the  notation "dead-blast" 
i s  writ ten in .  I n  these cases, a l l  the aniuals were dead on recovery; 
the external appearance indicated blast e f fec ts  and subsequent autopsy 
indicated b l a s t  death. 
by comparing the median survival  times with those obtained fiom cal ibrat ion 
data using Ea la gentma radiation. 
cal ibrat ion measurements vere made under similar environmental and 
exposure conditions insofar as possible. 

The rem values given i n  the tables vere determined 

As with the splenic-thymic resPOn8e, 

I '  

4.2.3 Body Weight Loss 

The body weight loss data are listed in  Tables 4.22 through 4.26 
also.  The per cent weight loss is the  algebraic sum of the control  
weight change and the exposed animal weight change i n  terms of percentage 
of the pre-exposure animal weight. I n  cer ta in  inatancea, weight changes 
are l e f t  blank because some animals w i t h  very low exposures actual ly  
gained more weight t h a n  did the  controls. The f i n a l  weight vaa measured 
at  72 hours post-exposure. 
report  because laboratory work l e  noV under way t o  attempt t o  extend the  
method and give a reasonable r e s u l t  i n  terms of rem in the region i n  which 
the  median survival time plateaus (betveen 1200 and 10,ooO rem). 

No rem values are listed i n  the preliminary 

, 
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CHAPTER 5 

DISCUSSION 

5.1 PHrSICAL MEASUREMENTS 

5.1.1 Neutrons 

The neutron measurements made with the various threshold detector 
systems y ie ld  information of importance i n  an  understanding of the 
phyaics of bomb neutron radiation, which had only been e e t i m t e d  up t o  
the present.  

If the  therms1 neutrons are first considered, it w i l l  be noted 
that s ingle  curves are used t o  represent the t h e r m l  flw, both i n  lead 
and i n  a i r .  
that thermal neutrons absorbed by lead are replaced by higher energy 
neutrons thermalized by e l a s t i c  sca t te r ing  i n  the lead w a l l .  
ent parallelism of the curves f o r  a l l  detonations was a result  derived 
from an analysis of variance of the data i n  the region over which the f lux  
curve is l inear .  Although changes i n  a i r  density were not considered 
i n  t h i s  analysis,  the data s t i l l  d id  not indicate  aignificant differ-  
ences i n  slope. 
yards over the  l inear  portion of t h e  curves. 

Zero distance is shown i n  Table 5.1. 
from the  theore t ica l  value 4.45 x 
centimeter, which agrees w e l l  with the  measured value of 4.2 x 
per neutron pe r  square centimeter ( 9 ) .  
the dosage contribution of t h e m 1  neutrons is insignif icant  under 
these experimental conditions. The flux per  kiloton yield i s  of in te res t  
from the point of view of bomb physics. The difference of no more t h a n  
a few centimeters of high explosive is su f f i c i en t  t o  change the the rm1  
neutron yield radically,  as the two devices with more high-explosive 
shielding are lower i n  apparent thermal source strength t h a n  any of the 
others.  The differences i n  thermal y ie ld  within a group (boosted or 
non-boosted of the same geometry) can bes t  be explained on the basis 
of information obtained elsewhere ( l o ) ,  which indicates a dependence 
on various bomb parameters including yield,  umss of components, com- 
pression a t  detonation t i m e ,  e t c .  

important from both biological and physical points o f  view. F i r s t ,  it 
i s  apparent that over the ranges of measurement (which extend approxi- 
mately from one man free path from the source t o  several  mean free 
paths),  t h e  flux t iues distance squared versus distance curves are 
pa ra l l e l  f o r  a par t icular  detonation. This r e su l t  indicates tha t  there 
is no spec t ra l  change for  neutrons i n  the  various energy regions measured. 
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This r e su l t  was determined by s ta t i s t ica l  mans and indicates 

The appar- 

The mean free path ( l / e  degradation i n  flux) is 180 

The information derived from an extrapolation of the  curves t o  
The rep constant was determined 

r ep  per neutron per square 

It w i l l  be shown later *hat 
rep 

The f i ss ion  foil and sul fur  detector r e su l t s  a re  extremely 



The invariance of the spectrum under any par t icu lar  set o f  conditions has 
par t icu lar  advantages, as w i l l  be noted l a t e r .  

The threshold detector measurements were used t o  determine the 
t o t a l  numbers of neutrons i n  various energy ranges and, consequently, 
dosage i n  t e r m  of rep by consideration of the s ingle-col l is ion theory 
of neutron energy deposition i n  t i s sue .  !Fhe dosage conversion factors  
are  given i n  Table 5.2. In Table 5.3 a re  given the r e s u l t s  of the 
application of these conversion factors  t o  the data. This table  shows 
the per cent of t o t a l  neutrons i n  each energy in te rva l  and the per cent 
of the t o t a l  dose delivered. Generally, about 50 per cent of the t o t a l  
fast neutrons are  of energies below TOO kev. The majority of remaining 
neutrons are  of energies between 700 kev and 2.5 mev i n  any case. 
would be expected,'boosting only increases the proportion of high energy 
neutrons by adding the 14 mev component. 
proportion of the t o t a l .  
has the expected e f f ec t .  
1 . 5  mev in to  the TOO kev t o  1.5 mev region. 
i l y  by ine l a s t i c  scat ter ing.  As the neutrons enter the region of e l a s t i c  
scat ter ing,  r e l a t ive ly  l i t t l e  fur ther  degradation occurs. This r e su l t  
w a s  predicted a number of years ago (11) from data col lected during 
Operation Greenhouse. 
various-ssectral regions is  a variant which depends on the neutron be- 
h a v i o r  l i s t e d  ab'ove. 
proportion of the t o t a l  dose 1s given by neutrons i n  the energy region 
700 kev t o  2.5 mev. 
used t o  determine biological effectiveness, as has been attempted e l se -  
where (4), since physical measuring devices f o r  the most important energy 
regions were not used. 
has not been included i n  Table 5.3. 
never greater than 1-2 per cent of the t o t a l  dose and may be neglected. 

aspect of analyzing these data and f o r  future  experimental work. 
r e su l t s  indicate that a s ingle  detector may be used (under these experi- 
mental conditions) for most s ta t ions  with only minimal f u l l  coverage t o  
determine the neutron character is t ics  of a par t icular  design of bomb. 
Also, the result  w i l l  be of importance i n  the re-analysis  of old informa- 
t ion  from other detonations (4, 5, 11). 

The formulae f o r  neutron dose versus distance determined from the 
f o i l  data a re  shown i n  Table 5.4. 
air are  given. 
t o  the "-inch lead hemispheres. A decrease of  t h i s  order of magnitude 
had been predicted several  years ago (11). 
mean f ree  paths given i n  the formulae a re  not constant from detonation 
t o  detonation. 
t o  these formulae, b u t  it i s  doubtful t h a t  the variance i n  the data is 
Small enough t o  make the a i r  density corrections s ign i f icant .  The rep 
doses given i n  Table 5.4 have been derived by the application of theory 
t o  experiment. Calibration of the system against the proportional counter 
system of measuring neutron dose was carr ied out using the Godiva assembly 
a t  Lo8 Alamos. Agreement was w i t h i n  1 per cent .  

A rough estimation of t h e  neutron rep per kiloton yield of the 
various detonations (neglecting mean f r ee  path var ia t ions)  shows an i n -  
crease as the amount of high-explosive shielding decreases and w i t h  boosting. 
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A s  

The number i s  s t i l l  a small 
The interposi t ion of the lead shield,  also,  
It degrades neutrons of energies &seater than 

This degradation i s  primar- 

The per cent of t he  t o t a l  dose contributed by the 

As has been predicted (ll), by far the  la rges t  

Thus, r e su l t s  obtained by others could not be 

The proportion of dose due t o  them1 neutrons 
The t o t a l  thermal contribution is 

Spectral  invariance w i t h  distance is important, both from the 
The 

The r a t i o s  of dose i n  lead t o  dose i n  
The r e s u l t  indicates a decrease by a fac tor  of 2, due 

It w i l l  be noted that the 

No attempt has been made t o  apply air density corrections 



The highest y ie ld  is found with the  Bee device. T h i s m b o o s t e d  
bomb gave over 40 times the  neut ron reo D e r  k i loton when compared t o  

4.5 and 4.6, (neutron threshold detector data, Hornet), 
show that the three closest-points  for  fast neutrons from the Hornet 
shot are uniformly low. 
neutron f lux  from the bomb. Perturbations due t o  the  bomb assembly were 
f i rs t  noted i n  a previous tes t  (12) .  
i f  the  detectors are located on different radii from the  detonation point 
and thus “see” obvious asymmetries. It is probable, i n  t h i s  case, that 
the perturbed fluxes were due t o  shielding of the  detectors by the X-unit. 
It is evident t h a t  previous r e s u l t s  should be re-investigated t o  de te r -  
mine the  poss ib i l i ty  of perturbations. 

cal dosimeter give dose data quite comparable with the f o i l  r e su l t s .  
The formulae for dose versus distance relat ionship are shown i n  Table . 
5.5. For the f ive  detonations, the r a t i o  of dose inside lead t o  that 
inside aluminum is again approximately 0.5,  although the  sca t t e r  of the 
data  is greater. The mean free paths are very close t o  those given by 
the f o i l s  and differences are probably insignif icant .  
the  neutron dose i n  rep indicated by the dosimeters averages 20 per cent 
less than the  f o i l  r e su l t s .  This r e s u l t  i s  about 10 per cent more than 
that found i n  comparisons of the dosimeter with t h e  foils using the 
Godiva assembly as a source of f i s s ion  neutrons. The difference i s  
suggested as  being due t o  decreased spec t ra l  s ens i t i v i ty  of the system 
a t  neutron energies below a few hundred k i lovol t s .  Conversely, the 
decreased discrepancy noted between the Godiva spectrum and the  bomb 
spectrum m y  be due t o  a highly increased thermal component with reason- 
able penetration of the l i thium shield around t h e  dosimeters. The 
apparent decreased mean f ree  path occurring i n  a l l  cases could, also,  
be explained on the basis of thermal neutron sens i t i v i ty .  

This r e s u l t  indicates  perturbation of the 

Such var ia t ions can only be determined 

The neutron measurements made with the  1-phase chloroform chemi- 

I n  a l l  cases, 

5.1.2 G a m  Rays 

Film methods have primarily been used t o  measure gamma kay dose 
from atomic weapons. For t h i s  s e r i e s  of experiments it was decided t o  
use f i l m ,  b u t  other methods were investigated. This w a s  done because 
of the anomalous resu l t s  given by f i l m  at  Upshot-Knothole Operation, 
par t icu lar ly  in connection with the  measurements on the Gun shot.  Those 
r e su l t s  indicated a much higher ganmra flux inside the lead shields than 
could be estimated on any basis .  
the  response of the NBS packet t o  thermal and fast neutrons caused the  
excess blackening of the f i l m .  
neutron f lux  encountered (never occurring before under these experimental 
conditions) the f i l m  method was not a good measure of gamma dose. 
it w a s  impossible t o  obtain the exact cal ibrat ion of the  neutron response 
of the f i l m  before t h e  se r ies  began. Chemical doeimetry w a s  suggested 
as an a l te rna t ive  method and, fortunately,  a well-devised and wel l -cal l -  
brated system w a s  available.  This was the chloroform system i n  which . 
the  neutron response could be varied by  the  r e l a t ive  chloroform-to- 
water concentration i n  the dosimeter solution. 

A t  t h a t  time, it was suggested t h a t  

Therefore, with the  extremely high 

A l s o ,  
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The so-called 1/2-phaae system, i n  which the water concentration 
was minimal, was used as a measure of gam~18 dose alone imide the lead 
hemispheres. This method was i n i t i a l l y  cal ibrated a t  the Tower rhleld-  
ing  f a c i l i t y  at  O m ,  using a standard lead hemisphere unit, and gave a 
good measure of the gama inside the  lead, when compared with other 
methode. 
as vould be expected f'rom the  cal ibrat ion runs. The results indicate 
that the  primary source of gama rays inside the  lead shield8 is i n t e r -  
act ion of fast neutrons with the lead and materials in the shields.  
This is  apparent because the slope of the inside lead gamm dose c w e  
is the same as the  neutron flux curves. 
the  gatem ray slope i n  air. 

inside that the lead B"T_ when compared t o  f o i l  dose measurements). A r e su l t  of 
t h i s  order has been predicted on the  basis of theoret ical  estimates (11) 
and on the  basis  of the O R M  calibration. 

with the l/Z-phase system are  a m m r i z e d  i n  Table 5.6. 
were developed fiom the resul ts  a t  levels  above 100 rep. 
becomes insensit ive a t  lower levels. 
comparable with those measured at  previous detonations at  N. T. S.  

The resul ts  fo r  these ps r t i cu la r  detonations are as consistent 

The slope is mch steeper than 
Secondly, the results consistently show 

l l l l ~~  dose inside lead is only 7 per cent of the  neutron dose 

The grinma measurements made inside the aluminum hemispheres 
These formulae 

The syetem 
The measured mean free paths are 

If 

neutron interact ion i n  air, and (2)  the  system is sensi t ive enough t o  
t h e m 1  neutrons so t h a t  the  apparent increased gam dose l a  due t o  an 
ac tua l  increased t h e m 1  flu. U n t i l  the  thermal neutron sensitivity 
of the  system is checked absolutely (estimates of a 15 per cent response 
have been made), the r e su l t  w i l l  be ass-d due t o  the second Inechanism. 
A check of a l l  detomtiona up t o  t h i s  operation indicate t h a t  gamm ra> 
production a t  large distances from the  main source by local neutron 
ac t ion  i n  air is not important. This conclusion is a t  variance with 
estimates of others. 

i n  tabular form (Tables 4.7 through 4.11). 
which increase as the t o t a l  doses of both neutron8 and gamma rays i n -  
crease. Since the 2-phase resul t  depends upon the mathemsticalanalyaes 
of simultaneous equations and er rors  may be additive, the  system must be 
fur ther  checked before f i n a l  conclusions m y  be reached. 

It is impossible at the present t i m e  t o  reach any conclusions on 
the  film badge r e su l t s  inside the lead hemispheres. 
data presented i n  the tab les  is attempted, the reaults are most unsatis- 
factory.  It is apparent 
that corrections must be applied. 
t h e m 1  neutron response ( i m e d i a t e  blackening), act ivat ion by captured 
neutrons and consequent exposure, and posEible light response by high 
dose r a t e  s c i n t i l l a t i o n  produced i n  the packet. 

a re  much more reasonable even v i t h  no attempts a t  correction of the  raw 
data. 

The easuremente with the %phase system have only been.included 
These data show discre.epancie8 

If analysis of the  

The resul tant  c w e s  have no physical meaning. 
Some of these are, fast neutron response, 

The film measurements i n  the aluminum hemispheres and "in air" 

In  t h i s  case, the corrections t h a t  must be applied a r e  a small 
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percentage of t h e  t o t a l  gama effect (except at distances close t o  the 
point of detonation) and, i n  fac t ,  decrease with increasing distance t o  
become almost negligible.  Generally, the resu l tan t  curves agree f a i r l y  
vel1 with those obtained from the 1/2-phase chemical dosimeter eyatem. 

5.1.3 Ion Chamber Studies 

The primary purpoee of these s t u d i p r v a s  t o  investigate the 
behavior of tissue-equivalent ionization chambers when exposed t o  doses 
up t o  several thousand rep. In part icular ,  it was decided t o  obtain 
concrete information on saturation and ef fec t  of the  radiat ion on the 
insulators.  

Zero at  the Wasp, Moth, Hornet, Bee and Wasp-Prime shots. 
test  saturation, the  chambers were kept at four different  voltages, i.e.,  
200, 400, 600, and 730 volts .  In  addition, the chambers vere constructed 
v i t h  tvo gap s izes ,  15 m i l s  and 150 m i l s .  
e i t h e r  po lar i ty  and vere e i t h e r  tidsue-equivalent, f i l l e d  v i t h  t iasue-  
equivalent gas; graphite, filled v i t h  C02; or dummies, i.e., chambers 
having no s igni f icant  ionizable volume. The chambers vere or iginal ly  
cal ibrated against a 250 KVP X-ray source a t  Loa Alamos. A t  t h a t  time, 
it vas found that the readings of "dumy" chambers vere of the  order of 
10 per cent of the  readings of ionization chambers. However, a f t e r  the 
first exposure (Wasp), it became evident that the "dunrmy" readings vere 
not only very much larger,  but in addition, shoved a high degree of 
e r r a t i c  response. 
the same s t a t ion  varied by as much as + 50 per cent and more. 
decided that t h i s  e f f ec t  w a a  at l eaa t  i n  part  due t o  a p a r m i t i c  volume 
arising from thermal contraction of ionization chamber parts due t o  the 
considerable temperature variations encountered. As a r e su l t ,  data a t  
the  inner s ta t ions ,  where the narrow gap chambers vere employed, have 
been discarded en t i re ly .  The data at  the outer s ta t ions  suggest that 
saturat ion had indeed been attained, at  least beyond a col lect ing vol t -  
age of 403 volts .  Hovever, even these f igures  vere so e r r a t i c  that t h i s  
conclusion had t o  be dram on substant ia l ly  s t a t i s t i c a l  basis. Follov- 
ing Moth, the chambers were re-designed, leading t o  a modified s t ructure  
having only one insulator and in  addition, clamps vere provided t o  apply 
a steady pressure t o  a l l  chambers i n  a given s ta t ion .  
impossible t o  ca l ibra te  these nev chambers pr ior  t o  Hornet, although a 
se r i e s  of attempts t o  do so were made at  a cobalt source at Mercury. 
The data obtained at  Hornet vere rather e r r a t i c ,  which vas later found 
t o  be due, at  l e a s t  in part, t o  radiat ion leakage of the i m u l a t o r  
that had been exposed t o  many thousands of roentgens durlng the Co 
teats .  However, immediately following Hornet, the chambers vere c a l i -  
brated at a n  X-ray machine at U C U .  When the  resul t  of the calibrations 
waa applied t o  the data  from Hornet, it became evident that there  vas 
still a rather e r r a t i c  chamber response and that the insulator effects  
of these chambers, when exposed t o  atomic weapons, are  far more severe 
t h a n  i n  the case of X-ray exposures. 
that there are a t  least two ef fec ts  on the insulation, one t h a t  reverses 
v i t h  applied polar i ty ,  and one that does not. The net e f f ec t  on "dumb'" 
chambers vas found t o  be as great as 30 per cent, as  compared v i t h  the 

About 200 chambers vere exposed a t  varying distances from Ground 
In order t o  

Chambers vere operated a t  

Similarly, the readings of ionization chambers a t  
It vas 

It vas found 

80 

I n  addition, it became evident 
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t o t a l  reading of corresponding ionization chambers operated at posit ive 
polar i ty .  When the “dummy“ readings were subtracted from the readings 
of corresponding ionization chambers, it was found that most of the 
tissue-equivalent chambers at  a given s t a t ion  read within about 30 per 
cent of each other, but t h a t  the spread i n  p a p h i t e  chambers was conaider- 
ably peater, o r  about 60 per cent. 

As a r e s u l t  of the experience with Hornet, it w a s  decided t o  
put a l l  chambers in  both Bee and Wasp-Prime in to  only four s ta t ions,  
using the low sens i t iv i ty ,  i .e.,  small gap chambers, at the  two s ta t ione 
c loses t  t o  Ground Zero and t o  place the  high sens i t iv i ty ,  i . e . ,  wide 
gap chambers, at the next two s ta t ions .  This permitted inaertion of 
several  chambers at  the same voltage and polar i ty  and of the  same type 
i n  a given s t a t ion  and improved the s t a t i s t i c a l  va l id i ty  of the  data  
obtained considerably. Since, i n  addition, the doaes registered a t  Bee 
were considerably higher, substant ia l  deflectione were obtained and 
after application of the “dummy“ corrections, there waa good agreement 

I among the narrow gap tissue-equivalent ionization chambers. On the 
other hand, the wide gap chambers c lear ly  exhibited lack of saturation. 
I n  addition, it vs8 found possible t o  subject the two components of the 
Insulator e f f e c t  t o  an analysis which is consistent with the assumption 
t h a t  the non-reversing e f fec ts  are independent of applied voltage a t  any 
given s t a t ion  and may be considered as a net  transfer of posit ive charge 
t o  the cent ra l  electrode s t ructure .  
proportional t o  the dose received. To our knowledge, t h i s  e f fec t  has 
not been observed before and i ts  exact nature must remain a matter of 
speculation u n t i l  future  experiments can be performed. It is evident, 
however, i n  re t rospect ,  that a s i m i l a r  smaller e f f ec t  was observed 
when dummies were exposed t o  gclmma radiation, except that i n  t h i s  case 
the sign was reversed. 
the e f f ec t  is st i l l  l e s s ,  but of the same polar i ty  as i n  the case of 
gamma radiat ion.  

The reversing par t  of the insulator effect 1s s i m i l a r  t o  the 
one of ohmic leakage, being proportional t o  applied voltage and roughly 
proportional t o  dose. 
before. 

similar, although the  sca t t e r  of data waa somewhat wider which’is, at 
l e a s t  i n  par t ,  due t o  the f a c t  t ha t  the chambers had developed substan- 
t i a l  leakage which appears t o  be ordinary surface leakage rather  t h a n  

This e f fec t  appears t o  be roughly 

When the chambers are exposed t o  X radiation, 

l 

!Phis ef fec t  has been observed i n  insulators 

Following Bee, the data obtained at Wasp-Prime were Eubstsntially 

I being radiation-induced. 
Following the  t e s t  series, the chambers have been subjected t o  

extensive recal ibrat ion and f i n a l  numerical data w i l l  have t o  await a 
de ta i led  computation based on these calibrations.  

Throughout these experiments the sca t t e r  i n  the data  obtained 
w i t h  the  graphite chambers w a s  considerably larger  than the one observed 
w i t h  tissue-equivalent chambers. Consequently, an assessment of a r e l -  
a t i v e  amount of neutron and  gamma radiat ion received i n  the  hemispheres 
is going t o  be d i f f i c u l t .  

formed t o  date, indicates that meaaurement of doses i n  excess Of 
1000 rep is d i f f i c u l t  when performed with chambers of the  type employed, 
and cannot be performed unless dummies are exposed simultaneously and 
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the  reading6 of these are applied M a Very eubrtant ia l  correction. 

5.2 BIOLCGICAL mmmmm 
5.2.1 Spleen-Thymu 8 Response 

Weight lose of the spleen and/or thymus of mtce ha8 been used 
as a biological dosimeter i n  connection with a l l  test biological erperi- 
mentation t o  date. The method ha8 been facile enough t o  be used f o r  
f i e l d  vork, In  that it does not depend absolutely on exact predictions 
of yie ld  o r  other bomb parameters. 
t h e  dose curve f o r  acute response can be covered from 100 t o  lo00 rem-- 
eublethal t o  supralethal doaes. Aa would be expected, the variances 
of biological methods a re  cer ta in ly  more extreme than for a phyeical 
measuring system. 

given by both the spleen and thymus response at  a part icular  diotance 
from a part icular  detonation. 
and the common elopes seen are a resul t  of the analyt ical  method used. 
The f o m l a e  used for the construction of the  w e e  are e h m  i n  
hrble 5.7. 
i s  the  same ea would be expected from the  phyoical dosimetric measure- 
ments. 
l/e degradation i n  dose is ehorter than the  correeponding physical 
measurement. 
than the 220 t o  25O-yard values o h m  by the f o i l  measurements. 
240-yard value for  aluminum is far shorter than the 300 t o  375-yard 
numbers given f o r  gamma rays. The biological dose inside the  aluminum 
s ta t ions ,  vhich is composed of both a neutron and a gamma ray component, 
further emphasizes the importance of the neutron contribution t o  t o t a l  
bomb radiat ion dose, even i n  the range of 100 t o  lo00 rem. 

The range of the  method I s  such t h a t  

The data  shown i n  Figures 4.20 and 4.21 a l l  use the average rem 

The curves are derived from a l l  the data 

These data  ehov that the order of ascending biological dose 

In both exposure r i tuat ions,  however, the mean free path f o r  

The 210-yard value given for the lead etat ions is less 
The 

1 -  

. 

5.2.2 Median Survival Time 

The re su l t s  of the median survival  t i m e  meaaurements, in which 
the estimated rem values were determined by comparison with cal ibrat ion 
curves developed in  the laboratory, have not been plot ted over distance 
ranges. 
ness of the  radiations.  
dose at levels  vhich had never been obtained i n  f i e l d  tes t ing .  
information may be useful t o  correlate  with physical dosimetry important 
t o  weapons designed fo r  specif ic  purposes, such as: an t i - a i r c ra f t  use 
and for  use against ta rge ts  vhere shielding negates both b l ae t  and 
thermal e f fec ts .  Many of the  determined points, unfortunately, fa l l  
within the region in which the median survival time plateaus at about 
3.5 days and can only be used i n  possible extrapolation from both end8 
of the  curve or as checkpoints on another biological system. Because 
of the  obvious complexities involved, interpretat ion of the  r e su l t s  v i l l  
not be attempted u n t i l  the  f i n a l  report .  

They v i l l ,  however, be u t i l i z e d  in the  estimation of effect ive-  
The method vas used t o  get an Idea of biological 

The 



5.2.3 B d y  Weight Lass 

Body weight loas in mice was mxumred M it is hope& thst this 
simple system may give r e s u l t s  which w i l l  both extend and cor re la te  v i t h  
organ veight lo s s  and median survival  the. The or ig lna l  work in the , 

laboratory indicated that the method hsd a probable upper b e e  l l m i t  of 
1250 t o  2500 r e m .  Work now in pro&ress indicates that the r t h o d  a y  
be extended t o  about 10,OOO r e m  which, if t rue,  w i l l  prove t o  be an 
important cor re la t ive  t o  the r d i a n  survival tie reaults which give 
doses on the plateau of the response curve. 
given in the f i n a l  report .  

Eatinstee of rem w i l l  be 

5.3 COMPARISON OF PHYSICAL AN3 BIOLOGICAL REwLls 

Adequate physical  measurem?nts of radiat ion dose M Imde in this 
series of experiments allw the determination of the b io logica l  e f f ec t -  
iveness of nuclear radiat ions from atomic weapons. Attempts at  such 
determinations were made previously but the results depended on assump- 
t ions  which were not aluays val id .  
possible t o  compare biological  and physical data and a r r i v e  at  conclus- 
IODE which, even i n  preliminary form, give information of value in the 
analysis of the  radiat ion capabi l i t i es  of fission weapons and permit 
a more exact in te rpre ta t ion  of past biological  studies.  

Tht physical dose data show conclusively that the total dose i n  
rep i m i d e  the  lead hemispheres is made up of neutron dose primarily, 
with only about 7 per cent of @mm dose contadnat ion.  Since the 
gamm dose is due t o  neutron interact ion in the lead and CwpoMntS 
inside the hemisphere, the t o t a l  dose l e  increased by a constant small 
amount at any distance of measurement. 
neglected in the biological-physical comparison. Also, it has been 
shown that the leakage spectrum causing the biological  response is 
spread over a vide energy range wlth moat of the dose being due t o  fast 
neutrons of energies below 1.5 mev. 

sidered, the r e l a t i v e  biological  effectiveness of the bomb neutron flu 
mtry be determined by finding the rem doee t o  rep dose r a t io  of each 
individual point.  
elope of t h i s  curve is the  relntive biological  e f f e c t i n n e e 8  of the 
bomb neutron rad ia t ion  and gives a value of 1.7 f o r  this response. 
l a rges t  and smllest values found are 2.1 and 1.3. 
very wel l  v i t h  laboratory determinations made v i t h  another fission 
neutron source, the G o d i v a  reactor ,  lmich gave an RBE of about 1.8. 
The r e s u l t  does not agree v i t h  estimates of others,  vhich varied from 
5 t o  10, but i n  vhich the p h y ~ i c a l  doelmetry was non-eristent o r  in- 
adequate. 

as simply as the spleen-thymus r e s u l t s .  
3.5 day plateau region in the  mdian survival curve s r e  considered, 
it w i l l  be noted tha t  the rem t o  rep r a t i o  is not constant, bu t  de- 
creases v l t h  increasing dose. 
t he  r a t i o  is not 1.7 but  only about 1.2. A t  higher rep  doses, the - 
r a t i o  continues t o  decrease u n t i l  i n  soar cases, it approaches 0.6. 

I 

The present experiments maske it 

I 

. 
This small percentage v l l l  be 

I 

If t he  dose region covered by the spleen-thylrms response is con- 
I 

The resu l t ing  points are shown in Figure 5.1. The 

The 
This result m s  

The data fiom the median survival  time study cannot be considered 
If the r e s u l t s  beyond the . 

In f a c t ,  even at  leve ls  of 10,OOO rem,  
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Only one explanation of this effect of dccreaeed RBE with dose ( f o r  the 
biological  effect comidered) is apparent a t  the mment. It is poesi- 
ble that a saturat ion effect  (similar t o  ion chsmber saturat ion)  may 
have occurred i n  t i s sue ,  and ion recombination bas effect ively lowered 
the biological dose. As a large proportion of the  t o t a l  neutron dose 
is de ivered within millisecond8 (so that the  dose r a t e  m y  be 88 high 
8s 10 
the proton r eco i l  is high, saturat ion may have occurred. A -re accurate 
determination of rem dose i n  the plateau region of mcdian survival t i m e  
using body weight loan as an index of ef fec t  m y  aid i n  the completion 
of the  response w e .  
of the  acute symptoms of high t o t a l  dose exposure d i d  not appear t o  be 
lessened at  the  high dose rates at ta ined i n  these experiments. 

gams radiat ion from the data collected in the aluminum hemisphere 
s ta t ions ,  it is necessary t o  aubtract the neutron portion of the biologi- 
c a l  doee from the t o t a l .  
used, the  RBE of the  gam ray dose is found t o  be about 0.8 on the 
basis of the  spleen-thymus response. 
ment with that found at Operation Greenhouse (ll), uaing the sane biologi- 
c a l  system. 
difference mentioned e a r l i e r ,  which may make the given 

f i U d  aU81ysi6, the e r ror  i n  the REE will be reduced and it w i l l  approach 
1.0. There is no indication i n  the resu l t s  that addi t iv i ty  of the neutron 
and gam radiat ion is incomplete or  varies over the range of the  data. 
The apparent complete addi t iv i ty  is consistent with findings i n  t h i s  
laboratory, but m y  be for tui tous In that the neutron t o  g81~83 radiation 
dose r a t i o  (somewhat greater than  1) 1.9 re la t ive ly  conatant Over the 
en t i r e  range studied. 

neutron plus gamm radiat ion show the 6- decreasing rem t o  rep r a t i o  
8 6  shown in the lead s ta t ions  fo r  neutrons alone. Thus, the RBE again 
appears t o  decrease with increasing dose and/or doee r a t e .  

i! rep per second o r  more), and since the  specif ic  ionization of 

Qualitatively, it should be noted that observation 

I n  order t o  e a t i m t e  the biological effectiveness of the bomb 

If the value of 1.7 for  the neutron RBE is 

Thin value is in reasonable agree- 

No conaideration has been given t o  the rep per kiloton 
readings 

high. If the munm dose 1s decreased i n  the 

"he median survival t i m e  data i n  the aluminum hemispheres for  
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

I n  summry, it may b s t a t ed  that t h e  general objective of the 
experiments were at ta ined.  A smll amount of biological-data was l o s t ,  
p r inar i ly  from environmental atresees,  including b l a s t  effects on equip- 
ment a t  extremely high overpressurea. Because of the complexity of the 
problems Involved, it has been possible t o  give only a very superf ic ia l  
interpretat ion of the  biological  data i n  the  preliminary report .  

physical and biological  s tudies  conducted as Project 39.7, Operation 
Teapot, are as follows: 

The preliminary conclusions that m y  be drawn from both the 

6.1 PHYSICAL DOSE SRTDIES 

a. Over the  region of measurement, no variat ion i n  neutron 

b. 
spectrum was found. 

The neutron dose ( i n  rep) inside the  7-inch th ick  lead ex- 
posure s ta t ions  IE 1/2 that i n  air and the  primary effect  of the lead 
is t o  degrade the neutrons with energies above 1.5 inev down in to  the 
energy region of 700 kev t o  1.5 mev. 

cent of t h e  neutron dose. 

high for the  spec i f ic  weapons considered and the neutron dose per kl lo-  
ton i s  an important function of bomb geometry and the  presence or  
absence of boosting. 

e .  PerturbatioM a r e  introduced i n  neutron dose by asynrmetries 
i n  geometry and resu l tan t  shielding by various components such as the 
X-unit. 

The chloroform chemical dosimeter with varying concentrations 
of water i n  the  system i s  a sa t i s fac tory  method for  the measurement of 
gama rays i n  the presence of neutrons, if adequately cal ibrated and if 
the neutron sens i t i v i ty  is sa t i s f ac to r i ly  evaluated. 

g. 
determination of gama dose i n  a i r ,  if corrections due t o  t h e m 1  
neutron effect ,  fast neutron e f f ec t  and other fi lm responses are 
applied. 

h. 
ray dose inside the  lead hemispheres for  s i tua t ions  i n  which the t h e m 1  

C .  

d .  

The gam ray dose inside the  lead s ta t ions  is  only 7-10 per  

The neutron dose t o  gam dose r a t i o s  i n  air are extremely 

f .  

!€he modified NES f i l m  packet i s  a Satisfactory method for  

The same f i l m  packet i s  inadequate for  measurement of 51mna 
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neutron flux is high and the total neutron dose In air is 50 per cent 
or more of the total rep dose. 

field exposure conditions. The tissue-equivalent and graphite CO2 ion 
chamber system, vith present designe, is in8deqUate for field measure- 
ment of total dose, gam dose or neutron dose. 

indirect method for the measurement of neutron dose under field condi- 
tions. 

I. The tissue-equivalent ionization chamber saturates under 

j. The foil nystem, including fission foils, is an excellent 

6.2 BIOLOGICAL DOSE SRlDlEs 

a. 
averages 1.7. 

b. 
approaches 0.8 to 1.0. 

C. 
increases and I s  probably inversely proportional to the dose rate 
above a limiting rate. 

plete. 

Over the range 100 to loo0 rem, the RBE of bomb neutrons 

Over the range 100 to 1000 rem, the RBE of bomb gamra rays 

The RBE of bomb neutrons varies slowly as the total dose 

d. Additivity of bomb neutrons and gamma rays is probably com- 

. 
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TABLE 4.7 - Relrultlr of C h l o r o f m - P k e  Doair tcr  kaaurementr 
of Neutron adl Gmma Rsdlatlon h e .  bI& Lead and Alualnum 

Station s l a n t  1/2-Phase y l - P h e  Neutron 2-Phase y 

Exponure Containers (Waop) 

NO. D i n t .  (=PI 7 (rep)* (rep)  

la (lead) 3 10 1700 17000 
28 390 700 7400 

4700 44Q 450 
2600 

3s 
48 495 23 5 sa 640 80-100 900 

7a 875 TOOLOV 150 + 50 
8a 985 
9a 1015 

lh 1100 
l2a 1150 
13a 1190 
148 1225 
1% 1270 

l b  (aluninum) 310 1 5 9  18200 
I 2b 400 7000 llrooo 7000 

6600 3700 
4 1 0  no0 

3b 475 3600 
4b 530 2500 

1200 1750 1200 
600 600 550 

P 645 
6b 810 
7b 950 210 300 200 

100 150 + 50 110 
80 Too -m t o  go-lo0 

Bb 1 6 5  
9b 1115 
lob 1160 60 Measure 50 
l l b  1205 70 75 
12b 1260 70 100 

1305 70 80 
60 50 

13b 

40 50 
14b 1360 
1% 1405 

- 68 760 35 350 

mii Low 

I 108 1070 Measure 

t o  
MMW t o  

I 

j 
~ 

Results are given “a# read” and m y  be increased by 30 per cent in 
keeping with preliminary calibrations of the chemical dosimeters 
against the flslrlon foil system. 

. 
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TABLF 4.8 - Results of Chlarofm-Pheee Doairuter kL?Murauntm 
of Neutron and Canmr IhdLatlon b e  Wide Ired and Alumlmn 

Exposure_ Containers (Ma) 
Station s lant  1/2-Phase y 1-Phase Neutron 2-PhaSe y 

No. D i n t .  (yda.) (=PI (rep)* (=PI c 

l a  (lead) 255 2400 2m 
2a 305 1300 12100 
38 375 610 6700 
4a 450 300 nso 
5s 530 155 1500 
6a 640 70 600 
7a 755 30 no 
8a 875 Too Low t o  150 + 50 
98 925 Measure lbo-Low t o  
108 975 
ll8 1020 
128 1070 
138 1120 
148 1180 

,Meamre 

1% 1245 

. 
lb  (aluminum) 280 
2b 34 5 
3b 420 
4b 500 
5b 560 
6b a 5  
P 805 
8b 945 
9b 995 
lob 1050 
l l b  1110 
12b 1180 
13b 1240 
14b 1300 
1% 1370 

20400 
10500 
5000 
3100 
2240 
940 
430 
220 
160 
120 
100 
70 
55 
55 
55 

60000 
34000 
11500 
6ooo 
4Ooo 
1500 
420 
250 
150 
100 
100 
100 
70 
50 
50 

* 
Resul ts  are given "ae read" and may be increased by 30 per cent i n  
keeping with preliminary calibratiom of the chemical dosimeters 
against  the flselon f o i l  system. 

. 
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TABLE 4.9 - Results of Chloroform-Phase Dosimeter kssurements 
of Neutron and Gaumbs Radiation Dose inel& Lead and Alumlnm 

Esrposure Containers (Hornet) 

S t a t ion  Slant  1/2-Phaae 7 1-Pbase Neutron 2-Phase y 
No. D i s t .  (m.) (rep) (rep)* (rep) 

158 (lead) 
148 
136 
128 
l l a  
108 
9a 
8a 
78 
6a 
5a 
4a 
Y- 
2a 
l a  

255 
305 
37 5 
450 
530 
640 
755 
87 5 
925 
975 

1020 
1070 
1120 
1180 
1245 

6800 
3000 
1620 
1000 
500 
210 
90 

Too Low 
t o  

Measure 

46000 
23000 . 
13000 
8soO 
4600 
2300 
950 
400 
250 

Too Lov t o  
Measure 

1% (aluminum) 280 
, 14b 345 

13b 420 
l2b 500 
l l b  560 
10b 685 
9 805 
8b 94 5 
7b 995 
6b 1050 
5b 1110 
4b 1180 
3b 1240 
2b 1300 
l b  1370 

! 

3- 
15-250 
12OOO 
60oo 
4400 
2OOO 
1100 
680 
400 
375 
200 
200 
150 
100 
100 

155000 
48ooo 
22000 
11ooo 
6700 
2800 
1300 
450 
3 50 
XH) 

Too Low t o  
Measure 

68ooo 
56700 
25000 

m 
3300 
1100 
580 
385 
300 
200 
140 
13 5 
90 
90 

. 

. 

Results a re  given "as read" and may be increased by 30 per cent i n  
keeping with preliralnary calibrations of the chemical dosiuEters 
against  the  f i s s ion  f o i l  system. 

. 
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TABLE 4.10 - Resulte of Chloroform-Phaae Doeinrter h w u r e n n t a  
of Neutron and G a m a  Radiation Dose imide &ad @nd Aluminum 

&POSUIT Containers (Bee) 

S ta t ion  Slant  112-P-e 7 1-Phase Neutron 2-Phaae 7 
No. D i s t .  (yds.) ( rep I (=PI* (=PI 

l5a ( lead)  490 5300 45000 
14a 570 2700 2 x ) o  

1700 1x)o 
680 6700 

1% 645 
128 730 
l l a  805 380 3500 
1- 925 160 1500 
9a 1040 70 750 
8a 1160 Too Low t o  350 
7a 1220 Measure 260 
6a =lo Too Low t o  
58 1330 Measure 
4a 1360 
38 1430 
2a 1490 
la 1550 

19 (aluminum) 550 
14b 625 
13 710 
12b 795 
l l b  895 
lob 1015 
9b 1150 
8b 1510 
To 1360 
6b 1430 
5b 1510 
4b 1590 
3b 1660 
2b 1730 
l b  1610 

1155 
770 
480 

75 
50 

Results are given "as read" and may be Increased by 30 per cent in 
keeping with preliminary cal ibrat ions of the  chemical dosirnetere 
aga ins t  the fission f o i l  system. 
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TABLE 4.11 - Results of Chloroform-Phaae Dosimeter Measurements 
of Neutron and Ca~mus Radiation Dose lnside Lead and Aluminum 

m o s u r e  Containers (Wasp-Prime) 

S ta t ion  S lan t  1/2-Phase y 1-Phase Neutron 2 - P h e  7 
NO. D i s t .  (yds.)  ( rep)  (rep)* ( rep)  r 

la ( lead)  280 7000 66000 
2a 375 3000 26000 . 
3.9 430 1650 15000 
4a 485 950 8800 
5a 5 50 680 6000 
6.9 650 280 2500 
7a 760 130 1100 

60 580 
40 350 

8a 865 

Too Low t o  200 
l l a  995 Measure Too Low t o  

98 
10s 

l3a 1110 
14a 1155 
15a l a 5  

;E 
1 I 12a 1060 Measure 

i 
I l b  (aluminum) 280 

2b 380 
3b 460 
4b 520 
r, 600 
6b 7 10 
7b 83 5 
8b 945 
9b 995 
10b 1045 
l l b  1100 
l 2 b  1160 
13b 1225 

I 14b 1280 
15b 1335 

i 

72000 
28400 
14000 
loo00 
5x10 
3600 
1500 
890 
650 
600 
400 
300 
220 
17 5 
140 

143000 
44000 
22000 
13500 
7000 
3 500 
1400 
650 
450 
300 
250 

Too Low t o  
Measure 

* Results are given "as read" and may be increased by 30 per cent i n  
keeping w i t h  preliminary cal ibrat ions of the chemical dosimeters 
against  the f i s s ion  f o i l  system. 



TABLE 4.12 - Reeulte of Film Badge Meamrents  (Wasp) 

. 

1 -  

Slant Film Badge Slant Film Badge 
s tat ion Dietance Rending Station Dletance Reading 

No. (w.1 (r) NO. (Yae.1 (r) 

(Inside Lend &mispheres) 

l a  310 
28 390 
38 4kO 
4a 495 
5a 640 
6a 760 
78 875 
88 985 
9a 1015 
10a 1070 
ll8 1100 
1% 1150 
138 1190 
148 ln5 
158 1270 

l0,W 
1,600 

830 
560 
230 
140 
65 
35 
25 
20 
16 
13 
12 

7.5 
7.5 

(Inside Aluminum Hemispheres) 

l b  
2b 
3b 
4b 
5b 
6b 
7b 
8b 
9b 
lob 
l l b  
12b 
13b 
14b 
19 

3 10 
400 
475 

810 

1Q65 
1115 
1160 
1205 
1260 
1305 
1360 
1405 

z; 
950 

(Outside Statio&) (Li mapped heirnetere) 

30,000 
2c 370 15,000 4b 530 2,600 

15,000 
3c 515 3,000 6b 810 420 

3,200 
4c 650 1,150 l l b  1m5 55 

1,100 
5c 755 570 15b 1405 30 

570 
6c 855 400 

400 
7c 955 250 

250 
6c 1060 140 

140 
9c 1155 100 

90 
1oc 1250 60 

60 

I C  310 29,m l b  310 25,000 

.- 
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TABLE 4.13 - Result6 of Film Badge-Maaeurefeents ( k t h )  

Slant Film Badge Slant Film Badge 
Station Distance Reading Sta t ion  Distance. Reading 
No. (rae.1 (r) NO. . (Yds.1 (r) 

~~ 

(Inaide Lead Hemispheres) 

la 255 
28 305 
38 375 
4a 4 50 

640 
7a 755 
8a 875 
98 925 
108 975 
115 1020 
128 1070 
138 1120 
14a 1180 
156 1245 

g .  530 

(Imide Aluminum Hemispheres) 

l b  
2b 
3b 
4b 
7 6b 
7b 
8b 
9b 
lob 
l l b  
12b 
l3b 
14b 
1P 

280 
345 
420 
500 
560 
685 
805 
945 
995 

1050 
1110 
llB0 
1240 
1300 
1370 

~ ~ 

(outside stations) 

IC 255 

2c 365 

3c 480 

4C 600 

5c 715 

6c 835 

7c 955 

8c 1070 

9c 1190 

1oc 1310 

(Li Wrapped Doswters) 

44,000 l b  280 52,000 
42,000 
15,000 4b 500 2,600 
16,000 
4,600 6b 685 750 

1,350 l l b  1110 70 
4,750 

1;400 

670 
700 15b 1370 

390 
390 
230 
230 
130 
130 

55 
55 
40 
40 

30 

. 



TABLE 4.14 - Results of Film Ea- Meaaurenent8 (Hornet) 

I 

I . 

I 

I 

Slant Film Edge Slant Film S d g e  
station Die tance Reading Station Distance Reading 
lo. (*.I (r) lro . (*.I (I) 

( Ine lde Lead Hemispheres ) (Inside Alumlnum Hemispberes) 

lE 1245 5.5 lb 1370 65 
2a lleo 6 2b 1300 75 
3a 11x, 12 3b 1240 110 
4a 1070 20 4b 1 m  120 
5a 1020 30 9 1110 210 
68 975 45 6b 1050 230 
7a 925 70 7b 995 260 
8a 875 90 8b 945 420 
98 755 170 9b 805 Boo 
10a 640 300 lob 685 1,200 
118 530 800 llb 560 11,000 
128 450 1,450 12b 500 13,000 

148 305 12,000 14b 345 1 3 t W  
13a 37 5 370 13b 420 28,000 

158 255 36,000 1% 280 Too H i g h  
to Read 

(Outside Statione) 

lx 270 

2x 365 

--- 
- - -  

3x  

4x 

5x 

6x 

7x 

8X 

gr 

lox 

480 

600 

715 

83 5 

955 

logo 

1210 

1330 
120 
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TABLE 4.15 - Reeulte of Film Badge Me&ureuente (Bee) 

slant Film Badge S l a n t  Film Badge 
Stat ion Distance Reading Stat ion . Dietsnce R e a d i n g  
No. (Yds.1 (r) No. (*.I (r) 

(Inside Lead Hemispheres) (Inside Aluminum Hemispheres) 

la 1550 3 l b  1810 20 
2a 14%) 3 -6 2b 1730 30 
3a 1430 4.5 3b 1660 40 
4a 1380 14 4b 1590 50 
5a 1330 18 5b 1510 .60 
6a 1270 35 6b 1430 100 

140 
180 

7a 1220 45 P 1360 
8b 1310 

1150 330 
8a 1160 65 
9a 1040 120 9b 
loa 925 220 lob 1015 360 
l l a  805 490 l l b  895 1130 
128 730 720 12b 795 
13a 645 lOs0 13b 710 3800 
lb 570 ls00 14b 625 10,500 
1% 490 3600 15b 550 20,000 

1650 

(Outside Stations) 

! 2c 

I 3c 

1 5C 

4c 

6c 

7c 

8 C  

9c 

1oc 

I C  1550 65 

1430 

1310 

1190 

1070 

955 

83 5 

720 

605 

490 



TABLE 4.16 - Results or Film Baage Meleaeureuents (Waap-Prime) 

Slant Film Bsdgc Slant Film Badge 
Station Distance Reading Station Distance Reading 
No. (Yb. 1 (r) No. (rae.1 (r) 

(Imide Lead Bemispheres) 

la 280 
2a 375 
3a 430 
4a 485 
5a 550 
6a 650 
7a 760 
8a 865 
98 910 
10a 960 
lla 995 
12a 1060 
l3a 1110 
148 1155 
15a 1205 

18,OOO 
2,450 
1,650 
900 
650 
360 
200 
1x) 
95 
55 
40 
30 
25 
20 
20 

lb 
2b 
3b 
4b 
!D 
6b 
-P 
8b 
9b 
lob 
llb 
12b 
13b 
14b 
1% 

,280 
380 
460 
520 

,600 
710 
835 
945 
995 
1045 
1100 
1160 
1225 
1280 
1335 

(Outside Stations) 

IC 280 

2c 350 

3c 445 

4c 535 
5c 640 

6c 740 

7c 845 

8C 965 
9c lo75 

1oc 1185 

(Li Wrapped Dosimeters) 

la 280 
2a 375 
3a 430 
4a 485 
5a 550 
6a 650 
7a 760 
8a 865 
9a 910 
10a 960 
lla 995 
12a 1060 
13a 1110 









4.20 - Tiomue-Equivalent and Graphite Ion Chamber M e ~ ~ u c ~ c n t s  (Bee) 

i . 

Chamber rrpe aad Chamber Rdg.*.(rep) 

Hi& Ikme Timouc-Equivalent L a  Dose Timue-Equivalent charging 
V O l t r g C  sta. y sta. 66 S t a .  7d sta. ed 

(1q5 w.1 1075 rad.) Wrad.1 lSkSyd..) 

-730 
-730 
-730 
+730 
+730 
-600 
-600 
+m 
+600 
+m 
-400 
-400 
+4W 
400 
+boo 
-200 
-200 
+200 
+200 

86 

95 

79 

72 

59 
100 
54 

78 
42 
wc 
51 

5a 

1450 
1420 
1563 
1605 

1020 1680 
lB00 
Is00 

762 2250 

H i g h  Dose Graphite C% law Ikme Graphite C02 

-730 
-730 
-730 
+730 
+730 
+BO 
-600 
-630 
-600 
+600 
+m 
+600 
-400 
-4W 
-400 
+4W 
+4w 
+4W 
-xx) 
-m 
-200 
+200 
+200 
+m 

67 
72 
63 

58 

58.5 
61 
a2 

Out 

95 
58 
54 
5 1  
76 
42.5 
€a 
41 
46 
42 
64 
41 

1% 
316 
150 
453 
174 
158 
229 
380 
353 
178 
263 
163 
259 

123 
118 

83.1 
153 

75 
91 

602 
9 s  

890 
736 

go0 
1125 
llgo 
670 
Out 
820 
7m 

B80 
Discharged 

892 

600 
Boo 

Tentative valuee only, an final numerical data will have to avait detailed 
computations baaed on final calibration studies. 
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TABU b.21 - Tinsue-Equivalent .nb Graphite Ion Chmber llcu-ntn ( W M P - p r i r )  

cbareiw High Dose "larue-Equivalent Lou &ne Thaw-Equivalent V o l t w e  
Sta. l d  sta. 26 s ta .  y sta. 4a 
@ 7 5  m.1 178Oras.) jmY&., J* 

-730 
-730 
-730 
+730 +no 
-600 
+600 
+6Lw 
-400 
-400 
+400 
A00  
-200 
-200 
+m 
+m 
+200 

1 
320 

251 
263 
236 
243 * 
192 

195 
Discharged 

Discharged 

139 

94 
167 

136 
123 

99 
171 
112 
128 
119 
73 
78 
80 

-730 
-730 
-730 +no 
+730 
-600 
-600 
-600 

+Em 
+€a 
-400 
-400 
A00  
*rroo 
A00 
-200 
-200 
-m 
+m 
+m 
+200 

High Dose Graphite '2% Lov h e  Graphite C O ,  

1720 446 
1920 

2420 395 

2ooo 
148a 

1330 640 

m 

1435 384 

Discbarged 433 
476 

950 536 

ll& 452 

Dischvged 

ljko 
1180 

304 
1 9  
166 
376 

Dlncharged 
Discharged 

100 
94 
104 
204 

123 
147 
le6 
105 
80 
91 
91 
101 

88 
116 

63 

71 

~ 

Tentative oalues only, M f inal  numcr ia l  data vi11 have to await detailed 
camputations b a e d  on final calibration studies. 

. 
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TABLE 5.1 Intercept-Constant Tern for Thermal Neutron Data 
(Wasp, Moth, Hornet, Bee, end Wasp-Prime) 

Dose Flux Neutron8 
(n/cm2) (n/cm2/H) (rep 1 

W-P 1.12 x 1016 9.3 x 1015 4.8 105 

Moth 9.60 1015 3.8 1015 4.2 x 105 

Hornet 2.00 x 1016 5.5 1015 8.8 x 105 

6 

Wasp-Prime 6.03 x 1.9 x 1016 2.6 x lo6 

~ 

Bee 1-23 x 1017 1.5 x 10l6 5.3 x 10 

I 

TABLE 5.2 - Factors for Conversion of Neutron Detector Data 
t o  Neutron Doae i n  Rep 

Energy Region Doae 
( rep /n /a2 I . - 

. 9  PU flu - Np flu 4 kev - 0.72 mev 1.0 x 10 

Np flu - U f l u  0.72 mev - 1.5 mev 2.5 10.~ 

u f l u  - s flux 1.5 mev - 2.5 mev 3.2 10-9 

s flu )2 .5  ET 3.9 10-9 
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TABLE 5.4 - Fcmmlae for Neutron Dose (in rep) I ~ i d e  and Outside 
Lead Stat ions,  ad a Function of Distance, Derived frm Foil  Data 

(Wasp, Moth, Hornet, Bee, and Wasp-Primc) 

Doae in  rep Ratio of Dose . 
Inn ide/mts ide 

I n  A i r  In Lead 

Moth 

Hornet 

Bee 

1.38 x 10 lo e -D/235 6.05 x 10 9 e -D/235 0.44 

D2 D2 

Waap -Pr lme 4.36 x 10 lo e 2.42 x 10 lo e .D/qO 0.56 

D2 D2 

~~ ~~ 

D = distance i n  yd0. 



TABLE 5 .5  
Containers, aa a Function of Distance, Derived from 1-Phase 

Chloroform Chemical h ime te r  Data 
(Waep, Moth, Hornet, Bee, and Waclp-Prime) 

Formulae f o r  Neutron Dcee (in rep) imide Lead and Aluminum 

I n  Aluminum In Lead Ratio of Dose 

( rep)  (=PI Leaa/Al 

.65 9 -D/240 Wasp 6-09 x 10 e -D/240 5.25 x 10 e 
D2 D2 

.54 10 -D/225 Hornet 2.56 x 10 lo e D/225 1.38 x 10 e 

D2 D2 

Bee 

.48 10 -Dl225 Wasp-Prime 3.82 x 10 10 e - D / e 5  1.82 x 10 e 
2 

D2 D 

D = distance in  yds.  

L 
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TABLE 5.6 - Gama Radiation Dose ( i n  rep) inside Alumimum Stations, 
Veraua Dietance, Derived from 1/2-Phaee Chemical Doeimeter Data - (Wasp, Moth, Hornet, Bee, and Wasp-Prime) 

Moth 3.55 x 10 9 e -a/325 1.4 109 
D2 

Hornet 6.17 x 109e-~/375 1.7 109 
D2 

Bee 9 3.4 x 10 10 -D/j50 2.75 x 10 e 

D2 

Waep-Prime 1.27 x 10 10 e -D/345 3 .4  x 10 9 
D2 

D = distance i n  yds. 

. 



. 
TABLE 5.7 - Formulae f o r  Biological Dose ( I n  rem) lnslde Lead and 

Aluminum Containers, as a Function of Distance, from 
S p l e e n - w s  Respoaae 

(Wasp, Moth, Hornet, Bee, and Wasp-Prime) 

Inelde A l .  Inside Lead 

Wasp 

Moth 

Hornet 

I 
r 

Bee 

Wasp -Pr ime 

10 Dl240 >.4 x 10 e 

D2 

10 -Dl240 2.0 x 10 e 

D2 

10 -Dl240 6.2 x 10 e 

D2 

3.0 x 10 11 e -Dl240 
2 
D 

11 -D/240 1.6 x 10 e 

10 -D/210 3.5 x 10 e 

1.6 x 10 10 e -D/210 

D2 

4.5 x 10 10 e -Dl210 

D2 

2.1 x 10 11 e -D/210 

11 -Dl210 1.4 x 10 e 
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Fig .  2.1 Series "a" S t a t i o n  Consisting of '(-inch Dome Used t o  Expose 
Mice and Other Materials t o  Neutrons 

c 

I .  

. 
Fig. 2.2 Series "b" S t a t i o n  Consisting of 1/4-inch Aluminum Dome 

Used to Expose Mice and Other Materials t o  Neutrons Plus 
G a m  Rays 
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Fig. 2.3 Series "E" Station Consisting of a Coal Post Arrangement 
Used to Expose Threshold Detectors and Film Badges to 
Neutrons and Gamma Rays in Air 

Fig. 2.4 Pipe Station Used in Connection with Series "c" Station for 
Exposure of Fi lm Badges to Irradiation Above and Below Ground 
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Fig. 4.1 Threshold Detector Rcsults for Fast Neutrons In Atr Wasp) 
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Fig. 4.3 Threshold Detector Results for Fast Neutrons In AIr (Moth) 
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Fig. 4.5 Threshold Detector Rcsulis for Fast Neutrons In Air (Hornet) 
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Flg. 4.6 Threshold Detector Results for Fast Neutrons in Lead (Hornet) 
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Flg. 4.1 Threshold Detector Results lor Fast Neutrons in Alr (Bee1 
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Flg. 4.8 Threshold Detector Results for Fast Neutrons In Lead (Bee) 
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Flg. 4.9 Threshold Detector Results for Fasl Neutrons In Air (Wasp-Prime) 
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Flg. 4.10 Threshold Detector Results for Fast Neutrons In Lead (Wasp-Prlme) 
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Flg. 4.12 Remlts oi Slow Neutron Measurements lnslde and outslde 
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Fig. 4.13 Chemlcal Dosimeter Measurements of Neutron and Gamma 
Radiation Dose Inside Lead and AlumInum hatlons (Wssp) 
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Fig. 4.15 Chemical Doslmcter Measurements of Neutron and Gamma 
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Fig. 4.20 Spleen-Tnyrnus Measurements of Fast Neldron Dose (In rem) as 
a Funcilon of Dlstance (wasp, Moth, Hornet. Bee, and Wasp-Prime) 
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Flg. 4.21 Spleen-Thymus Mcasurernents of Fast Ncutron Plus Gamma 
Radlatlon Dose (In rem). a b  a Functlon of Dlstance 
(Wasp, Moth. Hornet. Bee, and Wasp-Prlme) 
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