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Chapter 1

Introduction

1.1 PURFGSE

During the planning of Operation Greenhouse,
the problem arose of providing a large numhber
ol experimenters with a cheap, moderately ac-
curate desimeter. Photographic emuloions had
been used at Sandstone for slmilar purposes,
However, because of the necessarily hurried
preparaticn for the Bandstone Lests, 2everal re-
finements in the conatruction of the dosimeter,
in its calibration, and in the evaluation of the
desimetric results had to be neglected. Even
with several simpliflcations, many of the cali-
braticns had to be ohtpined after the tests were
completed,

Because the number of dogimaters requested
for Gresnbouss way much greater than that for
Sandstore and because some applleations re-
quired o small-sizad dosimetar, it was decided
to uge the amall, relatively inexpensive photo-
graphic {ilm dosimeter again.

1.2 SCOPE

The photographic {1lma for Operation Green-
houwse were uzed sgsentially in two ways:

. For studies of radiation intenzity diatri-
buticns 1n luclie and preased-wood phantoms
slmylating bodies of man and small animala.

b. For dopimetry at locationsa where the
knowledge of absolute dosages waa required,
This was the case for the determination of
ehisldlng properties of stractural materials
and for an evaluation of the accuracles of other
instruments,

The phetegraphic methed lends Ltzelf wall
to absolute dosage determinationa at high
radiation fluxes alnce the responae of photo-

graphic materials to X and pamma radlation
haa besan found to be independent of the radia-
tion flux lor intensity ratloa'® of at least

1: 10,000,

The National Bureau of Stapdards was made
responsible for providing calibrated emulziona
to cover the dosage range Irom 1 to 14,000
roentgens for all phantom apd ahsolute dosage
measurements for Qperation Greenhouse, Per-
sonne] of the Bureauw were also to act as con-
gultants for all other photographle dosimeiry at
Greenphonge amd o have the responaibility for
processing all Greenhouse -exponed [llma,
Chapter 2 of thig report discusses the selection
of the four photographic emulsions supplied by
the Maticnal Burean of Standards. A detailed
account of tha processing sequence s given In
Sac, 4.2,

The densitometric results obtalned i phat-
tom work were interpreted by the Navy group.
The National Bureaw of Standards aupplisd only
a calibration curve to be yged by the Navy as &
processing check for this application, The
dengjtometric¢ results ghtained in the absclute
dosape measarements were interpreted by the
National Bureau of Standarde with the aid ¢ a
photographic dosi mater specially designed and
calibrated for this purposs. A large portion of
thie report (Chap. 3) deals therelore with the
deslgn of a pholographic meter suited for this
applicalion. The meter provides electronic
equlllbrium over the emulslon surfaces and
allows a dosage interpretatlon with an accuracy
of 221 per cent in the range from 122-kKev effer-
tive radiation energy to the ef{ective energy of
a 10-mev betatron, This accouracy ia not out of
line with requiremepts since the greatest
accuracy of the blologlcal experiments which
were checked photographically waa =16 per

- “I.
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cent, Electronic equilibrlum was achleved by A detailed account of the calibration of this
meana of a 0.33-1n. layer of bakalite, which dosimeter and of its accuracy limits 1s pre-
corresponds in thickness to the average range sented in Chaps. 4 and 5.

of the electrons expectad to be priduced in an
atomle explosion. The dosimeter's energy de-
pendence in the low-energy region of high Hlm
gengitivity wae decreased by means of metallic
absorbers consisting of 0.3 mm lead and 1.07 ™ 1, Russell Margan, Heciprocily Law Failure in X-ray
of tin which redueed the intengity of the part of Flims, Radiology, 42; 47L-4T% {144},

the radiation to which the fllm 1z most sensitive, 2. Nallsral Bureau of Standards, unpublizhed data,
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Chapter 2

Selection of Emulsions

2.1 CRITERIA FGR THE SELECTION

FPhotographic doslmetry is based on a unique
correlation of radiatlon exposures and photo-
graphic densltles. Since a large numier of in-
dividual dosimeters were Lo be uaed, it was
desirable to control the flustuationa that might
occur between individual pleces of photographic
film az well a5 to ensure that their range would
be adeguate to cover the expected radiation in-
tensitles. The selection of emulsions lor Oper-
atign Greenhouze was therelore guided by the
criteria glven In Sece. 2.1.1 and 2.1.2,

2,11 Emulsjon Rapge and Accuracy

The range of an emulsion useful for phato-
graphie doslmetry depends upon the saturation
density of the emuleicn and upon the accuracy
with which emnlalon blackening may be inter-
preted in terma of dosige in roentgens. This
accuracy, In rn, is determined by the emui-
sion contrast [itg ability to record diflerences
in exposure in terms of diffarances in photo-
graphi¢ blackening), With a given developing
procedure, the saturatlon denaity Zrd the con-
trast vary with the type of emulsion. Since the
newest type densftometer allows the evaluation
of photographic densities up 1o 8, emulsions
with saturailon densities close to or above 8
were utllized. Among these, the ones providing
the best contrast and therefore the greatest
zecurzcey in the range Irom 1 te 10,000 roent-
gens were chesen* For some particular phases
of the work this range was extended up tg 1,00
roentgena.t

# Eagtman 5302 and 548~0, douhle gozt, and Du Pont
510 and 805,
1 Eastman 644-0, single coat,

3

2.1.2 Emulsion Uniformity

Large manulacturers of photegraphic mate-
rials are akle to control the uniformity of each
individual Ijlm within a given emulsion batch to
an accuracy exceeding that obtained in cther
phages of photographic dosimetry. However,
the variations between different emulzion
balches may cause slgnlflcant changes in the
X- and gamma-ray sensitivity of these emul-
alons, thus making il necessary to chiain all
Ilms of & glven type irom the same emulsion
batch.

%22 THE FINAL FILM SELECTION

Sixteen dilferent film emulsigns were cpll-
brated over their entlre useful exposure range
with X radiaticn of 1.4-mev exclting potential
having a hall-value layer of 10.4 mm of tin and
an effective energy of appeoximately 800 kevy,
In thiz energy region, the response ol the
photographie emulsions is essentially Inda-
pendent of the quantum energy of the incldent
radiation The X-ray intensitisg were meas-
ured with a Vietoreen roentgen mater with
walls of electronic equlllibrium thickness, The
exposed [ilms were deveioped in Eastman X-ray
developer which was 3150 chogzen for the Green-
house work {see Sec. 4.2.1). Figure 2,1 shows
the calibration resulis graphically.

The Eastman spectroscopic (iloy 5485-0,
double coat, was the only [llm which covered
the dosage range [rom 50 to 10,000 roentgens
with adequate accuracy, The Defender Ad-Lux
film was not considered because of ity low
saturation densily and its low contrast in the
exposurs reglon between 1000 and 10,000
roentgens. Three emulsions covered the rahge

e



ANSCO FILME

i L]
P70 Dhe L52 EEEEsC HidM BPEED N-RAT

' T iy u
gy ; BUPERAT ‘A" E-Rar
gt ke 6 MOM - ACKEIN %= RAY
AL A% covmacisL

g
sermouni antes S —T R

DurdHT FiLM%

] r r [ EO%
oI ORI IR R Soo DN sot
B oveer oo

T

) a 1
APORT 408 i Y

DEFENOER A8 WX o c—5rTir BT T —tos

EASTMAN FILM3

X 1% M ax A .
e a3t ion "UOAX INDLITRALL X-AAY TYPE K
o . T TIT KDoAk MDUSTNIAL X+ Ra¥ TTRE A

Ay
o - Ta7 V301 POSITIVE RELEASE

boe ponTive neutase iy —i— R LT,
] [}
448-0 DOLBLE COMT SPELTAOBLOPD b T o

B40:0 BINELE ZOAT BRESTAOSCOMIC SARETY B ”‘:
1 | i | L 1 i | ) 1 M
A 1 T [T [ 0,000 ), 000

EXPOSURE { OENTSENS)

Fig. 2.1 Resulp of Calibration of 18 Photographic Emulsion: with X Radiation Generated ac 1.4=rney Ex-

citing Potentlal. The logarithms of the X=ray exposues in roentgens are ploted horizontallys the nume

hers below the horizontal lings represent the photographic demides at the partdcular pofins; the numbers

above rhe Lines represent the accuracies of the emulsions in per cent at the particnlar adiation dosages.

The accuracies were obtalned by calculating the percentage of the total expoture Ln [o&nIgent coerespond=

ing 10 a density varladon of 5 per cent or §.02 density unlr, whichever was larger. This variarion was
avcepted as the joherent inaccuracy of the calibranon procedure.



Irom 30 to 500 roenigens: Ansco Reprolith
orthochromatic, Du Pont safeiy positive, and
Du Pont 605. The Ansco film was excloded be-
cause experimentz had shown that it fogs in the
Wratten =afelight §B which 18 safe for use with
all other films. The Du Pont 605 [ilm was se-
lected. For the coverage of the range from 1 to
50 roentgens, Du Pont 510 was chogen, even
though 1t overlaps slightly with the Dy Font 605
fllm. Thia provides 2 useful check on the per-

formance of these twa [ilns. Alsq, as a per-
fermance check, Eastrnan 5302 positive Hlm
was added to the gelaction,

The four gelected films, in standard dental
packets, comstitute the esgential part of the
film dogimeter, However, for the determination
of radiation dogages abive 10,000 roentgens,
two of these filme were replaced by the Easi-
man 548-0 gingle-coat film, algo in a dental
packet,




Chapter 3

Design of

3.1 REQUIREMENTS

The tour photographic [lms whose selection
was described in Chap, 2 record primary and
gecomdary X and gammg radiation, slow and
fast pevtrons, secondary electrons stemming
Irom surrounding lrradizted atyucturea, and all
other aecondary lonlzing fragments which may
reach the emulsion suorface. However, Lt was
expected that significant film blackaning at
Greephouse would stem only from irradlation
with gamma radiation and electrons. An order-
ol -magnitude calculation based on the experl-
mental data of Kalmon' oblained on unshielded
BPu Pont 652 Iilms with last newirons from a
polonlum-berylilum source showed that the
blackening expected {rom neutrons at a given
station was negliglble compared to the blacken-
ing caused by the gamma radiation at the sgame
location. As discussed in Secs. 1.2 and 3.3, 2
lacge number of the {ilm packets to be uged at
Gresphouse had to be enclosed in bakellte
halders covered with layers of lead and tin, An
additicnal in¢rease of film blackening was
therefore expected due bo elastic and Inelastic
seattering of neutrona in the lead and tin and
especlally [rom neutren-proton scattering Ln
the bakslite, Recent experiments by T. E. Shea,
Jr., indicated, however, that these additional
sffocts were negligible? Tha blackening causad
by secondary electrons was consldersed In the
calibration of the {llm emulslons, and & method
was devised to make the electron flux rapra-
ducible. The details of this work are discussed
in Sec. 3.2,

3.2 ELECTRONIC EQUILIBRIUM LAYER

The mumber of electrons actually passiog

Photographic

§

Dosimeter

through the Hlm emulsicns depends upaon the
atomic number and density of the material in
which they are produced. In order to standard-
ize the electron flux through the emulsions, it
was therefore necessary to surcommd the entire
Hlm packet with & layer of substance of a low
atomic pumber and of a thickness approxi-
malely ¢qual to the maximum range of the sec-
ondary electrons expected drom the gamma
rays of an atemic explosion. Bakelite was
chosen becauae of Lts good heat-resistive quali-
ties. The bakelite thickness was determined
experimentally under the assumption that the
apectrum from a 10-mey batatron i simllar to
that of the homb {see Greenhouse Report, Annex
1.2, Part I},

Electrons formed cutaide this layer are ab-
sorbed, whereas ¢lectrons formed within the
layer iteelf reach the film emulsicn. In this
way, the point-to-point variation of the total
energy abgorbed in the layer is made to parallel
roughly the absorption of X and gamma cays,
Thig situation iz usunlly referred to as elec-
tronie equilibriym, The respense of emulsions
exposed under conditions of electeonic aquilib-
rium 18 independant of 2lactrons seattered from
nearby strusturas,

The way in which the film density causea by
a glven exposure varies with the thickness of
the shielding layer is illusteated in Fig. 3.1,
which shows the results of an experiment de-
signed to deterinine the absorber thickness
nesded for electronic sguitibrium of Co' gamma
cadiation. Bakelits was used as an absoerber.
The density of Ansca Commerclal flim exposed
to a fixed radlation doge is plotted against the
thickness of the bakellte layer introduced cver
the emulsion surface. In the first portion ol the
curve, the film density 12 2een to Increase mark-
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edly with increasing bakelits thickness, This
shows that the bakellte thickness ia not auffi-
cient for electronic equilibrium and that the
number of electrona reaching the emulsion in-
creases with the bakelite thickness, (In the
eaperiment, electron emizsion and scatier from
the installation were eliminated. Ctherwise, the
{ilm density could very easily be found to de-
crease wlth absorber thickness below elec-
tronic equllibrivm. This would be the case U
the number of extranecus elactrrons shielded
from the amaulsicn by the added bakelite were
lagger than the number of electrong emittes
from it}

In the eecond region, the curve flattens and
reaches a somewhat indigtinet maximom cor-
regponding to the region o electronis equili-
brium.

The third region is characterized by a grad-
uzl decrease of dengity with absarber thick-
ness, corresponding to the attenuation of the
primary radiation within the bakelite.

If the bakelite thickness which corresponds
to reglon 2 in Fig. 3.1 is used over the film
packets exposed to lows-enerpy X radiation, a
slight attenuation of the primary bheam occurs,
However, this facter wag inappreclable for the
Greenhouse operations.

3.3 REDULCTION OF ENERGY DEFENDENCE
BY MEANS OF METALLIC ARSORBERS

3.3.1 History and Aims

The response of all presently avallable photo-
graphic emulsions varles with energy In the
neighborhood of the silver and bromlne absorp-
tion edges, This complicates the use of photo-
graphic emulsions for X-ray and gamma-ray
dosimetry over wide quantum energy ranges,’-!
Thus, whenever the radiatlon Lncident on a flm
dosimeier has components in the quantum en-
ergy range of these absorption edges, it is im-
peasible o interpret film densities in texms
of radlation dosage as measured in roentgens
unless the radiation spectrom is known, Vari-
ous attemapts have been made to bypass this
difficulty and to design {ilm meters which would
be uselful for dosage determinations of radia-
tion of unknown guality.

Tochllin et al.,* Baker and Silverman,® and
othar authors have suggested {ilm badges in

which several diflerent metallic absorbers ace
uzed side by side in contact with the {llm packet,
The film density readinga are interpreted

with the ald of tables relating the ratios of
densities under the dilferent gbasorbera to the
dosage in roentgens received by the tilm, Thia
method sseme cumbersome and inaccurate,
especially becanse of the unavoldnble effects
of scattering from absorblng materials close to
the film packet. The same holds for the lead
cross packets uged at Sandgtone, Earller,
Pardue et al.” and Dezl et 21.* attempted o
compangate for the film response peak by
introduslng a thin layer of cadmivm over the
film surface. Pardoe and hig co-workers de-
termined the thickness of the cadmiym shleld
experimentally for the particular films under
congideration. Deal and hls eo-workers used
the same cadmium thickness in their ealibra-
tion of the Du Pont 552 expecimental film
packat.

The work carrled oot at the Mationzl Burean
of Btandards was based on the same assumption
a8 was that of Pardue and Deal, namaely, that jt
was possible to make the film response inde-
pendent of radiatlon quality by means of metal-
lic absorbers covering the entire emulsion
surface, The required absorber thicknesses
were determined by a graphical method and
checked experlmentally.

Since the photographlc eflect is determined
to a considerable extent by the absorption of
X rays jn silver hramlde, the photographic re-
sponse cuwrve should resemble an absorption
curve Ln its trend, The ratlos of the dosage in
the absence of an absorber {Dyy) 10 the corre-
sponding dogage behind the absorber (D} for
dilierent ezxeiting potentiala amd for diflerent
absorbers are plotted in Fig, 3.2. A typical
photographic response curye ia shown an the
aame graph. The ordlnate represents the ratio
of the dosage in roentzens necessary o produce
a given photographic density in the million-volt
range, where the film response is energy Inde-
pendent, to the dosage needed to produce the
same density at a specifled low exclting poten-
tial. This ratlo will be referred to as the photo-
graphic responsze coefficient. I the curve of
Do /Dy for any absorber or combination of
absorbers matches the photographic response
curve, it could be expacted that this absorber
placed in front of the film packet would yield a

o
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net reaponae which 1a approximately energy
independent,

It will be shown Ln the next section how the
ratlo Dy /Dy <an be estimated theoretically,
thus aveiding extensive experimentation. The
resulta cbtained 1n thiz way are npplied in
Sec. 3.53.1 ko the selection of an absorber of the
desired characteristics,

3,2.2 The Modiflcation of X-ray Spectra by
Absorhers

In order to develop the technique for the eval-
vation of different {ilter combinations, the eal-
culations leading to the dosage ratles, Duo/Dw,
will be cutlined.

The calculations were carried out for heters-
chromatic X radiation from a constant potentlal
X-ray machine. This type of source was actually
used In the doslmeter calibration becanse
moncchromatic sourees wars not avallable In
sufficient quantities in the particular energy
regions, The width of the energy bands was
made a8 narrow ag conditions permitted. The
gelection of the czlibrating radiation i=s dis-
cussed in datail in Chap, 4.

The detailed zpectrum of the X radiation
emerging from an X-ray tube target 15 gener-
ally unknown. Ik 1s, however, possible to gatn
valuable information regarding the spectral
medilieation ond dosage reduciion cansed by
gbsorption by assuming a simple, ldeallzed
gpectral distribution.

Aceording to Kramera's theoretical for-
mula,? the energy between E and E + dE
emltted per eleciron impact 15 glven by

HE) dE = - Q(E - Ep) dE (3.1}
which represents a stralght line with the con-
stant slope —C in an intensity-versus-energy
graph, Thig idealizatlon is not unrealistic
slnce the Iormula ls in good agreement with
Kulenkampli’a experimental regults.!?

Flgure 3.3 i3 a sechematic representation of
the path of the X radiation Irom lis origin Lo
tha target through the diffarant filtar materials
and to 1tg absorpticn in the dosimeter. Anothep
block, representing the flltration by the air In-
tervening between the tubs and the dosimeter,
should actually be introduced in this diagram.
Howaver, the flltration by air 1z negliglbla in
the pressnt example.

I I,(E} dF is the spectral intensity distribu-
tion in the photon enesgy interval dE a3 repre-
aented by Kramera's formula and L(E) dE ia
the intensity distribution in the same interval
alter its attenuation and digtortlon by the in-
herent tube filtration, then

[,(E} dE = L,(E) exp [- u;{E}x,] dE (3.2}
where p{E) is the linear abscrption coefficient
amnd x; 15 the thickness in centlmeters of the
equivalent X-ray tube [ilter. If L{E) dE repre-
sentg the speetral intensity distribotlon In the
given energy interval dE after the passage
af the X-ray beam through the added filtration
of thickness x; and of lnear abgorptlon coelli-
cient iy (E), then

LI(E) dE = I; exp [ -, (E)x,] dE {3.3)

li an X-ray beam characterized by the apec-
trum IL:(E) fall# on a free-air ionlzation sham-
ber, sach portion dE of the spectrum contrib-
utes Lo the dosage I, a8 measured in roent-
gens, an amount 40 which 1s proportional to
the [racticn of the beam intensity within 4E
which is absorbed by the air of the icnization
chamber, Balow tha pair-production theeshold,
this fraction iz given by the intengity L(E) dE
multiplied by the corresponding air absorption
coeflicient WE) = 23(Elajp. Thus D = (1 = Felyip
L;{E} dE. The [raction of the primary beam ln-
tensity removed from the beam by scattering is
represented by g.(E). In the definition of the
roentgen, the cantribution of scattered photons
e absorption is neglected, and ¢ (E) is therefore
subiracied from the total lingar absorption
coeflicient,

Thua the total desage is expressed in the
form:

E
D« [ BE)[WE) - 05(E))aig B (3.4)
Table 3.1 shows a zet of sample computations
made for an X-ray beam generated at 200-kv
exciting potentilal, paszing through an Inherent
filtration equivalant to 3 mm of alumlreo: and
theough an initial beam filter of 1.88 mm of Llead,
The spectral intenzity distributions L{E), L;(E),
and I.{E) are expressed in the same arbitrary
units. The lagt column glves the differentlal
dosage contributions, dD/AE, of the spectral

P
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TABLE 3.1 SAMPLE COMPUTATION OF X-RAY DOSAGE

BEHIND FILTERS

Kev Ty % 107} I, x107* L dD/dE
0 200

10 190 0.0000010Z

20 180 1.10

30 170 65.0

40 160 101

50 150 110

60 140 110 2.35 0.0841

70 130 108 94,9 3.07

80 120 101 750 23.%

87 113 2540 1.0

89 111 0.0072 0.000217

80 110 94,5 0.0117 0.000955
100 100 87.0 0.590 0.5179
1149 2o .4 8,28 0.258
120 a0 1.2 51.2 1.60
130 g 62.3 172 5.47
140 80 54.0 444 14.3
150 50 45.0 790 25.9
160 10 38.0 1160 38.4
170 30 27.0 1450 48.4
180 20 18,0 1410 47.7
190 10 9.00 1000 94.3

+
b
I




components L(E} The differential dosages are
again expressed in arbitpary unlts.

Figure 3.4 shows graphically the progressive
changes of the spectrum at 200-kv exciting
potential. The inherent filteation cuts off the
soltest radiation, the lead filtratlon suppresses
the lower energles more atrongly than the
higher ones, except in the portion of the spec-
trum immediately below the K-absorptlon edge,
and the curve dD/dE parallels rooghly the
curve [{E} because p(E} =0 5(Elyi. s fairly
congtant in the energy range in which LiE} is
appreciably different irom 2ero,* The total
dosage, D, ia represented by the area under the
curve dD/AE which wag evaluated planimetri-
cally.

3,3, Effect of Additional Absorbears Wrapped
arcund Dosimetar

Any additional abacrber introduced betwaen
the lead Hiter and the dosimeter farther re-
duces the dosage and hardens the X-ray baam
as well. Therefors, In order to réducs the
apactral componenta of the radiatlon to which
the film emulsions are selectively responsive,
metallic abaorhers wers used in iImmediate
contact with the meaguring device cutside
the equillbrium shell. A tentative method was
develaped for the evaluation of their effective
abzorption by means of a correction og{E) to
the Llinear abgorption coefficient pi E), This
correction represgenta the fraction of the total
2bsorption cosfficient atemming from the des
graded Compton photons scatterad in the for-
ward direction. These photona are, to a larga
extent, not absarbed in the [liiers, and, as a
first approximation, og(E) is thereiore aub-
tractad from the total abaorption coelficient.
The total dosage read behingd the additlonal
abaorhers is then glven by

E,
D= [ W{E)[u(E} ~05 (B 5,
exp [~(n - 9gplong %anel (3.8}

* At energles below B0 kav, the absorption coeffi-
cient p(E)=&{E}y rises zharply. Thig [acl cances
a marked riss of the d0/4E curve bslow 50 key (or
A-ray gpecira with strong components In 1his snecy
ringe and thus a disterdon of the taial dosage meas-
urements.

Calculations were made Ior various thick-
nesses of lead and tin, Tables 3.2 and 3,3 ahow
sample computations of the differential dos-
ages, dD/JE, [or dilferent thicknessss of lead
and tin absorbera at 250 kv,

The data are plotted In Figs. 3.8 and 3.6. The
curve representing the differential dosages
meagupred without any additional abgerber 1s
included for reference on both graphs. Similar
caleulations were carriad out on both elements
for 100-, 150-, and 200-kv exciting potentials.
A comperison betwean the tin and lead curves
shows ¢learly that below the lead K-adge the
abgorptlon by tin exceeds the absorption by lead
and that above the K-sdge lead I8 more effec-
tive,

Planimetry of the arean under all murves
yields the total dosages to be measured behind
the abgorbers. The dosage reduction ratios,
Do/ Dy, arse calenlated from the total dosages.
Table 3.4 zshows Dy /Dy 1or the two abeorbers
at four different axciting potentials.

3.3.4 The Salection of Contact Absorbers to
Redure Energy Dependence

In Fig. 3.7 are plotted the photographic re-
sponse coRfiicienta of the four selected emul-
glons varsus the half-value laver of the czli-
brating radiation, The photographic response
caefficients were celculated from the ealibra-
tion dats as ry/ry, where r, was the dogage to
which an emulsion was exposed at 2 speclfied
low voltage and ¢y was the dosage yieldipg the
same density at a specified higher voltage as
1y produced at the low voltage. The densities
corresponding to both ry and ry wers in the
Unear range of the characteristic curves, ex-
cept in the case of the Eastman 548-0 film,
where the dosages rq and ry were in the low
denslty range in which this {ilm was actually
used, The reaponse coefficlents determined 1n
this way are llated in Table 3.5,

In order to determine the absprbers which
would make the coefficients equal to unity in
the apecliled quactum energy range, these
coeffjcients have to be matched against the
dosage reduction ratlos, Dy, /Dy, of Table 3.4.
Instead of maiching the curves visually, as in-
dicated in Fig, 1.2, the required abaorber
thicknesses were taken directly from a Dy /Dy
versus centimeter thickness graph shown ln
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TABLE 3.2 COMPUTATION OF X-RAY DOSAGES BEHIND INCREASING
THICKNESSES OF LEAD

dD/4AE behlnd Lead Abscrbers

Key 0.0} cm Ph 0.05 ¢ Pb 0.11 cm Pb 0,15 e Ph
a0 0.0151 0.00838 000272 0. 000841
a1 0,055 0.0870 0.0230 0.00112
1]

100

110 . 0002o4 G.000117 0. Q0000737 0. 00000115

120 .00325 0. 00158 0. 400181 O, 0000423

130 £0.0175 000068 0.00164 Q. 000505

140 0.0654 0.0428 0.00930 4.00395

154 0,162 0. 109 04324 {,0143

160 0,352 0,252 0.0512 {0482

170 0.562 0,422 0.181 0.101

180 0,827 0.647 0,304 0.186

190 1,08 0,860 0.456 0.208

200 1.26 1.05 0,600 0.412

210 1.38 1.15 0.720 0.519

220 1.33 1,15 0,759 0.608

230 1.10 0,570 0,858 0.507

240 0.536 0.586 0,404 0.318




TARLE 3.3 COMPUTATION OF X-BAY DOSAGES

BEHIND INCREASING THICKHESHES OF TIN

db/dE behind Tin Absorbers

Kev 1.5 rnm Sn 4.8 mm &n 6.3 mm Sn
80 0.00115
a7
a0
104
113 0.000295 0.0000133
120 0.003121 0.040281 0.00000354
130 0. 00756 0.00252 0.00104
140 00680 0.0137 0.00654
150 0.163 0.0444 0.0244
16D 0.354 0.117 0.0712
170 0,561 0.218 £.141
180 0,829 0,381 0,249
1%0 1.07 0.527 0,383
200 1.27 0,678 1.507
210 1.39 0.792 0.617
220 1,35 0.833 0.671
230 1.09 0,692 0.568
240 0,633 0.41% 0.351
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TABLE 3.4 DOSAGE REDUCTION RATIOS FOR LEAD AND TIN

Ahﬂorbﬂr D‘n\‘ﬂ J’JID\I'
Absorier Thicknesz At At At At
Element {em) 100 kv 150 kv 200 kv 250 kv
Hone None 1 1 1 1
Lead (.03 1.45 2.99 L.41 135
£.05 6. 5.67 2.21 1.54
.11 347 LTS 5.43 2.81
.15 f5,2 100 16,43 1.98
Tin £.02 1.82
.05 1.1
211 13.85
0.15 40T 2.96 1.53 1.34
0.48 24.0 4.28 2.48
.63 58.2 8.7% .18
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TABLE 3.5 PHOTOGRAPHIC RESFONIE COEFFICIENTS OF THE FOUR SELECTED
EMULSIONS

Response Coefliclents

Eastman
Radlation Quality Eastman Spectroscoplc
Exciting Poten- Half-value Foaitive 546-0
tlal (kvl Layer (mm Sn) In Font 510  Du Pont 605 5302 (Double Coat)
500 - 1400 G.4-11.3 1 1 1 1
250 3,04 2 1.5% 117 F;
240 219 2.8 2.05 .40 4.3
150 1.01 ) 4.3 3.33 8,56
106 0.33 24.8 19,0 »33.3 j0.8

50 0.00 7.5 290
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TARLE 3.8 THICKNESSES OF ABSORBERS REQUIRED TC MAKE
RESPONSE COEFFICIENT OF FACKET EQUal TCG UNITY

Enc MPE Thicknesses of Absorber (ecm)

Potential
(v Lead Tin Lead Tln

D Pont 510 Dau Pont 605
100 0.093 0,135 0.084 0.125
150 0.049 0,222 0.046 0.214
200 {089 £.332 Q. 046 0.235
250 0.0M 0.350 0.049 0Q.2684
Eastman Eastman Spectroscopic
Clne Posltlve 5302 548-0 (Duble Coat)

100 0,108 .148 0,105 0.144
150 0,33 4169 0,054 1.245
200 0.54 0.282 0.075 0392
253 0,22 0.100 0,071 0.350

Fig. 3.8. The thlckneases determined Ln this
way are listed in Table 3.8; they vary conaider-

in one desimeter, a further compromise had Lo
be made, An abgorber combinaticn of 1.47 mm of

ably with the exciting potentials.

It was then attempted to find a filter for each
of the emuolsions which would [it all four ex-
citing potentiala, For better vigyalization, the
pertinent reduction ratlo curves are plotted
aleng with the film reaponse curves in Figs. 3.9
and 3,10, The figures show that, while the lead
reductlon curves parallel the responsa curves
in the range [rom 200- to 250-kv axciting poten-
tial, the lead reduction iz ingufficient at lower
voltages. On the other hand, a tin absorber
alene is seen to be satisfactory only for the
Eastman posltlve {ilm 5302, For the three
other emulslons, the tin abgsorber which Jooks
satiglactory above 200 kv is too thick at lower
exciting potentlals, It was thereifore expected
that for these three films a combination of tin
aril lead would be more aultable.

The eflect of varions combinations was cal-
culated. Flgure 3.11 shows the perlcrmance
axpected of the best combination for each film
type. Thege combinations Seemedd Lo Suppress
the reaponse at 100 kv more than desired but
seemed satisfactery ctherwise, Howewver,
sloce all four emulsions were to be combined

tin and 0.3 mm of lead waz Inally selected. The
abgorbers were placed over the bakelite film
container, tin in contact with the bakelite and
the lead covering the tln, in order to atop the
lead Iluoreascent radiation in the tin absorber.
A lead steip, approximately 0,75 mm thick,
wag wrapped around the periphery of the badge
to proteet the films from tangential radiation
and at the same time cover the badge zeam.
Table 3,7 shows the rasults of a calibration
of this badge at radiation enargies between
35 and 600 kev. As was expected, the response
of all tha films 15 too much suppressad below
122 kev, and the response of Eastman 5302 is
too much suppressed throughout the entire in-
terval. The other three films, however, allow
a dosage interpretation accurate within 25 per
cent over the energy range from 122 to 600 kev.
The fact that the Eagtman 5302 film underreads
about 25 per cent hetween 172 and 210 kev and
the Iru Pont 605 [ilm which covers the same
dosage interval reads right within 7 per cant
made it pessible to draw conclusions regarding
the radiation components in this spectral range
{see Greenhouse Report, Annex 6.5).
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TABRLE 3.7 PER CENT INACCURACY IN DOGAGE INTERPRETATION
¥ THE RANGE FROM 35 TO 600 KEV

Inaccuracy* (%)

Eastman 548-0
Kev Du Pont 510  Du Pont 6058  Eastman 5302  (Double Coat)
A% L] ~93
Ti} =33 -54 -89 -8
122 +ii -14 —47 ~20
173 +24 +17 —-25 -15
210 +10 +2 -23 -4
35d +1 o =11 -2
G600 0 0 0 0

* A minus algn signifies vnderreading, a plus sign, overreading,
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Chapter 4

Calibration Procedure

4.1 THE CALIERATING RADIATION

4,1,1 Calibraticn Points

The photographic dosimeter was calibrated
with the X radiation {rom & 10-mey¥ betatron
ard from a 1.4- mev constant poteotlal X-ray
unit. The dosimeter was also checked at six
points of lower radiation energtes (see Sec.
3.3.9). The calibratlon was made against 2
Yictoreen roentgen meter with equilibrium
wzl] thickness, which in turn was calibrated
against 2 gtandard free-alr chamber. Since
bakelite was the equillbrium material around
the photographic ¢mulslona, lucite, whose o -
fective atomic number 13 cloge to that of balke-
lite, was chosen as the equilibrium materlal
around the Victoreen thimble,

4,1.2 Dosage Rate

In the energy range between 30 and 210 kev,
wheres the {ilm zensitivity varjes by 28 much
ag a factor of 10 with the spectrum of tha ex-
posing radiation, it waz necessary to select the
beam spectrum carsfolly and to specily it
uniquely.

Although it ia true that added filtration in the
K.-ray beam will make the X-ray spectrum
more nearly monochromatie, it alse reduces
the dogags in the required energy range. The
reduction of the dosage rate means increased
exposura ime for the calibration. A compro-
milse wag therefore requirad.

In tha present work, a dosage of 0.025 roent-
gen per minute and milliampere at 1 meter
distance from the target was coogjidered ac-
ceptable.

28

4.1.3 Radiatlon Filtera

The absorber comblnations and absorber
thicknesses wsed to obtaln the specified radia-
tion spectra Irom a constant potentlal X-ray
maching were determined thecretlcally by
considerations based again on the modification
of a triangular X-ray spectrum by means of
absorbers.

The method of gelecting [ilter combinations
for the various excliing potentlals is best illus-
trated by means of an example. Figure 4.1
gives the diflerential dosages, dD/dE, at 250-kv
exciting potentials behind a 2-mm lead filter,
its modifjcation when 1 mm of tin iz added
the lead, and flnally the differential dosages
behind n tilter consisting of 2.87 mumn of lead
and 1 mm of tin. The spectrom behind the lead
flter shows ¢learly that lead was eptirely in-
effective belaw Itz absorption edge. A sulli-
ciently thick tin filter had to be added in order
1o reduce the portion of the spectrum below the
lzad abgorption edge and ILn this way to ngrrew
the transmitted spectral band.

An experlmental tegt of thiz lead-tin com-
blnation [ilter revealed that the half-value
layer of the radiation which it paszes ja 3.3 mm
of tin and the beam intenslty is 0.043 roentgen
par minute and milliampere at 1 meter, which
18 aboul twice the degired intensity. The graph
of radiztion quality (a9 measured by ity hali-
value {gyer of tin) versus beam filtration {in
tin thickness) at 250-kv exciting potential (Fig.
4,2 shows that the half-value layer of the
originally selected flter (point & on curve)
still lies in a region where the bal{-value layer
varies appreclably with filter thickness. This
1z an expression ol the Ixct that the radiation

S
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passing through tha filter Is still highly hetero-
chromatle.

The addition of another half=value dayer of
lead to the original {ilter combination produces
a moré adequate result {peint B In Flg. 4.2).
The new [ilter passes a radlation intensity of
0.025 roentgen per minute and milliampere at
1 meter, which ig the desired output.

Simllar reasoning led to Iilters for all ather
desired celibration potentials. Figure 4.3
shows tha theoretical spectral distributions
passed by the four caleulated fliters. In order
to speclly the beam quality ln each case, a
“spread” was defined as

% 15
W= {EI - El }Em {4'1}
Ep
where Eues 16 the exclilng energy, Ep i3 the
energy of the intenslty peak, and E‘;& - EF is the
enargy-band width at half the peak intenzity.

Table 4.1 llats the characteristics of the
selected filtrations, It shows their theoretical
spread, W, and the experimentally determined
radlation intenalty which passes through them.
The axperimentally determined half-value
layers and effective potentiala of the regulting
K-ray beams as well as their theoretical In-
tensity peaks are included for comparison,

I lower intensities are permissible, the
spreads may be decreased by adding more
filter material, In the case of combination
filters, gnly the thickness of the high atomic
oumber element has o be increased.

4.2 FPROCESSING

The photegraphic tilin density is influencad
materially by the type of procesaing. Once a
routine 13 established, it has to be strictly
ardhered to. The following diacusslon deals with
the successtve phages in the procesaing of
Hims for the Greenbowse doaltoetera,

4.2.1 Developing

The cholee of the developing agent was the
most declaive step fot the entire processing
paqueance, It determined the uselul expozure
range of the photographic emuleions as well as
their eontrast. Figure 4.4 illustrates for 4
aeries of developing times the diflerences be-
tiveen the fast Exstman and Anzeo X-ray daye]-

k-3 |

opers and the {ine-grain Angco Reprodol devel-
oper, all uzed at o temperature of 20 £ 0,1°C,
The curves represent graphs of densities versus
the logarithm of the exposures received by
Anaco Reprolith orthochromatic films. The set
of films developed in the X-ray developers re-
cefved exposures identical with the ones that
ware devaloped In the fine~grain developar. But
the densities reached in the X-ray devalopers
at any given sxposure were almogt three timas
those in fine-grain developer, It is thus podsi-
ble to axtend the useful rangs of a photographic
emulaicn by using both a fast and a slow devel-
oper. This was, howaver, considered inexpedi-
ent for the present test, and the Reprodol da-
velopar was therefore eliminzted,

An ingpection of the family of curves obtained
with the Eagtman X-ray developer showed that at
a developing time of 5 min one i’ close to the
maximum density achievahle at a glven ¢xpo-
sure, whereas the density is still Inereaging
markedly aiter a 5-min development in the
Angco X-ray developer, On the basis of thege
ragglts it wasg decided to use the Exgtman devel-
oper and to develop all emulsions lor 5 min. It
was then adequate to time the devalopment by
maeang of one of the spring-type photographic
tlmers. Possible loaccuracies toteoduced by
fluctuattona in the developing temperzture could
be ellminated biy the use of processing correcs
tiona*

According o Wilsey,! a solution like the
Eastman X-ray developer shows signs of ex-
hanstion after the development of twa 8= by 10-
in. X-ray [llms per Uier, It was declded to
discard rather than to replenish the daveloping
sclution before it showed signa of exhaustion,
At Greenhouse, appraximataly 300 dental Tilms
ware developed simultanecusly, The emulaion
area of 300 dental ftlms s approximately 1320
aq in. {considering both [im stdes), Since 5 gal
of developing solutlon was allowed for each
300 {ilms, an area of 6400 =q in. or at least
13} film= could be developed in the same s0-
lution without sxhausting it noticeably. It was
decided, howaver, to allow {or a larger safety
margin and to discard the solutions after the
development of anly 8040 {ilms per & gal. The

* Expariments showed that a temperaturs fuctunlion
of 0,24'C introduces an error in the dogage {nlerpre-
tatlon of approdimately 5 per cenk,
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TABLE 4,1 CHARACTERISTICS OF THE SELECTED FILTRATIONS

Experimentally
Half-value Theoretical Determined
Layer Intenajty Effective
Filter Ky Spread {mm Sn} Peal Potential
3.87 mm Fb 250 42,1 3.84 216.% 2140
1 rom Bn
.25 mm Fh a0 64.7 2.19 170 172
4 mm Sn
1.53 mm Sn 150 S0 1.4 123 123
4 mm Cu
.53 mm Pt 100 35.5 0.33 17.% T
0.125 mm Fb 50 11.5 0.08 15,5




DENSITY

20 3.0 3
EASTMAN ANSCO l ANSGO
X-MAT DEVELOPER LIQUASOL %-RAAY DEVELOPE REPRODUL DEVELOPER
.5 !.4— 1.5
2.0 Lo 204
Ll 18 sl
& MIN
ol N o
I 4 MIN.
4 MM
s NN,
5 MIN, J; .
a.st o
15 MM WIN.
1g MM,
O T B AT S0 ¢ Ro—To So—abo o
EXPOSURE { AOENTGENS |

Fig. 4.4 TInfluence of Chalee of Beveloper on Final Film Densiry

L




consigtency of the Gresnhouse developing proc-
agg wag checked by means of gets of Du Pont
510 Hims exposed to a known dosage and devel-
oped aleng with the unknowns.

Tha film racks used at Greenhouse wera
similar to the ones employed in the proces-
sing of the dosimeter calibration films. The
racks wera deslgned to hold approximately 300
dentzl-gize phoiographic fllms batween two
gtrips of corrugated stalnless steel, with fiva
gections, sach holding 60 filma, stacked on top
of each other,

It is general practice to agitate photographic
materizls during developmant in order to en-
gure uniform emulsicn density, But the more
Lndividual films there are to be developed at 4
timne, the harder it 18 to agitate them effectively
without introdocing disturbing currents in the
developing solution.

The Greenhousge film racks were tested in
their periormance both with and without agita-
Hon, when loaded with heavily exposed films,
The agitation consisted In a vertical motion ol
the entire film racka parallel ko the film 3ur-
faces with a speed of about 15 jo. per minute,
Superimposed on this motion was a rocking
motion which tHiked the [lm surfaces through
approximately 20 degreea to elther side of
the direction of the vertical motion.

When the filns were developed without aglta-
tion, the developling solution was thoroughly
stirred immediately before use.

The resulta of this test were as follows:

The average density of the agitated tilms was
about 5% par cent above the density with-

cut agltaiion, but the maximum variation in
denslty on any single {ilm waz B per cenkt %ith
and only 4 per cent without agltation. The agl-
kating Byetem thus proved elfective in removing
tha ugad daveloping &olution frem the flm sur-
face, but it aleo seemed to Introduce currents
which sireakied the emulzion., However, while
the Hlmn-to-film density varlations with agita-
tlon were slightly larger than without, they
ware aptirely random. When the [lims wera
gtatlanary during development there wasa a
elight gradient noticeabla on each film and 2
tendency to urderdevelop the lower portion of
the fitms. Thers was alao & vertical gradient
from sgction to sectlon, resulting in 4 dil-
ference of about 2 per cent hetwesn the average
film denaity of the second secticn Irom the

bottom compared with the top and bottom sec-
tions. It was decided to use tha film racks
without agitation and to correct for possible
variation in development by means of contrel
lilms of known exposuare.

4.2.2 Fixing

In ordsr to stop the daveloping aclion im-
medlately after removal of the phatographic
materials from the daveloplng solution, the
filma were ringed for about 20 sac in an acid
stop bath. This prevented streaking of the
emulsions durlng the statlonary flxing. The
stable Eastman X -ray fixing bath was sslected
a5 adequate, Since [llms should be [ixed at
least twice a3 long as it takea them to clear,
the standard method was adopted to [ix all lms
Ior 14 min and to discard the solution when the
clearing time approached 5 min.

4,2.3 Washing and Drylng

The Llilms were washed In runnlng water for
a period of about 15 min and dried in a stream
of cool air. Thia procedure ensured good kesp-
ing quality cver a perind of years. The tempera-
ture of the wash water was kept close to the
processing temperature in order to avald
gtressesn on the wet emulsicns. Drying was
facilltated by placing the film material into a
water bath containing a wetting agent Lor about
3 ic b min after the regular wash period. Slnce
the mode of deying influences Lilm density, the
drying procedure was standardized by the use
of almilar commercinl dryers for the calibra-
tion work at the National Bureau of Standards
and at Gresnhouse,

4,1 STANDARDIZED FILM DENSITOMETRY

The photographic transmission densities were
read on a calibrated photoeleciric densitometer
with 3 range up bz €, The high density range
axtended the uselul exposure range of each
film emulsion. I there were consistent dif-
farencas of 5§ pexy cent or more between the
danzgitlés of the Nims of known expesure and
filmis of wnknown exposura when they wera da-
valoped tegether, the densitiaz of the films of
unnown exposure wers corrected, Although,
for peat accuracy, controls should be supplied



tor all four film typea for density regicna in trol film density to actual control film density

which density may be roughly conaidered a waa woed us the density correction factor.
linear function of exposure, this was considered

superfluous for Operation Greenhouse, The
reagon wag that the inaceuraclea due to devel-
opment were well within the over-all inaccu-
racy of the dosimeter. Cantrols were therefare | g p, wilsey, The Phatographle Photometry of

supplied only al one convenlent density for the Roentgen Rays, Am. J. Rocnigencl. Radivim Theoupy,
Du Pont 510 {ilm. The ratio of expeacted con- I2(6): 7H1 (1933,

REFERENCE
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Chapter 5

Calibration Results

Thia chapter gives i dlgcuazion of the get of
calibratlon curves which was used in the intar-
pretation of the Graenhousse exposures. The
data are presented in Figs. 5.1 through 5.5 in
form of photographic denaity-versus-sxposure
grapha, Figurea 5.1, 5.2, and 5.3 repregent the
calibration results on the Iilma in the bakellte-
tin-lead badgaes for different radiation snergies,
and Figa. 5.4 and 5.5 show the results of a
eomparison calibration of four of tha {lve flims
which waa done without badge at an effectlve
radiation enargy of 600 kev only.

The callbraticns with and without badge are
very gimilae for all four emulalens; the dif-
ferencas are of the order of 10 per cent, maxi-
mally, and are uaually 2o amall as to lie within
the limits of arrors inherent in the photegraphic
method. The fact that some [ilms are more sen-
sltive with and some without the badge may be

due to a difference in their glectron senaitivitles,

The {ilm-badge callbraticn curves of the
D Font 510, Du Pont 605, Eastman 5302, and
Eastman 548-0, doubla coat, are for 600-key
effectlve radintion anergy and For the radiation
from a 10-mev betatron. The low-enargy points
which were the hasis for Table 3,7 ara incloded
tor comparison. Mo work was done on Eaatman
548-0, gingle coat, with any radiztion other than
0.6 mev. It can be inferred, however, from
previous work with thia emulsion that Lts change
of senaitivity with energy ia slmilar to that of
tha Eastman 538-0 doubla-coat emulsion,

Ag ghown in Figs. 5.1 and 5.2, the seneitivity
of the four fllma exposed to radiation from the
10-mev batateon 1s such that an Lnterpratation
of doae {rom the D.G-mev calibration curye will
be within +7 per cent of an interpretation from
the betatron calibration curve.

—
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Chapter

&

Results of Field Measurements

8.1 INTRODUCTION

The Greenhouss flm program congisted of

forer phases:

a. Determination of total doge versua dis-
tanca,

b, Determingtion of time dependence of dose
rate 9t various digtances by uge of film
trapa.

¢. Meaaurement of total dose at varlcus
aheltered poaltlons.

d. Digtribation and processing of filma to be
used a8 total-dogse monjtora In other pro-
grama.

6.1.1 Accuracy of Results

The gver-all accuracy of the dose determina-
tlon may be estimated by reference to Chap. 5.
It 12 seen, however, that some knowledge of the
speciral distribution of the radiatlon ia necea-
dary. A rough estimate of an “effective” energy
of the gamma radiation may be oidained from the
dose-distance information (see Fig. 5.3), where
it may he seen that ihe effective broad=beam ab-
sorption coefficient is 3.08 x 107% cm™ at those
posltions where the dose ia lesa than 10,400
roentgens. Since the build-wp factor behaves very
closely as x-* after several mean {ree paths, for
energies such that the Compton effect predomi-

natea, the narrow-beam absorptlon coefficlents,
PNp Ay be ¢atimated {rom

| 1‘ £Xp {-‘;!HB x} :1.-“- Eﬁ*lj
This vlelds pygp = 9.8% % 107 cm™, which cor-

respends 10 & gamma-ray energy of approxi-
mately 4 mev.

It may be =ajd, in general, that at large dis-
tances from the source the attennation coefli-
clent is determined by the most penetrating
radiation present ln quantity in the source.
However, the amount of low-energy radiation bs
determined by the tranamitting medium rather
than the source. Thus, in air, low-energy radi-
atlon' may be axpected dawn Lo about 69 kav.,
The 4-mev ligure derived above represents an
effective upper kmit to the gamma-ray energy.
The u=a of the word affactive Impligs that there
may be higher énergy components present but
the spectrum falls ¢ff at such 4 pate that thay
do not make appreciable contribution to the
dose.

Thle rather crude determination of effective
energy coupled with the estlmate of the spec~
trum at points muach closer to zero (see Green-
house Report, Annex 1.2, Part 1) would indicate
that the radiation actually detected by the badges
Ln the fHeld is somewhat 1ike the radlation [rom
the 1d-mev hetatron. The discusgion of dreen-
house Reporl, Annex 1.2, Part I, would indicats,
however, that the spectrum observed In the
field would have relatively more low-gnerpy
content than would the 10-mev batatron Thus
the badges were actually exposed (in the figld)
to & spectrum which might b considered a
cross between the 10-mev betatron radiation
and 1400-kev (max.) X rays which were used to
calibrate the films. Thus the value of T per
cent [ound in Chap. 5 i85 conaidered appllcable.

In addition to the syetematic error just dia-
cussed, random errors will arige in processing
and denaltometering the [llm. Prior to their
exposure In the lleld, {ilms vsed in total-dose
EAINMA-Tay measurements at Operation Green-
house wers stored at a temperature of about
14°C except whike Ln transit. Even then they

| .
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were under surveillance to see that they were
not unduly damaged by 2ither heat or radio-
active materials. In ¢rder to achieve sufficient
dosage range coverage, it was necessary to
corder films Irom both Eastman Kedak and
Du Pont. It required about three months for
delivery of the Eastman Kodak [ilms, but the
Du Pont films were delivered within a few
daye of the receipt of order, Since the filme
were to be uaed 2t about the ticoe of thelr ex-
piration date, thers was gome question about
whether or oot they should be used. A a
precautionary measere, a new crder for Du Pont
filme was placed during the latter part of Feb-
ruary 1851, The new films were held in regerve
at the test site in cage it became naceasary Lo
uge them. However, upon axposure of the origi-
nal films to dosages of 20, 30, and 50 roentgens
ol radluom gamma rays at the test siba, It waa
found that the dengities thus produced agreed
with the exposures within & per cent, aceording
to callbration curves obtalned several months
praviouzly for these films on 800-kev X raya.
Furthermore, the hackgroond densitiag of the
films agremd within 0.01 density unit of those
previoualy obtained at the Natjonal Bureau of
Stapdards Radiation Laboratory in Washington.
Therefore the original Du Pont filmse were used
in the tegts,

A set of eontrol filme was maintained asg 2
cheek on processing. Thess consisted of
Du Pont [ilmsg that bad been exposed to X rays
so that their densities after processing ranged
irom sbout 1.30 to 1.33. Beveral of thege were
developed altar the mixing of each new batch
al precessing olutions ta avoid the pozsgibility
of ruining fllms by zolutions that might have
besn improperly mixed gr which might have
contained Ingredients of the wrong strength,
Furthermore, an entire hanger was loaded with
these [ilms and processed at the test site. It
was thus determined that there was no observ-
able dependance of density wpon pesibioning
ejther tor films within a given tray or lor vari-
s levels of trays within a hanger. Throughcut
the entire proceasing of [llms, one contral Iilm
was developed in each tray as a furthexr check
on processing uniformity, Fresh developer was
mixed to avold noticeable change In ita strength
after sach 2100 films were processed Ina 15-
gal tank of developer. The timer clocks were
checked before weage and obaerved to be ac-
curate within 2 sec out of % min. Two clocks

were uged simultanegusaly for each develop-
ment slace the clocks weare regular darkroom
clocks and therefore not always dependable, It
is well that this precaution was taken because
durlng ene of the runs a cleck did fall. The
time required to remove a hanger from the
developer and place It In the stop bath was about
5 see, Since development s nearly complete
after & min in the developer that was used, the
timing ecror was a second order effect only.
The mergury thermeorepulator wan set to main-
tala the tempepature of the solutions abt 18 857C,
When a hanger of slx trays maintained at room
temperature was Inserted, ita thermal energy
cauzed the tempearature of the developar within
the trays to rigs 0,10 to 0,15°C and remain that
way for the most part throughout the devaloping
process since no apgitation was used. To deter-
mine the magnltude of the temperature depend-
ance, 4 got of control films was ron at the test
gite at various temperaturas. These showed
about 0.5 per cent change for 4 temparature
variation of 0.10°C in the vicinity of 20°C, In
consideration of this and all athar errors in-
hatent in the processing, it 13 balisved that the
over-all errer in processing was 1 per cent.

In eontrast with thia are the much larger
errors prodonced ln dengitometer teadings and
by the variations in density across individual
filme. For example, probable errors o dengi-
tomeier readings werse roughly ag icllows: 0.01
denasity unit for the density range 0 to 0.2, 002
for the range 4.2 to 3.0, and 0.03 for the range
3.0 to 6.0, Thess correspond to probable densi-
temeter errors in dosage determilnation on the
Du Pont 510 fllm of 5 per cent for the S-roent-
gen reading, 3 per cent for 10 roentgens, 1 per
cent for 20 roentgens, and 1 per cent for 50
roentgens. Similarly, probable errors caused
by uncertainties in densitometer readings on
the Du Pont 605 and Eastman 5302 films were
4 per cent for the 50-roentgen reading, 2 per
cent for 700 roenigens, and € per cent for 1000
roentgens. Also, for the Eastman 548-0 dogble-
coat [lm, the readings were € per cent for
30 roenigens, 5 per cent lor 700 roentgens,

o per cent for 1000 roentgens, 3 per cent for
2000 roentgens, and 1 per cent for S roent-
g£Ens,

Yarlatlons in density readinga in individual
films caused unceriainties comparable with
thase inhereot in the densltometer proceas, In
particular, the average percentage variations

S
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in dosage measursment as ocbserved for four

rendings across each Alm wsually ranged from
2 to & per cent of the total dosaga, Thase vari-
ations were Independent of the type of film used

6.3 TOTAL DOSE VEREUS DISTANCE —
REZULTSE

The total-dose film packsets were fastaned, at

and of the posltions where they happened to fall on  about 8 in, above ground level, t0 2%-in. pipes

the H and D curves, Furthermore, the varia-
tiong in dencitles across individual eontrol films
were uniformly within 1 per cent. Clazarly,
therefore, a large part of the uncertainty inher-
ent in the fiim-badge method resulted from
variatlona in electronle flux or energy dlszipa-
tion acrass individual films. It is not evident
whether the badge design was at fault or local
gcattering conditions surrounding the badges
were laegely responsible.

Regarding the random error of the (ilm-
badge interpretatlon, it i5 thus believed that the
probable error 18 about T per cent. When com-
bined with the calibration error, 7 per cent,
this gives an over-all probable error of about
140 par cent.

6.2 PHYSICAL SETUF

The film badge in various stages of assembly
i3 shown in Flg. 6.1. The outermost wrapping
ia a brown paper bag. For total-dose measure-
ments, four or five badges were taped Lo a pipe
which extended about a foot out of the ground.
Such a plpe ig barely visible in Fig. 6.2, just to
the right ol the jeep wheel,

Zail {ilm was used for the longer time expo-
gureg, A typical arrangement may be seen at
the right of Fig. 6.2. The Iilm was auspended
near the top ol a plpe by a rod until blast time.
The blast, acting on a plywoed sail connected to
the rod, pulled the rod gut of the pipe. The film
thap dropped inte the bottom of the plpe which
extanded below the ground, Those Iilms there-
fore received exposures only until the blast
wave arzived.

For the shorter time exposures, the long
{13-1t) drop pipes were used, About § It of pipe
axtended below ground. A gteing of 15 badges
was suspended Inside the plpe, with the upper
#nd of the string tied around the outzide of the
top of the pipe for support. A blast ¢ap was
attacheéd to the string and wasz get off at 2ero
time by an EG&G blue box. Exposure times
ranged from about 0.1 to 0.7 zec. A typical tall
drop pipe may be geen in the center of Fig. 6.2,

which were driven Into the groond. The number
of badges attachad to & pipe varied betweasn
thrag and Five. The results for the four shets
are summarized in Figs. 6.3 and 6.4. Thsa ei-
fective parrow-beam absorption coefficiant has
alraady been determined in See, §.1.1.

In crder to determine whether the peutron
flux made a sizeable contribution to the reading
on the [ilm, additicnal badges were installad
inside lead bouses, with walls 6%, in, thick, at
various distances. The readings on these films
are indicated in Fig. 6.3. Since the attenuation
of thermal neatrons in this thickness of lead
has been determined* to he not quita o facter of
2,these lower curveg in Fig. 6.3 indicate that
the neutron contribution to the upper corves ts
negligible.

6.4 FILM-TRAP MEASUREMENTS— RESULTS

The readings on those lilms whose drops
were inltiated by the blast are shown in Fig. 6.5,
It should be remembered that the various
points represent different distances and shots,
&0 that the degree of correlation to be expected
i= not immediately olviogs,

Figure 8.4 contains the results obtained from
the tilms in the tall pipes. Again, It should be
rememhbered that these plpes were at different
dlstancea from ground zerc.

€.3 DOSE MEASUREMENTSE IN BUILDING 311

Figures 6.7, 6.8, and 6,3 are scale drawings
of three levels in Bujlding 311 on Engebl. The
numbers are total doses, in roentgens, as
meagured by film dosimeters, Figures 6.10,
%.11, and 6,12 are graphs of dose versus dis-
tance from the front wall. The dose is seen to
fal} off much more rapidly than could be ac-
counted for by inverse square or atmospheric
absorptlon, and It actually corresponds to an

* Thia measurement was made on the thermal
neulron golumn of the Brookhaven pile.

- i L bl 45 .
fiaseentiNN




(i el e W s

v e

Fig. 8.1 Film Badge in Varlows Stager of Axembly




T K .q:
"
r_:

AR

e,
Lt

Flg. 6.2 Typlcal Sewp of Totzl-dose, 5zll, and Cyop Film -

47



-

-

o
41
-

L=
ot
L]
L]
a1
'___,_..-"'

-
-

...
|
="

<

]
b=
A

&

o FILM BADGES 3

e LEAD HOUSE \

= “J: 'ﬁ. X r

w L L ¥ 1% 13

O, 1 L] ] L L

o LWL L1 %
LV B\

z ! W A

z W N ST %

2 A 1Y ‘s

-

Q i}t\ K

o 1000 2000 3000
DISTANMCE N YARDS

Flg. 6.2 Total Dose versui Distance for the Four Greenhouse Shots. The walle of the lead houses wers
ﬁ'.l"; ln. thick. Carves are labeled D for Dog shot. E for Easy shot, G for Gearge shar, and 1 Foe [tem shat,

48

ar
-




x LHE

4

A

[HR) \ 1
\ \ \
K" r \ ;
1 LY LY
LAY hY LY
. TS X
o A WV
E O N
- N SR M h
& \\\.\_(hi \.
= \ N
Ay
] \ \\
E io? e \\.Eﬁx T
—r T A " i
L] \\\h\\ ]
g - \N\.
= "
il A
S \ )
F_4
> N
-
9w
RANGER F"SHOT (A N
\
rA
RANGER 17" SHOT
10 \
a 1000 2000 3000

DISTANCE {YARDS)

Fig. &4 Total Dose Times Distance Squared versus Distance for the Four Greenhouse Shots. The adjusce
mient of the Ranger *F"" shot data was achleved by comecung the original data for the different densi-
tes of air in the owe 1esny,

49




a5

PERCENT OF TOTAL DOGSE REGEIVED

+25{14
ap242
80 Jiral 02536
T
J 01620 A2246
o9
3 o385 |47 Al978
&0 —a-
BME3T
1298| 41780
01 i EIE&E
#1020 1BOES 42194
Aldaz A DOG SHOT

20 | ] A GEORGE SHOT
O EASY SHOT
® ITEM SHOT

Tmnn
30
AROO
20 —
I E5 2 25 3 3.5 4 3 7 B

TIME IN SECONDS

Fig. .5 Percentage of Film Dose Received ac Varlous Timat—Blast thitiated Film Drops. The number
ahove each dawam is the distance of the pipe from ground zero in yasds.




1§

FERGENT OF TOTAL DOSE REGEIVED

80
70
sol
4 i
A Ald
80 A & AT & n‘“
A A | o
A o g %lo o
a0 F A F Y [o] .}: :1 'ﬁ AN
o @ o . Al Ada |a A
° ® A A B ant B
10 L 2 4 A
. -
& 883 YARDS I
01385 =
20 ANOZO «
AIZZT » »
10 | 4
& 0.15 0.2 0.25 03 0.4 05 06 07 08 03

TIME IN SEGONDS

Fig. 8.6 Percentage of Film Dose Brceived ¢ Various Times—Flish titawd Fllm Drops

10




LN

iy

e

T o R o

-

[ 1
A A AN A AN |

e
ﬁﬁ:“ﬁﬁﬁﬁﬁggddcc ““g;;’f{f!’f//;’/f’f//’f/;’ :’g;“ ““::ﬁﬁ e
A

=7

2

4

’

’

[

sho iy ]

%

#

”

15 ;:
& & @ i o

Ak

T

o o Fo dho 3
280 g
fis ] ¥ [ A
i i
o i )
e 3% gu ou.s 1% “2
FTS IS ETT LTS T LT TTLTTT S FTTTTTITTTTITET LTSI T IT T T T I T I TS ST s
gy e T — —~h w-w -
L] ) |
¥L'OG 3 SEC. 4 G WANMN AT MONCATE SObf I T & FEET aginnt FLOOM.
2 FLgaR e MUMBERT WwiCATE GREE B F 3 FEET ARGyl PLOaM.

R 2 way, THCENEY
B« soveer couuw

Pig. 6,7 Schematic of Pirst Level, Bullding 311

o2

v



B
g
4_ T T T AT T T T T T T T T T T T T T 7 LI AT TEEL T RELAF Y
| ado i ofs o gos sto 237 aka 7
[ ﬁ ras” B e a1s” B 130 ﬁ
ﬁ ) 1 ?
2 %
/ 7
2 g
: éﬂa 550 w0 o i s 3 ?"
/ ;-:
A ”
Z %
L ] 2 -m ﬁ
4 ?" 1% -1 @ Bo B o "1 ?
% » % %
z Z
2 7
| 7
: S % % 2 5 i
5 Z
/ ?
Z %
[ ]
« W 15 8 f‘,
7 s & @ %o 5ot/
(] £t ! fﬁ
% v
,, ﬁ
2 %
Z %
2 P rﬁ
2 K& % & & 45 47
? ﬁ
? f-"
% %
,, */"
5 ’
_
%’—é ¥ R - w0 B, S Z
: L . o
o= BLDG 31 SEC 4 I-e . =¥ i
209 FLODR O = HUMBERS WDICATE DOSE (N F, & FEET RGOVE FLODR

# ¢ NUNMBERS [NOMCATE DOSE jaor, 3 FEET ABGVE FLOOK

T 12 wALL THICHNESE

B} e souane coumn

Fig. 6.8 Schematic ol Second Level, Butldiog 311

53




FL'D'G. 3N SEC.4

TE 2" waLlL THKKHEZS
B 1+ sowme coLumn

Fig- 6.9 Schematic of Toird Level, Bulldlng 311

O+ NUWOERS MOKATE DOSE N 1, & FEET ABOVE FLOOR,
s FLoOR 7 HEUMBERS (MDICATE DOSE W 1 B FEET ABOVE FLOOR.

2

~

g
1_,«%55“;,«;5 LA ETETTETS L OGS EET L LSS ST L L LS ]
o ) T30 H /%ﬁﬁ;' a'.r; % én % ﬁ ﬁ
: T4 2
2 il ]
2 %
% 2
] ]
]
% 2
J Y ]
: Vo o o oo &o o &y
7 4
]
2 2
4 2
/ ,4
3 é 490 2 & % -3‘5 ilﬁ:r ﬁ
R %
/ 2
2 7
A E ¥
» |8 &s 5 S0 s fo | |
% %
/ /
% %
% %
¥ a‘ ﬁo +j E 2.%0 l& ;:
- B ;‘j
2 %
% %
]
. Y /

» U
: P & & ° 5o il
y/ e
? /
| ¥ ol 2
: é 28 - 1T E, 205 ’
T o
e - et 78" -l - -



DOSE IN ROENTGENS

—— —SBMW. DATA AT 1 M
———— FILMS AGAINST SIDE WALLS

BLC3 30 SEC. 4. FIRST FLOOR
o = FIRST AOW FROM WEST walLL

& <« SEGOND » " " "
a = THIRD » = - -
o ¢ FOURTH = " - .
A«FIFTH =

FILMS FREE FROM WALLS

L] L] L]
EV {ARBITRARY UMITS)

AN

a hﬂ‘“--..__

I o —
IS

ﬂ'*-. \
Ity

L] 20 > 40 50

DISTANCE FROM FRONT wWALL (FEET)

Fig €.10 Dos in Buflding 311, Flrst Floor

5%

&0

+ A

TO



DOSE IN ROENTGENS

a

o

o T

N

|

BUD'G. 3N SEC. 4. SECOND FLOOR
o+ FIRST ROW FROM WEST WalLL

@ = SECOND - " " -

a*THRD =
ot FOURTH =
B=FIFTH  » . .
m——mw FILM AGAINST SIDE WALLS
FILMS FREE FROM WALLS

& m o

N\

Y
‘\

LN

ey
~ .
| .
. o
i, .
e
B~ \I
~ »
“‘h
v
' 0 20 30 B0 &0 TO

40
DISTANCE FROM FRONT WalLL (FEET)

Fig. .11 Dage in Buflding 311, Sec¢ofd Floos

‘ﬁ_



DOSE IN ROCENTGENS
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approach to narrow-heam altenuation b the
front wall?

Figures 6.13, 6.14, and §.15 give similar re-
sults for thoge films which ware placed imma-
diataly jin front of or back of the 1 [t square
columng.
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