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Preface

This Handbook eontains privaary factnal data and busie
principles  necessary for photographic  dosimetry of  X-
and gumma rays. It was prepared inresponse to an ureent
need felt in various places for more complete information on
this topic.  Sinee the Radiantion Physies Laboratory of the
National Bureau of Standards has worked extensively in
this feld for a number of years, i¢ appeared that it would be
helpful to other workers to publish this accumulation of
material as a general imformation handbook.

Most of the information presented is concerned with the
wse of commereial photographic filnr for X- and gamma-
ray dosimetry.  Emphasis is placed on those properties of
photographic coulsions that are basie to radiation dosime-
etry. Likewise, attention is ealled to Hmitations inherent
i the method: and materials and to preeautions that
should Dhe observed. Because considerable flexibility in
technigues and procodures of film dosimetry is possible with-
out apprecigble effeet on the end result, no attempt is made
to specify all of the details nniguely.

The work in preparing this Handbook was supported in
part by the U s, Armay, Signal Corps Engincering Labora-
tories,  Acknowledgment 1= also made of the assistance
rendered  through the comments offered by the various
reviewers of the preliminary draft of the Handbook,

AV Asnix, Director,
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Photographic Dosimetry of X- and
Gamma Rays

Margarete Ehrlich

1. Introduction

The need for inexpensive, :‘pgzwl but relinble, deviees
for the measnvernent of X- and gamma radiation has greatly
inereased  the  interest in the  radintion response  of
commereially available photographic film.

The use of photogr 1])l|w film for X- and gmma-ray
dosimetry s theoretieadly justifiable, bat vields  useful
and reliable resubt= only when bazed on o sound under-
standing of the various phases of photographic seusttometry
and of its inherent lmitations,

It 1= the purpose of this Handbook to clarily the basie
concepts of the use of commercial photographic film prod-
ucets for N- and gamma-ray dosimetry, (o organize some of
the information accumulated in the Radiation Phyvsies
Luboratory of the Nattonal Burean of Standards during
the past vears, and 1o present this information o form that
should prove useful to other workers in the fivld of photo-
eraphic X- and gamma-ray dosimetry,

Specilieallv, this Handbook deals with the properties of
photographic emulsions that make their use for radiation
dosimetry poxsible. Tt pomt= out the limitations of the
method and discusses the preeautions to be taken i the
selection, exposure, proceszing, and densitometry of the
film  maternal, Beeause of the great ”t‘:‘(i}lilii‘\' in the
teehnigues and procedures of film dosimeley, no attempt is
made to speeify them uniquely, Speettie teehniques should
he chosen and adjusted acceording to local um(htmnr\

While sone of the material contained in this Handbook
is general enough to apply o photographic dosinetry not
only of X- and gamma ravs, but also ol other types of
adiation, the detailed discussions are contined 1w X- and
gamma-ray dosimetey. Teas fele that due to the rather
complicated  nature of photographic dosimetry of =uch
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types of radiations as heta ravs and neatron heams. it is not
possible to issue authoritative statements on this subjeet
at the present time,

2. Use of Photographic Film for the Measure-
ment of Radiation Dose

Photographic radintion dosimetry may he defined as the
measurement of the dose of a l)mti(ubt clectronmgnetie or
corpuscular nnlmmm by means of establishing a one-to-one
correspondence  between  dose and  photographic  effect.
[t is therefore of importance to delineate the terms “dose”
and photographic effect”™ elearly and to understand the
ditfie ultu's inherent in the measurentent of these quantities,

2.1. Dose Definition

The International Commission on Radiological  Units
recommended that dose he expressed in terms of the gnantity
of energy absorbed per untt mass of irradiated malvlml at
the place of fnterest. The Commission decided. however,
that the roentgen tdefined in airy should continue (o be
recognized as U unit of N and gannma-ray dose in view of
its long-established usefulness, at least for quantum encreies
up to 3 Mev {111

Measurenments of the photographic effect are made in
terms of diffuse transmission density [2L representing the
logarithm to the base 10 of the opacity of a processed
pliotographie film sample {3].

2.2, Measurement of X- or Gammma-Ray Dose in Terms
of Photographic Density

Phe difficulty in relating dose to photographic density
lies in the fact that, while the roentgen is o measure of radi-
ation energy absorbed in oair. the ])l wtographie action of
X- or gamma radintion is essentially the t‘vsult of lontzation
in the silver-halide ervstals of the photographic emulsion
and i the materials =urrounding n 4. 3. As the true
abrorption coctficient of air differs greatly from that of silver
halides hoth in :1hxuluw value and in itz dependence on
quantunt energy, and as the stopping powers ol air and silver
halides are not the =ame. it is (o he expected that the jonizing
getion of X- and gamma radintion as a function of quantum
encrey for silver halides does not parallel that of air [6]. For

U Mgures in brackets inedicate the Boerstaye referenees an vl eved sl thiy Handbonk,
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Frovre 1. Correlation between pholographic response und {onization in
air s a funelion of energy.

radintion energies at which the range of the secondary emis-
sionn produced in the emulsion proper s large compared
the enulsion thickness, the absorption cocflicient and stop-
ping power of the sarrounding materials must atso be 1(11\( ‘n
into consideration: the situation is then even more compli-

cated,  However. a quantitative correspondence between
[)]1<>1<wm phiie response and jonization in air can he estab-
lished. lwmv Iilustrates this fact for a (vpieal emnlsion.
A quantity ])to];m!mnal to the reciprocal of the or\pmmv
e ‘dod to produce w photographic density of 1.0 is plotied
against the effective nulmlmn enerev 2 of heterochromatic
N-radintion whose spectral width Trad been narrowed by
means of proper filiration,  The ordinate may he considered
a measure of film speed [7]0 The term sen=itivity is used in
this report as o synonym for speed. Tt s a guantity in-
verszely pmpmllmm] o the dose needed to produce a given
photographic density. 1 is not to be conl nw(l with radio-
graphic sensitivity or fault sensitivity, which for a given
radiographic geometry indicates a filnr's resolving power and
contrast (8]

fineed sie the eherey of the monoebronxatic Xor

Eifective radiation viergy 8 hen 1
devistivs iy soecified erautiniss o the partientar

B That has the <ane ab<rption oh
hercrochromatie radiuti
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Depending on the film Gype. the sensitivity below 0.1 Mev
is g merally 5 to 30 toes that at 0.6 Mev, The sensitivity
peak located at about 0.03 Mev can be ('\'phinvd at least
qualitatively, by the relatively strong absorption of radiation
in the filn emulsion compared (o that in air {9, 101, As (he
radiation cnergy inercases, the absorption in the emulsion
and in air tend to hecome provortional and the emulsion
sensitivity (hus remains fairly constant. For energies in the
milion-volt region, the sensitivilty 1ises again ‘lm\‘]\' with
energy, but this rise i= very gradoal and usually does not
amount to more than 235 percent over the int 01\’(\1 from 1 to
10 Mev (dose helng measured in electrostatie units of charge
per cubie centimeter of air with o Vietoreen tonization cham-
ber enclosed within a Lueite shelly,

2.3. Limitations of Photographic Dosimetry Due to
Energy Dependence

In the preceding paragraphs=, 1t was shown how the dif-
ference between the absorption characteristies of air and of
photographic entulsions (in eonjunetion with the materials
surrounding them) eauses the photographie response o ra-
diation exposures. as measured ut roentgens, to be dependent
on radintion energy. Beeause of this dependence, dosimetrie
results obtained witl phiot uwml)lm' films are meaningless
unless the films arve ealibrated with a known radiation dow.
in a beam whose enerev distribution iz similar to that for
which the dosimeters are to be used [11]. Unless the energy
de p(\ndom(- of the instruments 12 sufliciently reduced, the
choice of radiation energies for calibration purposes = eritical
up (o about 0.3 Mev,

In view of these linitations, photographie radiation dosi-
metry may be divided into three parts, depending upon the
energy of the radintion sonree:

{a) Dostmetry in the Hmited region of radiation energies
hetween 0.03 and 0.3 Mev, in which photographie cmnlsions
are strongly energyv-dependent, but for which the radiation

spectrunt is fairly” well vy yroducible i the laboratory for
al brni(m purposes,

(hy Dosimetry in the vicinity of a number of sources,
STHAN of which are in the energy region above 0.3 Mev where
emulsion sensIvity varies only Jn\\l_\‘ with energyv, and
sonie of which are below 0.3 Mev.

(¢} Dosimetry of high-energy radiation i equilibrium with
Its secondaries, in some instances degraded to as low as 0.03
Mev, for whieh the radiation speetrum may or may not he
reproducible in the laboratory.

4

Case (a) is important for radiation monitoring of arcas
and personnel in medieal and industrial 1111114)“14})[11(* depart-
ments.  In this case film calibration charts may be veadily
prepared under properly chosen conditions and may be
referred to for all dose interpretations. For ease (b, all
that 12 needed for the high-energy range alone 1= esseutially
one calibration chart prepared at some available high enerey,
However. high-energy sources are usually handled in re-
search, medical. or industrial establishments in areas and
by groups of personnel that ave also exposed to radiation
from tow- nno oy zources.  E. Poehiling et all {12], R Baker.
et al. [13). R.OB. W lw [14], and other investigntors have
attempted lu “differentiate hetween the dosimeter CXpOsUres
stemmiag fvom the di hn*nl sources by placing a set of
absorbers over portions of the flm packets.  In the Linear
portion of the dvnsit_\'—\'(,»]‘suswxI)m'urv curve, the ratios of
the photographic densities obtained under the different ab-
sorbers are funetions of enerev. The authors show that if
the relation hetween these ratios and the euerey of the radi-
ation is established, one can use it o determine the effective
enerey of the radiation for any given exposure.  After deter-
mining the effective energy, one can then proceed o deter-
nmine the radintion dose correspouding to a given density,
after correeting this density by means of some tabulated
multiplving faetors.  However, difliculties are cucountered
when two or more ahsorbers are used over the same film
packet, beeause the radintion seattered from one absorber
reaches the film portgon under the adjacent absorber.  An
attempt has also been made to obtain a rough estimate of
the radmtion energy from the ratio bhetween photographie
densitics eaused by {orward- aund backseattering from given
sols of metallic absorbers [15. 161, Though somewhat cum-
bersome, this methad seems to be useful for personnel moni-
toring work.

In case (¢} a silar pmcmlmv to that desceribed for
ease {a) may be followed when the type of radintion is readily
reproducible in the laboratory. The one additional preean-
tion is to enclose the fil packets i materials mnilod to
provide for eleetronie equilibrium over the emulsion surfaces,
This particwdar phase s discussed i seetion 2.4, When the
spectrium of the ineident radiation is not reproducible in the
luboratory but 1s known with a fair degree of aceuraey
either from theory or experiment, it may be necessary (o

calenlate the response ol the dnsim(u-r to the particular
uulm{mn by weighting the speetral dose distribution secord-
ing to the partic aular filim response expected in each radiation
encvgy interval,  Only il the response is fairly constant for
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the entire energy range over which the particular speetram
extends. is it po=sible 1o furmsh a <uitable calibration with-
out detailed knowledge of the energy spectrun. Where
auch a ealibeation is desived. a deerease of energy dependence
may be accomplished by enelosing the entire | Jilm packets in
absorbers desioned to reduee the amount of radiation lying
in the energy range in which photographic enmmlsions are too
highlv sensitive: ¢ this tends to equalize the dosimeter response
over the entire energy range.

A dosimeter working on this principle was deseribed earlier
by the awthor [17]. The dosimeter was not dw«wnod for
personnel monitoring. but for regional survey measurenients
of total exposures from 1 to 10000 1 in the energy range
from roughly 0.12-0ev effective radintion energy o the
encrey of an 11-Myv betatron, 1t consists essentally of a
Bakelite container (density approximately 1.4). 8.2 23 num
thick, covered \\itiz 107w of tin, whieli in turn is covered
with 0.3 mm of lead.  The lead (111(1 tin thicknesses were
caleulated inosueh a way as to provide optimun reduction of
thv enerey dependence ol three commercial films. The

3akelite laver was made thick enough o provide electronie
vqml hrium in the holder wall for radiation from an 11-My
betatron.  This dosimeter is capable of measuring exposure
in roentgens with an aceuracy of ronghly 20 percent over ats
useful exposure and cnergy range.

2.4. Considerations of Electronic Equilibrium

From the standpoint of radiation protection. a dosimeter
should register a dose eyual to that received by the eritieal
organs sonie distance below the skin, - When a heam of very
high enerey photons strikes a block of material. however, the
seeondary eleetrons that are projected mainly in the forward
direction do not build up to equilibrium with the photon
intensity untl a depth approximately equal to the average
olectron range is reached. By equilibrium we mean the
condition in which as many elée lxnll~ are stopped in a slice
of the material as originate there (negleeting the small ex-
ponential deerease in photon ntensity), T his means (hat
as long as the mllminl st n'mun(}ina‘ a dosimeter is (hicker
than the range of the secondary electrons. the secondary-
electron density as measured by the dosimeter is propor-
tional to the photon intensity at some point within the
dosimeter wall.

[n the case of photographic dosimeters, the condition of
clectronic equilibrium is comparatively well met up ta about
0.3 Alev hy fil in its conventional wrapper. At higher
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energies, difftculties arise from the fact that the range of the
secondary eleetrons becomes greater than the thickness of
the film plus paper wreapper. The =econdary eleetrons
therefore are not completely stopped i the etaulsion, whereas
these electrons would be absorbed in thick lavers of living
tissuc, Thus, the photographie effect ceases to be a measure
of deep-tissue dose for these energies, unless the tilm packet
s surrounded with an additional layer of Usstre-equivalent
material whose thickness depends upon the enerey of the
photons measured. o will be =een that a il surronnded
by an equilibrium laver of tissue-equivalent material will
register the maximum dose that would be absorbed by a
human being exposed to the same radiation intensity,

Asan example of how to determine the equilibrium thick-
ness of a given material, figure 2 shows the resulis of an
experiment with Ansco Commereial film, [n lhis‘ experi-
ment. the film was covered with varving thicknesses of
Bakelite. and each film-Bakelite combination wasg exposed
to the radiation from a cobalt-60 source for the same length
of time, The photographic density of the film %xm e
exposed in this way is p}ottml against the thickness of the
Bakelite laver introduced over the emulsion surface. In
the tirst portion of the curve, the film density 18 seen to
mere 'm' markedly  with increasing Bakelite  thickness.
This shows that the number of electrons absorbed in the
emulsion inereases with the Bakelite thickness,

In the seeond region, the curve flattens and reaches s
somewhat indistinet maximum.  The condition of balance
between the electrons absorbed by the surrounding matter
(here, Bakelite) and the electrons nodmml within this
material, which are required for maximum dosimeter res-
ponse under the given cire umstam es, 1s usually referred o as
electronic ‘th’unum For Bakelite used in conjunction
with cobalt-80 radiation, ('th srinmn I8 seen (o oeeur at a

..
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(hickness of about 3 mne® The thivd region of the graph s
characterized by a gradual deerease of density with absorher
(hickness, corresponding o the attenuation of the primary
adiation within the Bakelite

Similar measurements performed with the bremsstrahlung
from a hetatron operated at 11 My gave approximate equi
Libeium thicknesses of 2 ¢ in Lucite or 2.5 engin water.

If one wishes 1o make the response of a photographic
dosimeter parallel that of an ionization chamber. at least for
radiation energics considerably above that_of the film zen-
sitivity peak, one chooses an electronte equilibrium nuteriol
whose average atomic uumber is close o that of air (for
example. Balkelite, polvstyrene. or nylons. as Is customary
for cavity fonization chantbers that are designed (o measure
X- or gamma-ray absorption in terms of voentgens, If one
wishes (o measure a qguantity proportional to the energy
absorbed i living tissae. one chooses tssue-cquivalent
equilibrivm laver.

In some instances hoth metatlie absorbers or emitters and
Tow=atomic-number  clectronic-equilibrivm layers are used
around film packets.  Any substance inrodueed between
the film packet and the zurrounding material produces a
transition effect that distarbs the eleetronie equilibrium.
Hence the number and tvpe of paper layers is ingeneral of
no tmportance imnowork with X- or canmima radiation, sinee
nonuniform paper lavers do not east differentiad shadows on
the photosensitive surface. When, however, the equilil-
vinm hiver consist= of a higher-atomic-number muterial, the
introduction of paper seriously complicates the conditions.
Thi= i illustrated in figure 3 where the pattern ol the Tavered

OPENED FILM WRAPPER EXPGSED DENTAL FUM
Frovre 3. fidbienee of o Tawe ol vt ini over o Coteep pascd Dupont
dewtal film pacdd,

3 e Ccquilibphmn thivkiess muy be Aitferenrt e dilerent expostre geoinetrios and shoald
Do thetpriminivd eaperine ity for e gesnieiry
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paper wrapping is reproduced on o Dupont film. type 510,
The packet containing this film was wrapped moa l-mm
sheet of cadimium during an exposure te cobalt-60 radiation.

2.5. Directional Dependence

Tdeally, a photographic dosimeter should hayve perfectly
spherical geometry for uniform response (o radiation from
all direetions. The sheetlike confienration of photographie
film this represents a drawhback inherent in the photogrs phie
method.  However, sinee Tor all but the lowest energies
ander consideration the photographic effeet is due to the
secondaries  produced upon  absorption of the primary
adintion in the muterial surrounding the film rather than
due 1o absorption of the primary radiation in the film
tsell. the angular dependence of film exposed nnder vlee-
tronic-cquilibrivm conditions to higher radiation energies
is negligible.  Experiments by Greening 5] wdieate that
films exposed under equilibrinm conditions to radiation of an
energy of about 012 Mev ineident under an anele of 80
deg show about 15 pereent dess density than films exposed
under similar conditions, but under normal radiation in-
cidonce (zero dogrees). For energies both lower and higher
than 012 Mev. Greening found the effect to be less
pronounced.

When high-atomic-number absorbers are used over the
film packets, this comparatively small direetionat dependenee
s inereasod, =ince the effective thickness of an absorber
differs with the direetion of the incident radintion. A= an
example. figure 4 shows the directional dependence of the
Dupont film type 310 in the sketehed NI3S film dosimetor
when exposed 1o a collimated beam of radiaiion under lab-
oratory conditions [17}. - While acearate within 20 pereent
for all radintion energies above 0,11 Mev, and for angles of
meidence hetween zero and 25 deg, the NBS dosimeter
underestimates the low-cnergy radiation components by as
much as 80 pereent for an angle of ineidence of 80 deg.
N evertheless, it is feasible under some conditions to employ
film holders in whieh high-atomic-nmimber absorbers have
heen imcorporated, even if the primary radiation source i
anisotropie.  For instance, the error due 1o directional
dependenee of the NBS dosimeter was <hown to be negligibly
amall when the dosimeter was used for measurements of
high-energy radintion from a point =ource in equilibriom
witl its secondaries.  This is due to the essentially =o-
tropic distribution of the low-cnergy componeni= in cquilib-
rium with the primary high-energy radiation [18LIf
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Fravre 4. Perrentage pariation {n dose interprelution with angle of
radiation incidenee, NS film dosimeter. ’

absorbers are employed in photographic dosimetry of Tow-
energy polit-source radiation. a holder of higher sviumetry
than the NBX dosimeter may be used in order to eounteract
adverse directional effects. It shonld also be pointed out in
thig connection that film packets contaiming lead foil backing
do 1ot lend themselves to photographie dosimetry, as e
forl produces a modification in the partieular film's energy
dependence and an hierease in its directional dopondence_m

3. Criteria for the Selection of a Photographic
Material for Dosimetry
3.1. Uniformity of Film Emulsions
The use of photographic film for radiation dosimetry
requires the reproducibility of densitomerric results within
accuracy limitz in line with the biological reyuirements.

10

Although biological aceuraey limits differ considerably for
the particular types of radiation effect= under study and for
the tvpes and the genetic uniformity of the animals employved,
there is reason (o believe that at present aceuracies of the
order of 15 pereent can be achieved for lethal and sublethal
dose mensurements uander favorable conditions.  In order to
achieve contparable aceuracies with photograplic methods,
an offort must be made to use only film material of a oni-
formity that permits adeguate reproducibility ol densito-
metric results. Table 1 shows o set of emulsion densities
obtained on 10 different film samples of the same emulgion
bateh all exposed simultancously and developed  under
closely controlled sensitometrie conditions,

TanLe 1. FReprodueibility of densitometrie resulls
} o

] ' Average
. . Phiotographie density individud density
Film No, ©ypeadings » for each
fitm
®5 1,63 161 160
S8 [.8h 1.60 1.41
XY 64 1.6t 1,61
A o 1004 {onk
bl . 1,0 1.0x 3. o0
g0 142 1,82 1.2
91 - N 1.t 1ot to6d
a2 . 1. 84 1on 1.61
w3 1. 61 159 1. &9
L% SNUININ 1. 64 1. 64 164
j Average dens '
=ity reading : . ) )
for all 14 : i i :
films . o N 1.61 }

s The Jast eoluttin fepresents remdings nt the eenter of the filiz; Ui ol four columas ropie-
sont readings in the o eoriers,

The maxitmum spread between any two individual density
readines is about 3% pereent, whereas the spread of the
average readings per film is only abouwt 1% percent. Sueh
a high degree of accuracy is nsually attained only when the
sample emulsions are taken from the same manufacturing
bateh.  Table 2 shows the difference hetween identically
exposed and simultancously processed samples of emulsions
of two different batell numtbers,  The difference between
batches is ustally not too large in the case of commercial
entulsions. and is in ine with the data obtained by the emul-
gion manufacturers with exposures by visible light. The
difference may be much larger in the case of experitmental
emulsions, as shown in the same table.

11



Tanwe 20 Reproducildlity from brtelr da boivh

Commercinl emuulion Experiniental emulsion

Dens<ity Prepsity
Foapnsyre
Bareh 1, Bateh 2 Bareh 1

3.2. Energy Dependence

As pointed out in =ection 2.3, all photographic emulsions
exhibit the =ame general tyvpe of enerey dependence, the
ditference between the behavior of particular  emulsions
being quantitative rather than qualitative.  Where dosi-
etry over a large energy range (including  energies below
about 0.3 Mevy is required. it is therefore necessary (o use
=onte type of metallic filter regavdless of filn chowee, i order
vi!hu to compenzate for the encray dependence or to give a
rough indication of the encrgy in question. 1 more than
one hlm t= necded for coverage of the dose range of mterest,
1t 1= helpful to seleet films of approximately 1110 same atmount
of enerey dependenee in order to mnke possible the use of
one set of lm stallic flters for all of them. For some special
problemsz of dosimetry Ihv medical-diagnostie and low-
voltage-therapeutic range, it may be possible to eliminate
the need for metallie filters without introdueing too large an
error by selecting films of comparatively small enerey de-
pendence in the energy range under consideration. For
example, if o bare Kodak Periapical Ultra-Speed Dental
Xeray film packet. Code DI-38, 1= exposed to Xeradiation
generated at 100 Ky conustant potential, the dose interpreta-
tion made from a cali Inatum eurve obtained at 50-kv con-
stant potentinl i< about 30 pereent too tow. which for some
applications iz aceeptable.

3.3. Contrasrt, Sensitivity, and Useful Range
In order to achieve the desired accuraey in dose interpre-
tation, it is necessary to procure films that record given dose
differences in terms of large density differences, This will
be the case for filus for which the density-versus-exposure

12
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purve has a sutficiently lmw slope. Conventionally, this
curve is drawn with the abseissa on a logarithmic seale, and
|\ then referred to as “characteristic curve.” The contrast
of a photographie film i.»s related to the slope of its charne-
teristic curve, slope at a particular filin density boing given
by the ratio of the density inerement to the inerement of the
logarithm of the exposure. Figure 5 shows a typieal
S-shaped characteristic curve, hmmg an almost linear por-
tion (constant slope) for intermediate densities and portions
of gradually hmmhhmg slope for very low and very high
densities. For film tvpes with charaeteristic eurves having
extended linear portions, contrast may he defined as the
slope of the linear portion of the ¢ han'm'tm‘istiv curve.  Where
a woell-defined Hnear region is absent, the definition may be
modified and contrast may be defined as the slope of a ehord
between the end points of a judiciously chosen density
interval (sueh as. for instance. the slope of chord AB in
fig. 5).

The slope of the characteristic curve of o given film (vpe
varies with processing ((mdnmnx as well as with the energy
of the lutlmlmn emploved for the exposure.  However, it
was found * that over the entire investigated energy interval
(from approximately 30 kev effective energy to 1110 radiation
energies from a betatron run at a peak energy of 35 Mev)
the ( sssential features of the characteristic curve of a particu-
lar filmy were maintained for a given tyvpe of processing and
that the curves obtained with different radiation unm'wus
could be transformed into cach other by a mere sealing of e

. T

'Y F——

-4 R O—

PHOTOGRAPHIC DENSITIES

L¢] 00 0o0
EXPOSURE, ROENTGLDS

Ficvre 5. Characteristic curve of a photogra phic enlsion.

AN B, unpublished data,



abseissae, Small variatons pmw«winw e and tem-
perature did not disturb these fontures.  This fact ix the
basis for the procedure of “sealing™ density-versus-exposire
CUrves 1% g correction for processing variations as is outlined
in section 5.

Along with suitable energy dependence and high contrast,
the seloction of films desirable im dosnnetry m a given dosage
range is governed by enmlsion sensitivity The sensitivity
of photographic emulsions can be del fined in a number of
different wavs,  In radiation dogimetry, it is usually found to
he convenient to use as a weasure of sensitivily a quantity
that is inversely proportional to the radiation dose required
to produce a certain photographic densily,  (See also see-
ton 2.0 Aecording to the density range in which the
emulsion is actually used. one n»uall\ chooses o photographic
density of 1.00 or 130, Table 3 is a_compilation of values
for the wn.«ni\'it.\' of a number of phmwmplm- cmulsions
exposed to Xeradiation of an effective energy of 0.6 NMev
and developed for 5 minutes in Kodak Lig nid X- ray devels
oper at 20.04+0.1° €,

TABLE 3. Newsiticity of « wumber of photographic films ®

Films fype Film type Sensi- Film type cknse- Sensi
CATIRC Duponts tivity muny tiviry
et e | o= 1on
High Sped. i Type bis BB Tope K I 1]
Superay AT i Type 2o Ol Type Ao o 00 A
NeeSereen 2t Type Sl B3 Pupe B2 R N
Commercial . 17 Type s 15 Type Attt donbles 00334
. copiteil,
Eeprolith Type 1200 Al Type A 0 single
trtho » .. [ Tux [EARR] coutid 011
a Rensitivirye was dotert nu dat densiny 1 for all but the Dupent filin fype 502 for whieb it

was ealenlited st a dens
L Fogs with darkroom s
emadsions.

I'ﬂt  Wratten 81 whieh was used suceessinlly with ol other

While for given processing conditions contrast as well as
sensitivity are inherent characteristies of a given flu, they
vary considerably with the choiee of proc essing conditions
(see seetion 51, However, for a given processing teehnigue.
contrast and sensitivity along wit (hh film uniformity de Lermine
the useful dose range of a film.  Useful dose range is the
exposure interval in which the error in dose interpret tation
by means of P hotographie density does not exceed a reason-
able value.  This value (I( )muh on individual requirements.

Table 4 shows a sample of the type of information necded
to determine useful range. A series of cobalt-60 gamma
exposures was given to Dupont dental-ize fihms of type
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5020 which, after routine sensitomelrie processing. were
seanned densitometrieally on 23 places cach. The inaceurae v
in dose delermination fmlumm 4+ and 51 due to the spread
- density readings oncach film sample (colimm 34 was
determined from a plot of aver 10’0 densifv-versis- o\pomu(u-
prepared from columuns 1 and 2. The lower limit of Hse-
fulness of the film under the parti ieular processing conditions
may be seleeted according (o the inaum ey permissible
for a particular type of application.  The .\‘zlinv procedure
15 then repeated for the npper lmit.

Fasre 4 Tonaccuraey tn dose deicrmination

e

Inaceurney (o dose de-

Dearsit v N
i terminutjon

Exposuie Density spread
N HUIT a4l
of samples
WSy hsolute Pereontaae
nr
Hr
None 0,11 i
_m LA B a0
5 2 sSu 30
‘ 100 L i ]
! B iz a6 i
: 500 88 Ay 5
i

4. Calibration of Photographic Dosimeters
4.1. Radiation Spectrum

It is evident from the preceding sections that a photo-
graphic dosimeter can be. at best, a =econdary deviee for
m asuring radiation dose. It has also been pointed out that
for X- or gamma radiation of energies below ahout 0.3
Mev, the dosimeters are best calibrated against the same
souree of nu!mnon OF 4 souree xmnl(n‘ to the one used in the
area or around the persons to be monitored.  For monitorine
aronnd high-cnergv-radiation sources, it is necessary not
only to obtain a ealibration for one or more high-energy
sources, but also to cheek the energy (fopvmi(nu- of the
dogimeter at low cnergies.  The choice of the high-energy
souree or sonrees depends greatly on the avai alnht\ of such
sources and on the suitability of a particular ealibration
procedure.  Although ¢ monoc lwomatic source is preferable
to a mixed-encrgy souree when a sensitivity eheek at different
energics above .3 Mev is desired. a mixed source mav be
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satisfactory because emulsion  =ensitivity  changes  only
stowly at these energies.  Under some conditions it 1s defin-
itely preforable to mse a mixed souree. 1f this will better
approxinuate the conditions under which the dosinieter will
he exposed in practice.

The choice of the low-energy calibration sources is more
eritical beeause of the fast change of cnmulsion sensitivity
with energy below 0.3 Mev (see tig. 1), Beeause strong
monochromatic gamma sources (which would be the reason-
able choiee for this range) are usnally not available, it is
necessary to filter Xeradiation in a suitable manner to
narrow its speetral band-width as much as possible without
too great a loss in radiation intensity [17].

4.2. Measurement of Beam Dose

The object of an interealibration of a  photographic
dosimeter and a primary or secondary air-jonization standard.
reading in roentgens, is to obtain a correlation between the
energy absorbed and measured in the air volume of the
standard and that absorbed and wmeasured in the photo-
graphic dosimeter. For all practical purposes, measure-
ments in terms of the roentgen obtained by means of properly
calibrated thimble ionization chambers with “air-cquivalent™
walls of electronie-cquilibrium thickness will be adequate,

It may be worth while to stress at this point that all dose
meastrements and calibration exposures should be carried
out with a well collimated X- or gamma-ray beam. Al
filters and supports essentinl to the setup should he placed
as far awav from tlie exposure position as possible, in order
to avoid scattering.  Onee a geometry is seleeted, 1t should
e maintained throughout the experiment, both for dose
measurements awd for film exposures.

The inverse-square law should not be used for the deter-
mination of dose at a point different from that at which
the actual measurenient was performed, unless appropriate
checks have indicated that the souree approximates a point
source with g sufficiently high degree of aceuracy [19]
It is therefore recommended that thie X- or gamma-radiation
dose-rate for each ecalibration setup bhe measured with a
suitable tonization chamber,

5. Photographic Processing
The necessity for adequate control of processing conditions
for sensitometric work is generally recognized.  Detailed
discussions of the important phases of darkreom procedure
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are to be Tound in the literature [20]. While the importanee
of a satisfactory processing technique can never be stressed
too muely, it iz also important to realize that there is not any
one set of processing conditions that produces optunum
cosults; although some teehniques may be preferable to
others under certain conditions, Tt is usnally sufficient to
set up a reproducible technique. 1t may, but need not be,
the sanie for all laboratories.  In choosing a technigue,
one mayv he guided by the recommendations of the manu-
facturers of photographic materials and take into consider-
ation the particular goal that is to he accomplished. The
choice of darkroom illumination, for instance. will be
enided by the sensitivity of the film to visible light? The
choice of processing tanks and racks will be determined by
the film size and by the volume of work to be handled. The
tvpe of processing solutions, and, to a certain extent. the
developing time and temperature, may be guided by the
desired uselul range and contrast of the sensitive materials,
Figure 6 shows the density-versus-exposure relation of the
Dupont film type 510 for a series of developing times and
for two different developers.  The film samples were ox-
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posed o Xeradintion of an effeetive energy of 0.07 Mev.
Phey were developed at 2000017 . in Kodak Liguid
NX-ray developer or in Anseo Reprodol developer.  The

five clarmetenstic curves obtained i the NXamy ({vwlupm*

for different {{\lh)})lll" tintes form a typical familv.  The
photographic densities obtained for a given exposure increase
with nereasing developing time and as long as chemical
fogging does not counteract appreciably the contrast in-
ereases aceordingly. The developing time s seen to be
quite eritieal and. for this reason. an acid stop-bath intro-
duced between the developing and fixing latlm mav be
desirable. A comparison of the eharacteristic eurves oh-
tained with Liguid X-rayv <Iv\'vlnpvt‘ and the curve obtained
with Rey n’mlol developer shows how the useful range of a
])alln ul(n film cmulsion ean be extended by the use of
developers of different characteristies, While for a develop-
e mm- of 3 min in Kedak Liguid X-ay developer the
useful range of the particular emulsion extends roughly from
(.04 to 2 r. the uselul range in Ansco Reprodol developer is
approximately 1 to 18 v. Table 5 <hows similar range
uxlvnsinns for other films, for exposure to Xeradiation of
0.6-Mev effective energy. Tt may be pointed out that in
spite of the fact that the 111010"1(1[)111(' densities nbl:lmml
with Reprodol developer for any given dose are xnmllur v
about a factor of six (han those obtained with (he Licnid
X-ray developer. the contrast thronghout the nsoful emul-
ston range is sometimes higher for Reprodol developer.
However, the uniformity of density over the surface of any

Tarre 50 Fetension of wseful coposire range by the wse of Lo decelopers

Approximate wsefal exposure range -

Film type a ' e

I Kodak Liquid In Anseo Reprodol
Neray developer developwr
Anseo High- \]m 1 "C-i':xy._,‘_h_,, 1 vo o L L0 Lo 1, i
Anseo Superay I N 20 I 1L {1 ST A
...... . Ml tos | L. B IodAlo,
Ansen C nnmaunl - Davemy L 20 o 300,
Anseo Reprolith Ortho . L 28t Lo, L .. ZE e 00N,
bupent type M2 e e (Rt TN ] A, 1t 100
Dupont tape 51y, IOURUIUEES I (1 A 25 1o ).
Dapont (ypse G . T te T ceo 200 e 200,
Fastnun Lype 3302, IR 2t T, o ITRFOERTE TR
Kodak type ois 0
isingle-coatod B S, 000 To 4,000 T aer to 100, bOG

© Fogs with darkroom safe-Hght Wratfen 613, which was il xmuwlull\ with all other
emulsjons,
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one film saple suflers mn»i('t rably, expectally for films with
thick emulsions, such as the Dupont ilm type 510, shown in
Heure 6.

Another important factor in\'nl\’in;r some choiee is the
tvpe of agitation to be applied during developing. 1 bas
Been shown (hat proper mechanical agitation either of the
developing solnlmn or of the film material or of both will
onlianee the uniformity of the densitometrie results as well
as nevcase the speed and contest of the material [7, 20
In some instances, suel ax in the simultanecous development
of a favge nnmber of dental films, the agitation method may
not plvwnl a eraat advantage over stationary development,
provided that the processing soluttons are well mixed
mmmediately prior to development,

One partienlar rack, eapable of holding 300 dental-size
films simultanconsly, was tested at the National Bmonu of
Standards with and without agitation.  The vesults of this
test proved that in the ease of large bulky racks it is <11 -
ficult to devize an agitation method that is suceessful in
removing the used duwlupmu solution from the film surface
withont introducing  currents  that streak the emulsion
Howevor, the same rack was wsed suecessfully without any
agitation in previously well=stivred solutions to develop a
large number of films stmultancously

The sfTects of ]}101‘0\\1110 femperature, processing time, and
strength of processing solutions on processing aceuracies
¢an be eliminated most effeetively by processing a complete
set of ealibration fils zll(mg with the unknown monitoring
samples. These films should be of the same type and bateh
numbers ag the monttoring Hlms and should be exposed (o
radintion of known dose and energy over a dose range stif-
ficient to cover the entire nseful range of the partienlar
films.  Where sueh a proeedure is not feasible, 1t may be
necessary to consider m detatl o number of questions for
which qufm itative answers can be obtained only after a
considerable amount of experimentation.

Tn order to give an example of the type of experiments
(hat would Lave to be earried out. the results of an in-
vesligation of the influence of temperature  ditfereneos
between the il material, the ihn processing racks, and the
processing  solutions  are  deseribed in the  following
paragr uph»«

Pr(rlm' 7 is a plot of photographic sensitivity versus tem-
perature, The experiment was earried oul under two differ-
ent wndit]om In one, both the conventional dental-film
developing rack and (he films were brought to the indieated
temperature; in the other, the rack was kept at room tem-
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perature and the temperature of the films alone was varied.
Background controls were mun for both conditions.  The
plots show an increase in background fog density as well as
an inerease in sensitivity of the exposed filnms for hoth test
conditions.  However, the variations are so small. even in
the case of both the fihus and the rack at temperatures
different from room temperature, that a =+ [0-deg-C' difference
between the processing temperature and thoe temperature of
the film-rack combination would eause only 1 +1 A-pereent
varition in sensitivity, which is wall within experinental
error. When the films alone are brought o a different
temperature, the sensitivity varations are even smaljer,
One may conelude from this study that small differences in
temperature between filn material, conventional dental de-
veloping vacks, and processing solutions do not account for
large processing inconsistencies.  However, it is conceivable
that difficultics may arise if the developing racks emploved
are very large and bulky,

Two of the most common reasons for processing meon-
sistencies are variations in the strength and in the tenmpera-
ture of the processing solutions.  Variations i strength may
result from the use of solutions immediately after mixing
(before they have reached chemienl cquilibrinm) or from the
use of exhausted or partly evaporated solutions.  Crabtree
and Henn [21] found that the Gilin avea that can he developed
ina given amount of processing solution before any significant
changes in film density become apparent differs with flm
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type as well as with the type of processing solution.  They
showed that developmient of about 300 s in of heavily
exposed Rodak Blue Brand NXeray il in 6 gal of Kodak
Liquid Ne-ray developer produces o decrense of 0.1 in density
in the linear portion of the characterisiic curve, while there
15 1o appreciable density decrease with Kodak No-Sereen
N-ray file inder the same conditions. Results of tests
tlustrating the mportance of nnaintaining a constant proe-
essing temperature are shown in figures 8 and 9. The
curves shown i figure 8§ were obtained with Neradiation of
0.07-Mev effeetive energy. Kodak Liguid Xerav developer
was used for processing at a nuniber of different tenipoera-
tures.  The temperatires were maintained with an aceuracy
of £0.1 deg €. The slope of the curves is scen to deercase
with decreasing temperature. The ennilsion sensitivity de-
ereases as well, The extent of the decrease is geen to vary
with emulsion type.  This is brought outl in figure 9. where
the relative sensitivities (proportional to ilm density divided
by the exposure in roentgens) are plotted against developing
temiperature.  While with Dupont filu tvpe 510, a - L-dey
change i temperature produces a change in sensitivity of
alntost 45 pereent s the same change in tetperature prodices
only a £ 2-percent change in sensitivity with Dapont {ilm
type 1290,

Where i is not possible to eliminate the influence of proe-
essing conditions entirely by developing a complete set of
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ealihration fils along with the monitoring samples, proeess-
ing condition= ean be checked by developing a small num-
her of films exposed to one or two known dosages of a given
radiation together with the samples” In this wayv, the
nmgnitude of the nneertainties in processing ean be esti-
mated. The ratio between the econtrol density aetually
obtained and the density corresponding to the particular
exposure on the calibeation curve has been used by zome
authors as the denstty-correction factor for the monitoring
samiples,  They multiplicd (he actually obtained densities
by the correction factor and used the corrected densitios
for the dose interpretation from the density-versus-exposure
curve [12]0 This procedure s adequate as long as the
unknown densities Jie within the range in which photographie
density ix a limear function of exposure. H this is not the
case, it is advisable to modify the deseribed  correeting
procedure by applying a correction to the exposure seale of
the orginally available curve rather than o the densities
of the monitoring samples, The proper correction Tactor
to be applied to the exposure seale 1s the exposure corre-
sponding to the control-film density corrected for hackground
fog, as interpreted on the available cwrve, divided by the
exposure that the control film actually received, '

S owas shown oo she e of processine sanpesiiare variiiens et B some insganees
the extent 1owh varintions atfoer film deasity depends on the emmlsion 1y 1w
Forreliable pes Pore Deeessars 1o s eantrol gatpdes of The same comntlsdon (v pes

atul batehes axare s s enitarine samules,
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6. Photographic Densitometry and Interpreta-
tion of Densities in Terms of Exposure

With the advent of highly stabilized photeelectrie densi-
tometers, densitonretrie procedures have become a matter of
rottine and, with suflicient eare, are reproducible within
0.02 in density, Two different densitometrie procedures
are now in use in the varions laboratories.  In some lab-
oralorios, gross densitometric readings are taken, the zero
setting of the mstrument being the setting for the case of
“100-pereent  transmission.” In o other  laboratories  the
zero point of the instruntent s adjusted to signify the trans-
mizsion of an unexposed film sanple. developed in the same
manner as the monitoring samples and conung {rom the
satne film bateh (net density reading).  These two methods
are equivalent only if ealibration films are developed to-
gether with the monitoring samples or if the “background”
density of later developed samples has not changed appre-
cinhly beeause of fogging of the emulsion between the time
the ealibration curve is prepared and the time the density
of subsequently exposed and  processed monitoring  film
samples is interpreted in terms of dose.

In the case of a change in background fog. the two methods
of densitometry require corrections of a different kind and
magnitude, if serious mistakes In dose interpretations are to
he avorded.  When gross densities ave read. an approximate
correction ean be earried out in the following way:

An unexposed film sample that otherwise has the same
history as the monitoring films is developed along with
these monitoring fils, The film densities are then inter-
preted in terms of exposure from the original calibration
curve.  The true exposure received by the monitoring filns
is obtained by subtracting from the exposure value obtained
from these filims, the exposure corresponding to the density
above base and fog.

In the cuse of net density readings, no further correction
is neeessary, provided that the monitoring films are not
massively fogeed,

7. Storage of Photographic Material

Little quantitative information is available on the de-
structive mfluence of humidity and temperature on photo-
graphic emulsions, be it by fogging of unexposed or exposad
material or by fading of the latent image. Film companies
ustally recommend a (emperature of about 16° € and «
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relative humidity of about 30 percent as optimum for filin
storage.  The humidity of the atmosphere in contaet with
the emulsion can be readily kept coustant by enclosing the
mdividuad packets in moizture-proof bags. The effeet of
storage temperature differs m magnitude with emulsion
tvpe.  Itoas generally true that very zensitive emulsions
fog more readily than less sensitive ones, but there is reazon
to believe that the latent image is less hable to fade  the
sensitive emulzions. The effeet on photographic tihn of
high temperatures prior to exposure is usually not considered
excessive for short-time storage at temperatures up to 50° or
65° . It is, however. suggested that for any particular
choice of storage couditions the effects of temperature and
humidity on the filnr material before and after trradiation
should he tested by developing sample films at regular inter-
vals and mspecting thew condition,

Table 6 gives some data on the effect of high storage tem-
peratures but low storage humidities on two film types both
hefore and after exposure.  Exposures were administered
while the films were at room temperature {about 24° ().
Figures 10 and 11 show the effects of an R-dayv storage after
exposure of the two film types of table 6 at normal room
tenperature (23° to 27° C) and relative humidities not ex-
eceding 60 pereent. While the fading of the Iatent image of
the Dupont film type 510 {(a radiation monitoring film)
eauses a decrease in dose interpretation of only 15 percent
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over this period of time. the fading of the Kodak film type
54800 double-coated (a spectroscopie filmy, causes a de-
crease in dose interpretation of 60 pereent over the same
length of tine.

Tavrk 6. Effect of dry warm air on two different. filne types

Chunge after heating to -

Film 1spe Film condition - SR o

! mz 505 O = 63°% ETORS

Dupont type 510, Unexposed No o change  Fogging 1o Fogging 16

. thackyeroumd after 48 b, | sy i density-1in
: density 4130 Poafter 17 hr, lim‘s than 8
: i,

[ - Preexpused o MNoooelnnge Ll aeen. Fuggin
: : o after by, :
i ;

Kodak Spectre- Desposed  mvaremean memmeceaes Fogg‘h_\; ) i{_)
seOpic filnl chackyromnd ° ) . (hmzjlt’) .35
Tvpue Ssd density wod. alter 6 hr,
tdouble- i |

| coated), ! P o !
.  Presexposed L L e 30-pereent fud-
. i Ing ufter s

1 { o hr.

The considerations above apply to storage only. 1t was
assumed throughout this discussion that all exposures were
made in a laboratory at temperatures hetween 23° and 27°
. 1owever, the work of Morgan [22] on four different
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radiographic tihn types indicates no variation of sensitivity
to N-radiation over a temperature mnge fron — [0° (o + 60°
Coon two of the tested films a variation of about 15 percent
on a third one, and a variation of 40 percent on a fourth.
These resultx were essentially confirmed in this laboratory
for different film types. The tests performed at the Bureau
mdicate, furthermore, that heating during latent-image for-
mation produces different results from heating after the
latent image is formed. This is shown in figure 12 for Du-
pout film type 606, I view of the marked changes in the
density-versus-exposure curves with changing temperatures,
it seems advisabie to proteet the films from large tempera-
ture changes at all times or. where this is impossible, (o de-
termine the effects of high temperatures during storage and
very high or very low (emperatures during ealibration, in
order to be able to apply eertain rough corrections.

8. Summary
T order to facilitate the use of this Handhook for prac-
tical photographic dosimetry and to highlight onee more the
dangers and pitfalls of the photographic method for meas-
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uring radiation dose. a briel sumnury is now given of s
most inportant ideas.

The photographie action of N- and gamma raxvs can he
brought into one-to-one correspondence with radiation dose
as measured in roentgens, and 1t s therefore possible to use
photographic cmulsions for X- and gamma-ray dosimetry,
However, before atteapting to adopt a certain dosimetric
procedure, one should familiarize onesclf with the following
faets:

b The response of photographic film depends on the
encrgy of the Xe- or gaua radiation, used for the exposure
expectally in the energy region up to about 633 Mev, The
film should therefore be calibrated with a radiation speetrum
similar to that encountered i aetual use, unless the energy
dependence has been sufliciently counteracted by the effect
of w seleetively absorbing il holder.

2, The response of photographie film to penetrating radia-
tion {electromagnetic or corpusculars dependson the material
surrounding the emulsion as well as on the inherent charace-
teristies of the enmanlston ttselfs In the case of X- or gamin
radiation it ix necessary Lo surround the film with material
suflicient for eleetronie equilibriuny inorder to obtain repro-
ducible results under varving conditions.

3. xen=itivity and contrast of a photographic emulsion are
materially influenced by the type of developing agenis, their
age and temperature, as well as by the developing time, the
type of fihn developing rack. and the mode of agitation dur-
ing the developing process. Processing conditions should
therefore he kept as nearly constant as possible. I at all
feasible. calibradon filis shonld be processed along with the
monitoring films. Where this 1z impossible. control films
should be used 1o adjust the ealibration curves in such a
way as {o compensate for any changes in processing
conditions,

4. The recommendations of the manufacturers mayv be
followed regarding best storage and processing procedures of
the il material, its useful hie span, and the fading charae-
teristies of (he latent image under normal conditions,
Where unusual eirenmstanees are expected to arise or no
information can be obtamed from the muanufacturers,
further tests should be performed on the particular fibn
tvpes.

When used i conjunetion with the attached referenee list,
this Handbook should enable the reader to become suffi-
ciently familiar with the fundamental proeesses of photo-
graphic X and gammua-ray dosimetry to set up his own
dosumetrie labovatory.
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