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Film Dosimetry of Electrons in the Energy Range
0.5 to 1.4 Million Electron Volts’

J. Fleeman and F. 3. Frantz, Jr.

Two typas of Blma were egpmed i0 electrons in the enemgy rsope (U5 to 1.4 mijllion

alectron volta.  The fi

lm response waz found Lo be linearly proportional to the dosage re

eeived and independent of the aporgy of the incident eleciroms in the mepsurgd encrgy

ranga. The photographis densit
paper shaorber surmunding the

is further ghown to bo depondent on the amobnt of
lra. A etep-wedge filter s suggeated that would permlt

exptrapolation of denalties to zaro filter thickness,

1. Intreduction

The recent advances in radioactivity leading to
high-activity radistion sources haz made the etudy
of pareo monitoring increasingly importent, For

mma rays, many of the techniques used earlier for
g—rays have provided development guides. How-
ever, becsure high-activity electron sources have
only recently become available, personnel monitoring
systems for electrons are somewhat behind those for
pamma raye.  Several techniquas, including photo-

phic films similar to the film badges used for
~Tiy3, have heen suggested. In the film techmque,
the opacity of the processed flm = s menspre of the
radiation received by it. However, sach t‘ffpe of
film mt?\hm & calibration curve ralating the derken-
ing of the film to the radiation exposure. .
onitoring techniques do not require a high ac-
curaey as the short-time biolagical responses for low
eXpoBUres Bre not a%pmﬂinhle, and in addition, there
are considerable individual veriations in radiation
reaponse. Usually an accuracy of 15 to 30 perzent
s acceptable? IJt, is therefore entirely feasible to
deternune the ionization produced in an air eavity by
the radiation and from this to eompute the dosa de-
livered to the surrounding tissue. The thecretical
and experimentsl factora involved in this computa-
tion are not accurately known, but it is estimated
that the over-all accuracy of the computatiom is
within § percent, o

Because of the high attennation in the body of the
radiation from commonly available electron sources,
the do=s received hear the surface of the skin is most
important, However, as the skin hes a dead layer
averaging ¥ mg/em?, there is no renson for measu
the doeage at leseer depths. Actually, becanse o
clectron scattering, the dosape msy inerease some-
what beyond this depth, bui for modernte electron
energies personnel monitoring dosages are measured
at thas depth. ‘

Density-dosage curves for two films, Minimax
Dental X-ray Film Extra Fast and du Pont Desimeter
type 542 sinple film packet,’ when exposed to elec-
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trona of 0.5 to 1.4 miliion electron volts (Mev) and
also to the beta rays from uranium, ste presented in
the preseni paper. L .

polysiyrene used in this experiment has an
gverage atomic number and density close to that of
humen tissua, In addition, 7 mgfem® of polystyrens
iz uzerl to simolate the dead leyer of tissue. Conse-
quently, the correlation experiment reported here
relates the darkening of the film previously men-
tioned when exposed to electron bombardment in
termsa of the energy dissipated in ¥ mpgfem?® of poly-
styrene, which i& equivalent to the dead layer of
human tfissue. It must be clesrly understood that
the dosage is not the energy dissipated in the flm
but in the polystyrene. The two are related by way
of the relative etopping powers of the materials.

2. Apparatus and Procedure

High-energy electrons produced in an eleciron
sccelerator * passed through a 203 107%-em.-thick
alominum window into an evacnated eollimator, and
thence thro a sacond window into either an ion-
ization chamber or inte the film badge. A shutter
near the first window permitted aceurste eontrol of
the film sxposvre. Aluminuer baffles in the collima-
tor zerved to reducs the amount of scattered radiation
incident on the film or ionization chamber and to
make the main electron beam q]a.ra]]el. A carriaga
supported both the film-bndge holder and the ion-
ization instruments so that either eould be securetaly
positionad in the alectron beam (G, 17.

The extrapolation-type ionization chamber * (fig.
2} was arranged so that the plates were perpendicalar
to the beam and the apacing could be varied, The
plate upon which the eleciron beam was incident had
& thickness of 7 mgfem® of polystyrene. The collec-
tor plate siza {1.0M-cm diameter) was determined to
be well within the area of uniform electron-bosm
intenzity, An FP-54 elsctrometer located directly
below the chamher mesaured the ionization corrent
to this eollsctor by indicating the voltage drop across
i fixed resiator in the grid circuit,

{1 E. BE. Charln and K. B. Hubibeht, Gaob, Elte, Bav. S, 272 (140).
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It has recently been recommended ® that electron
dosages be expressed in terms of energy absorbed per
Eram of tissue at the position in %Suﬁsﬁum It has

een shown 7 that the energy, £, absorbed per gram
of material is related to the number, J5, of ion pairs
produced in a small air cavity per gram of air by

Eo=sWdy,,

* R etwd mi [ons 01' the Intsmational Commission on Radicloglesl Tnita
Lamedom, 19500, Radiclogy &, 117 (1951). Goa also, U7, Fame and L. 8. Tavler,
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whaore 5 is the stopping power of the material relative
to mir® and Wis gzne energy requirad te produce an
ion pair (5.23¢ 107" erg to within 393, J, i3 deter-
mined from the potential, ¥ (volia), across the grid
resistor, 4.56>10° ohms; the area of the collector,
0.8556 em?; the density of air at normal temperature
and pressure, ().00129 g/em®; the actual air pressure,
P (mm of Hg); the temperature, T {°K); the elec-
tronic charge, LGB0 10T sonlarb; the fime, ¢; and
the plate separation, & {ecm), Therefore,

[ _(1.020%{(5.20)(10~") V(760)7¢
"= {4.56)(105(0.855)4(0.00128) P27 3N1.6)(10- 5

Wi,
P

=1840

Values of 1" were obtained experimentally for sev-
eral different plate se tions, &, The slope of ths
reaulting curve gave V/d, and this, together with tha
pEl;erum and temperature, gave the exposure rata,

i

Dats were obtained st each 0.1 Mev in the renge
0.5 to 1.4 Mev. The elaciron dosage rate was first
determined at a given accelarating potential by the
ionization chamber. The chamher was remowved
irom the beam, and film were exposed to different
dosages by timing the exposures. Ionization meas-
urerments were then repeated to determine the con-
staniey of the dosage rate. For changes in dosage
rietes of less than 10 percent, averape dosaga retes
were used; for changes larger than 10 percent, in-

clated dosage rates were used.

ilm exposures were also made on a Iarge vranium
Blague by placing the film directly on the tight
7 mgjem’ covering of the plagne. The doaa%e rate
of the plague had previously been messured * to be
20.1 f{ergsfe)/hour at the surface of the covering hy
&n axtmpoﬁntion chamber method.

All films exposed at a given energy plus a control
film were processed simuﬁlunwus]y. ’Fhaf wers de-
veloped for 5 minutes in Eestman Liguid X-rayDevel-
oper and Replenicher at 20° C, Axed for 5 minutes at
207 C, waghed for 30 minutee, and dried. Film den-
gity was determined on a calibraied Ansco-3weet
densitometor, model 11, for densities helow 2.6 and
on an Anseo soler densitemeter model 12 for higher
dengities,

3. Results and Discussion

Figures 3 and 4 show the results of the density-
dosage determination of Minimax and du Pont 552
film, respectively. In each figure, two sets of
curves are presenied. The upper set are the data
for the density-dosage mlatiomhir, using eno-
energetic electrons, and the results are plotted
using the various values of the incident energy of
the electrons as a parameter; the lower curve is
the density-dosage relationship, using the uranium
ol ot 1o PRObARLY WOCAPRL? 10 T o ?ni%“g;%%mm“iﬁm{'ﬁ: b
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plaque. An examination of the dats for mone-
enelgetic electrons seems to indicate that the re-
sponsa of these films is independent of the energy.
In order to establish this more aeccurately, the
density was plotted apninst the energy by using
several values of the dosage &3 a parameter (50, 104,
and 150 ergs{g). Bti the meothod of least squares
it was determined that to within the aceurscy o
the result= the density-dosage relstionship is inda-
pendent of the energy in the en. interval 0.5
to 1.4 Mev. These resulta can be understood n
the following qualitative menner: The dosage to
which a film heen exposed iB easentislly & meay-
ure nf the amount of energy that has been expended
by the electron in its traversal through a film. The
mein cause of this energy loes results from tha in-
elaetic seattering of the electrons by the atoms of
the phatngrn]ﬁng emulzion. However, this proc-
#88 16 the mechanism that accounts for the darkening
of film. Consequently, to a first approximation,
one expects a linesr dependence of density upon
dosage for electrona of sufficient enargy to penetrate
the completely.

Pelz * has made the most intensive theoretical
study of the action of X-rays and electrons on

hotographic film. He showe that the form of the
g&ﬂﬂity—dosagﬁ relationship is

D=I% (1—¢=*),

whera I, i3 the =aturation density, and = is the dos-
age in roentgens. The quantity s i3 a function of
the magzs of the undeveloped grains, the number of
quants required to affect a prain, and in the case
of X-rays, tha mass absorption coefficient of the
silver-bromide grains. Expanding the quentity
in the exponent, it will ba ohserved that for small
walues of (e} one must expact a linear funetion for
the density-dusage relationship. In the low-density
region, it will be observed that the density does
indeed exhibit this linear relationshi very well.
This independence of the response of the film to
glectron energy smnd the linear dependence upon
energy lozs in the film is of the t}fﬂe to he expected
from Pele’s resuits. As shown by these curves,
the slope of the curve iz determined only by the
type of film used, that is, upon grain size, ete. For
the du Pont 552 film only, there exists 2 slight amount
of eurvature for densitice greater than 1.0 The
saturation density for this film has been determined
to be roughly 3.5; thus, the curvature that s oh-
" served results from the saturation properties of
the film, For Minimax film, thia curvature is not
observed in the density rangs zere to six. In the
low-energy region whera the incident electrons are
stopped m the film, the responze of the film can be
expacted to be energy dependent.’ )

The lower curves of firures 3 and 4, respectively,
ghow the response of Minimax end du Pont 552 film
when exposed to urnnium. These curves indicaie s

n g R, Beho, Proc. P'hﬂn Hor, WY, 62 {‘Iﬁiﬁ.ﬂ

i R, ¥F. Baker, ®, 4, Hamberg, and 1. Hilller, 1, Applied Phye, 18, 460 (1142 ;
. v, Borvles, &. Fhvslk 119, 43¢ (142); Phydlk. 7. £3, 180 (15¢7); B. F, Missen,
2. Fhyalk 11E, 373 (1844).

glope that is roughly one-half that of the correspond-
g curves nbt&inedy by using monoenergetic electrons
in the previously mentioned energy interval. This
difference in elope resulta from the differsnce in tha
éner, s?ctrum to which the films have been ex-
pos&ﬁ{ he electrons from the uwranium plaque have
& continunus apectrum with & ealeulated most prob-
able at mughiy 0.1 Mev and an average in
the neighborhood of 0.45 Mev, In the decay scheme
of U= there are zix bheta emitters of interest, UX,,
UX,, RaB, ReC, RaD, snd RaE'* Emitters UXy
and RaC each have two poseible modes of decay.
For UX, the beta spectrum of ons of tha Eransitions
hes & maximum am of .205 Meav and is 80 percent

robable; the other & maximum en of 0.11

av and is 20 percent probable. For RaC, the
end-poing energies are 1.66 and 3.18 Mev with a
probability of %0 percent and 20 percent, reapac-
tivaly, remaining end-point energies are 2.3,
0.7, 0.0249, and 1.16 Mev, respectively. From these
data, semiempirical bets spectra™ have been con-
structed for each of these transitions to determine a
composite spectrum. In this mannoer, the above
values of the most probeble energy and average
energy have been deatermined. The film iteelf is
wrapped in twe layers of paper whose total thick-
nees 13 of the order of 26 mg/em?. KFrom the eurve
of the composite U™ gpectrum, it can be shown that
the fractionsl number of electrons absorbed in the
peper wrapping is of the order of 22 percent, so that
the fractional lose of slectrons due to their absorption
by the paper covering iz large for electrons from ura-
mum snd small for slectrons from the monoanergetic
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beam, Consequently, the reduced density of the
flm when exposed to the uranium plaque results
from the lose of elactrons by absorption, az well as
the modification of the electron energy spectrum
upon passage throvgh the paper wrapping.
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Frause 4. Densily-dosage curved Jor du Pond Dosfmeter film
type 558 single fifm pockel,

An auxiliary experiment was performed to deter-
mine the dependence of tho Minimax dental film
only upon the energy spectrum of the incident
electrons. In addition to the paper wrapping nor-
mally present, alominum absorbers of varying thick-
nesg were wrapped sround the fiim, and the films
were exp to the ursnium plague until each re-
ceived & surface exposure equal to 41.9 erge/g of
tiemue-equivalent material. set of data was ob-

tained by vsing monoenergetic electrons at 0.6, 0.0,
and 1.2 Mev. The results of this experiment are
ghown in figure 5. The upper curves are the resulis
for the density of the film with aluminum sbeorbers
when exposed to monoenergetic electrons ab the

a enecrgies. The lower curve is the result for
the identicsl experiment uzing the uraniom plague.
For zerc aluminum absorber, the density of the cx-
posad film sfter backpround had been subtracted is
approximately .52 for the lower curve. This value
iz t¢ be comnpared with the density of 0.45 obtained
from the eorresponding point in figure 5 when the
background of 0.25 is subtractod. In figure 5, the
denmty of the film for zero aluminum absorber at 0.6
wnd 1.2 Moav iz 1.10 and 0.87 respectively, Com-
parison with 0.9 Mev is omitted as no density-dosage

information had been taken at this energy for Mini~
max film. The densities from figure  at a dosage of

41.9 ergafe are 0.90 and 0.85 for the teg (L6 and
1.2 Mev, respectively, The curves of re & for
tha monoenergetic electrons give an average dansity
of 097 for zero aluminum absorber. iz valua

stands in good agreement with the wvalue of 0.04
obtained from figure 3.
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FIGURE A.

It is clear from the foregoing results that & simple
determination of the density is not sufficient in ﬂrtliJer
to detarmine gmueliv the dosage to which the Alm
has been exp . In addition to the density, a
knowledge of the energy spectrum of the electron
beam would be required. In order to cirevmvent
this limitation, a step-wedge type of flter pould ba
used. A plot of the filter thickness against film den-
sities would then permit sxtrapolation to a filter
thicknass of 7 mgfem?®, Eecanse the thinnest Glter
would have to be quite thick in order to make the
packet light tight and because beta rays and alectrons
produce very different t¥pas of attenuation eurves,
the proposed filter would not give a high order of
aceuracy, but in many csecs it may be suffielent
for personne] monitoring.

The nuthors thank H. Q. Wyckoff for the many
belpiul discussions during the course of the experi-
ment; C. K. Horner, now with the Department of
the Navy, who was c.’hieﬂy raaponsible for the desipen
of the extrapolation chamber and the FP-54 elec-
trometer housing; and J. A. Simpson, for the design
and construction of the electron extractor.
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