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THREE-DI MEN SIONAL  HIGH  DOSE  RATE  DO SIM E TRY  OF
PULSED ELEC TRON  BEAMS:  THE  COM BINED  RADIOCHROMIC 

FILM  AND  CA LO RI MET RIC  MEA SURE MENTS

by
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We pres ent an eval u a tion of the pre ci sion and ac cu racy of im age-based radiochromic film do -
sim e try. A stack of radiochromic film FWT-60 was used to map a ra di a tion field pro duced by
an elec tron pulse from a Febetron 707 ac cel er a tor (dose rate around 5 ×1011 Gy/s; max i mum
dose around 160 kGy). The three-dimensional dose dis tri bu tion was ob tained by a He-Ne
scan ning-la ser microdensitometer and us ing im age seg men ta tion and cor rec tion for non-lin -
ear re sponse of films. Cal o rim e try and elec tron para mag netic resonance do sim e try were used
to ver ify the re sults ob tained with a FWT-60 film.
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IN TRO DUC TION

There is an in creas ing need for mea sure ments of
depth-dose dis tri bu tion both along the beam as well
as lat er ally, i. e., two-di men sional (2D) and three-di -
men sional (3D) dose dis tri bu tion, in ar eas such as ra -
di a tion pro cess ing, ra dio ther apy, radiobiology, etc.
One pos si ble op tion is stack ing of radiochromic films
(RCF), an ap proach, par tic u larly suit able for cal i bra -
tion us ing cal o rim e try, that was ini tially pro posed by
Radak [1] and later em ployed by oth ers [2, 3]. How -
ever, the prob lem of the lat eral dose dis tri bu tion, apart 
from film stack ing, re quires the use of 2D spa tially re -
solved mea sure ments of the absorbance of each film, i. 
e., the use of scan ning densitometry (see e. g. [4]).
How ever, an ad di tional prob lem arises when a high
dose and/or high dose rates are used where non lin ear
do sim e ter re sponse fre quently oc curs. An ac cu rate do -
sim e try of ex tremely high dose rates is rather com pli -

cated task since the dose range lim its of each par tic u lar
do sim e ter should be de ter mined.

In this work we ex am ined the suit abil ity of a
FWT-60*radiochromic film in de ter min ing the 3D
dose dis tri bu tion from a pulsed elec tron beam (EB)
source us ing scan ning densitometry in as sess ing the
dose dis tri bu tion. We used an alu mi num cal o rim e -
ter (as a dose rate in sen si tive stan dard) in as sess ing
the re sponse of these RCF. The ap proach is some -
what sim i lar to the one re ported in the pa per by
Janovsky and Miller [2], how ever, here a high-in ten -
sity pulsed elec tron beam was used and do sim e ter
films ex hibit a non lin ear re sponse. In ad di tion, elec -
tron para mag netic res o nance (EPR) do sim e try was
used to ver ify the re sults ob tained by RCF do sim e -
try.

EX PER I MEN TAL

FWT-60 radiochromic films were pur chased
from Far West Tech nol ogy Inc. (Goleta, CA, USA).
Alanine do sim e ters (0.3 mm thick plates) were pre -
pared as pre vi ously de scribed [5]. Fricke so lu tion, FWT 
films and alanine EPR do sim e ters were sep a rately ir ra -
di ated in a 60Co ra di a tion field (3 sam ples for each dose
value, max i mum dose rate around 1 Gy/s) by plac ing
them into poly sty rene phan toms with 5 mm thick walls 
to achieve elec tron equi lib rium.
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Elec tron ir ra di a tion was per formed on a
Febetron 707 ac cel er a tor (Field Emis sion Cor po ra -
tion) us ing 20 ns elec tron pulse of nom i nal en ergy
of 2 MeV. Max i mum es ti mated dose rate of EB is
around 5×1011 Gy/s [6].

To ob tain the dose vs. pen e tra tion depth re la tion -
ship for elec trons, a stack of 13 films (5 ´ 5 cm, thick -
ness 0.047 ± 0.002 mm) sep a rated by alu mi num plates
(5 ´ 5 cm, thick ness 0.07-0.21 mm) was placed per -
pen dic u lar to the elec tron beam at the dis tance of one
mil li me ter from the ac cel er a tor tube. The over all thick -
ness of the stack was suf fi cient for to tal ab sorp tion of
the pulsed EB. Alu mi num was used as a ma te rial for
spac ers (in stead of e. g. plas tic) to al low di rect com par i -
son with ca lo ri met ric mea sure ments. In the sec ond
type of ex per i ment, alanine do sim e ters (two 5 ´ 10
mm plates po si tioned side-by-side) were added be -
tween films (10 ́  10 mm) and alu mi num plates. EPR
spec tra were mea sured us ing a Varian EPR spec trom e -
ter, model E 104A, op er at ing  at  X  band fre quency
(9.5 GHz).

Cal o rim e try was per formed with a sim pli fied ver -
sion of the quasi-adi a batic alu mi num cal o rim e ter [7]. It
con sists of two alu mi num discs (di am e ter 6 cm, thick -
ness 4 mm) con nected to a cop per-con stan tan ther mo -
cou ple (sen si tiv ity 40 mV/°C). One disc, placed per pen -
dic u lar to the elec tron beam at the dis tance of one
mil li me ter from the ac cel er a tor tube, was ir ra di ated,
while the other was at room tem per a ture. Since the di -
am e ter of the ac cel er a tor tube is only 3.3 cm, it can be
safely as sumed that all elec trons were ab sorbed within
the cal o rim e ter.

To ac count for the pos si ble dif fer ences of the out -
put of the ac cel er a tor in sep a rate ir ra di a tions of film stack 
and cal o rim e ter, a RC film hav ing same di men sions as in
stacked-films ex per i ment was placed over the side of cal -
o rim e ter fac ing the ac cel er a tor tube. This film was an a -
lyzed in the same man ner as films from stacked-films ex -
per i ment and it was found that the dif fer ences in the
out put were neg li gi ble.

The absorbance of gamma-ir ra di ated films
was mea sured on a Perkin-Elmer Lambda 5 spec-
trophotometer at the wave length of 633 nm. The
peak absorbance of the blue col ored prod uct of ir ra -
di ated films is at 605 nm [8], but we used the
absorbance at 633 nm to match the wave length of
the He-Ne la ser microdensitometer. In ad di tion,
such choice of wave length en abled us to di min ish
the sat u ra tion ef fects and to make a spec tro pho to -
met ric anal y sis to cover the high dose range em -
ployed in this work (see e. g. [8]). The absorbance of
EB ir ra di ated films was mea sured on a Pharmacia
LKB Ultrascan XL microdensitometer. The light
source in the microdensitometer was a He-Ne la ser
(wave length 633 nm) and the film sur face was
scanned with a beam spot di am e ter of 100 mm,
which is more than suf fi cient to en able a good 2D
spa tial res o lu tion.

RE SULTS AND DIS CUS SION

Fig ure 1 shows the re sults ob tained for FWT-60
films in the 60Co ra di a tion field. The re sponse of films
used is in agree ment with pre vi ous re sults for this type
of film [9]. Sub se quent mea sure ments of absorbance
of these films us ing microdensitometry (the en tire
sur face was scanned) showed an ex cel lent agree ment
of these two tech niques in as sess ing absorbance, i. e.,
the dif fer ence in mea sured absorbance was within the
stan dard er ror of absorbance for any in di vid ual tech -
nique (<5%). This is not sur pris ing since these films
were uni formly ir ra di ated and absorbance was mea -
sured at the same wave length [10], how ever, this step
was nec es sary since re sults in fig. 1 were fur ther used

Fig ure 1. Dose re sponse of radiochromic FWT-60
films ir ra di ated with 60Co g-rays. Absorbance of films 
was mea sured at 633 nm us ing spectrophotometry,
while the dose was de ter mined by Fricke-stan dard.
The line is ob tained us ing a poly no mial sec ond or der
func tion

Width [cm]

Fig ure 2. Absorbance of radiochromic film (5 ́  5 cm)
ir ra di ated by EB as mea sured by microdensitometry
and pre sented as a gray scale with twelve in ten sity lev -
els. The dot ted line shows the cross-sec tion line used
to ob tain data in fig. 3
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for de ter min ing the dose vs. pen e tra tion depth re la -
tion ship for pulsed EB.

Fig ure 2 shows a typ i cal re sult of mi croden-
nsitometric mea sure ments of absorbance of
FWT-60 films ir ra di ated with pulsed EB. Com -
pared to the case of uni formly ir ra di ated films, mea -
sure ment of absorbance (and hence the dose) is not
sim ple. Namely, the absorbance of cer tain cen tral
ar eas of the film (peak absorbance is close to 2) is
within a non lin ear re gion of the cal i bra tion curve
(see fig. 1), while pe riph eral re gions are within the
al most lin ear re gion (bel low 0.6), so the sim ple
mea sure ment of an av er age absorbance of the en tire
film would yield an er ro ne ous value of the ab sorbed
dose. We there fore used an im age seg men ta tion
pro ce dure. Con cen tric sec tions com pris ing of
about 0.2 units of absorbance were iden ti fied, their
av er age absorbance (cor rected for the back ground
absorbance) was de ter mined and the dose for each

seg ment was cal cu lated us ing data in fig. 1. Such
pro ce dure en abled cor rec tion for the non lin ear do -
sim e ter re sponse. The to tal dose for each film was
then cal cu lated as a weighted av er age (by area) of
doses for each seg ment (tab. 1). Ta ble 1 shows that
the num ber of seg ments re ceiv ing the dose above
the back ground value is pro gres sively re duced, so
that the 3D dose pro file has a con i cal shape. In the
last 3 films re ceiv ing low doses the seg men ta tion is
not nec es sary, but when absorbance is sim ply av er -
aged with out seg men ta tion for the first few films,
er rors higher than 20% were found due to high op -
ti cal den sity (OD) gra di ents.

Fig ure 3 shows the depth-dose dis tri bu tion.
Two-di men sional dose pro files of the cen tral cross sec -
tion of each film were ob tained by point-by-point
con ver sion of absorbance into doses us ing cal i bra tion
data in fig. 1. The shape of the first pro file in fig. 3 is
slightly dif fer ent from the oth ers, which re flects the al -
ter ation of the beam ge om e try once elec trons pass the
first film and en ter alu mi num plates. In the very cen ter 
of the beam, mea sured ab sor ban cies are reach ing val -
ues around 2.0, which is slightly higher then mea -
sured absorbancies shown in fig. 1, but us ing a poly -
no mial fit they were con verted into cor re spond ing
doses. In the case of uni formly ir ra di ated films the er -
ror might be sub stan tial, but it should be re mem bered 
that the over all dose of non-uni formly ir ra di ated film
was cal cu lated per unit area (i. e., vol ume). Con se -
quently, the area in the beam cen ter that might ex ceed
absorbance of 2.0 is so small (few square mil li me ters)
so that con tri bu tion of un cer tain ties in con vert ing
these ab sor ben cies into doses is less then 5% in the
over all es ti mated er ror in dose cal cu la tion (tab. 1).

Fig ure 3. The depth-dose dis tri bu tion mea sured by a
stack of FWT-60 radiochromic films ir ra di ated by
pulsed EB. 2D dose pro files were given for the cen tral 
cross sec tion of the film

Ta ble 1. The depth dose dis tri bu tion of the to tal dose
cal cu lated for each film as a weighted av er age (by area) 
of doses for each seg ment

d
[g/cm2]

DP
[mm2]

DP/P A
D

[kGy]
Dtot

[kGy]

0

385.46
138.11
113.81
74.06
56.95
24.7
61

0.451
0.162
0.133
0.087
0.067
0.029
0.071

0.321
0.716
0.944
1.14
1.35
1.51
1.72

13.5 ± 0.3   
37 ± 1
54 ± 2
70 ± 2
90 ± 3
106 ± 7

130 ± 11

43 ± 2

0.057

545.9
130.71
41.04
31.15
31.2
68.89

0.643
0.154
0.048
0.037
0.037
0.081

0.267
0.793
1.06
1.23
1.46
1.88

10.8 ± 0.3
43 ± 1
64 ± 2
79 ± 2
101 ± 5
150 ± 12

35 ± 1.7

0.114

650.62
101.13
31.26
15.98
64.89

0.753
0.117
0.036
0.018
0.075

0.294
0.783
0.932
1.24
1.51

12.2 ± 0.3
42 ± 2
53 ± 2
79 ± 2
106 ± 7

25 ± 1

0.171
691.15
102.64
59.88

0.81
0.12
0.07

0.254
0.713
1.36

10.2 ± 0.3
37 ± 1
91 ± 3

19.1 ± 0.6

0.228
758.36
36.91
67.85

0.879
0.043
0.078

0.212
0.727
1.06

8.2 ± 0.3
38 ± 1
64 ± 2

13.8 ± 0.4

0.285
794.19
70.5

0.918
0.082

0.184
0.915

6.9 ± 0.2
52 ± 2

10.6 ± 0.3

0.315
805.96
54.87

0.936
0.064

0.19
0.889

7.2 ± 0.2
50 ± 2

9.9 ± 0.3

0.345
834.51
30.87

0.964
0.036

0.163
0.869

5.9 ± 0.2
48 ± 2

7.4 ± 0.3

0.365
831.98
22.33

0.974
0.026

0.146
0.799

5.2 ± 0.2
43 ± 2

6.2 ± 0.2

0.422 852.94 1 0.124 4.2 ± 0.2 4.2 ± 0.2

0.479 857.34 1 0.082 2.4 ± 0.2 2.4 ± 0.2

0.536 845.24 1 0.051 1.2 ± 0.2 1.2 ± 0.2

DP – seg ment area; DP/P – frac tional area; A – absorbance per
seg ment; D – dose per seg ment; Dtot – dose per film
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The above pro ce dure is jus ti fied only if the cal -
i bra tion of do sim e ters car ried out at a gamma fa cil -
ity (dose rate around 1 Gy/s) can be trans ferred to
EB ir ra di a tion (dose rate >1011 Gy/s). It has been
re ported pre vi ously that FWT films have an al most
iden ti cal re sponse to both 60Co and elec tron ir ra di a -
tion [9, 11] and that the re sponse of FWT-60 is not
dose rate de pend ent up to 1012 Gy/s [11]. The man -
u fac turer even claims that the re sponse is dose rate
in de pend ent up to 1014 Gy/s, but they do not state
how this was de ter mined. Cal o rim e try, as a dose
rate in sen si tive method, was used to ver ify that
there is no rate de pend ence un der our ex per i men tal
con di tions. Alanine do sim e ters also ap pear to be
dose rate in de pend ent up to 1011 Gy/s [12].

Im age seg men ta tion and cor rec tion for
non-lin ear re sponse of films also en ables de ter mi na -
tion of the to tal dose re ceived by the stack of do sim -
e ters dur ing the EB pulse. Us ing the en ergy ab -
sorbed per unit area F [2], com par i son with
cal o rim e try can be achieved as fol lows. The dose
read ings of in di vid ual sam ples of the stack en abled
con struc tion of the depth-dose dis tri bu tion shown
in fig. 4. In cal cu lat ing the to tal dose for each film
we used the area of 8.55 cm2, i. e., the ap er ture of
the ac cel er a tor tube. This ap pears to be a rea son able
choice since only the first film showed some
absorbance be yond this area with val ues that were
higher than the back ground value. How ever, by in -
clud ing these val ues, the over all cal cu lated dose
would be higher by only 1.6%. In te gra tion of the
depth-dose curve yielded a value of F = 8.13 J/cm2.
The to tal en ergy of the elec tron beam, as ob tained
from cal o rim e try, was 66.3 J. Us ing the same beam
spot area of 8.55 cm2, we ob tained F = 7.75 J/cm2.
Such close agree ment (the dif fer ence be tween the
two tech niques is only around 5%) dem on strates
that microdensitometric scan ning and the proper
anal y sis of film OD gra di ents can yield an ac cu rate

3D dose dis tri bu tion even when a non uni form ir ra -
di a tion of RCF is as so ci ated with their non lin ear
re sponse.

The above agree ment might ap pear sur pris ing
since the re sponse of the films can be tem per a ture de -
pend ent [13, 14]. The heat ing of the films dur ing
pulsed EB ir ra di a tion is to be ex pected, which can
afect the “trans fer” of cal i bra tion that was car ried out
at a gamma fa cil ity. Us ing the av er age de pos ited en -
ergy per unit area of the beam spot (ca lo ri met ric mea -
sure ments), the av er age tem per a ture in crease of the
stack upon EB ir ra di a tion could amount to 16 °C. The 
max i mum ir ra di a tion tem per a ture is in first two films
and can reach up to 50 °C. Ef fec tive ir ra di a tion tem -
per a ture is there fore around 35 °C [14], i. e., 15 °C
above the room tem per a ture (i. e., the ir ra di a tion tem -
per a ture at low dose rate gamma fa cil ity). In gen eral,
the absorbance in both radiochromic so lu tion and in
radiochromic thin films in creases with tem per a ture
(in the re gion be tween 20 and 50 °C) ap prox i mately
by 0.2% per de gree Cel sius [13-16]; this could in -
crease the absorbance by not more than 3% and could
not in flu ence con sid er ably our re sults. In ad di tion, it
has been found that the absorbance of ir ra di ated
FWT-60 films is tem per a ture in sen si tive in the re gion
be tween 20 and 50 °C [13].  Us ing plas tic spac ers in -
stead of alu mi num ones,  the ob tained F value was
7,66 J/cm2 [17]. Slightly higher val ues of F ob tained
with alu mi num spac ers vs. plas tic spac ers can be a con -
se quence of dif fer ences in ther mal con duc tiv ity and/or 
elec tron scat ter ing be tween these two ma te ri als, but
for all prac ti cal pur poses this differencies are neg li gi ble 
and are mainly de ter mined by a mi nor dif fer ences in
the out put of the ac cel er a tor in sep a rate ir ra di a tions.

Once the en tire 3D data set is known, it is
easy to de ter mine the depth-dose dis tri bu tion
along any se lected di rec tion and for any se lected
area. A sim ple ex am ple is given in fig. 5. It dem -
on strates that al most iden ti cal re sults are ob -
tained when the dose is eval u ated us ing con ven -
tional  spectrophotometry  of  1 ́  1 cm  films  and
when  it  is  ex tracted  from the  cen tral  1 ´ 1 cm
area  of  5 ´ 5 cm films us ing the above de scribed
method. How ever, this agree ment be tween
spectrophotometry and scan ning densitometry is
due to the fact that prac ti cally no absorbance gra -
di ents ex ist within one square cen ti me ter around
the beam axis. The agree ment of those re sults
with EPR do sim e try fur ther jus ti fies the cor rect -
ness of RCF do sim e try. How ever, it should be
noted that it is al most im pos si ble to de ter mine the 
lat eral dis tri bu tion us ing EPR do sim e try (quan ti -
ta tive 2D or 3D EPR im ag ing is a very te dious
pro ce dure, [18]); thus the com par i son of EPR
and RCF do sim e try can be done only if scan ning
of the film shows no ap pre cia ble lat eral
absorbance gra di ents.

Fig ure 4. The depth-dose dis tri bu tion of the to tal
dose ab sorbed by a stack of FWT-60 radiochromic
films ir ra di ated by elec trons
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The depth-dose dis tri bu tion curves in figs. 4 and
5 have dif fer ent shapes and both are dif fer ent from the
the o ret i cal depth-dose dis tri bu tion for monoenergetic
2 MeV elec trons. It is well known that the height of the
max i mum in the depth-dose dis tri bu tion (due to the
es tab lish ment of elec tron equi lib rium) de creases with
the in creas ing of the sur face area of ob ser va tion of the
beam spot. Due to the ne ces sity of com par i son with ca -
lo ri met ric re sults, we had to deal with the to tal num ber
of elec trons and hence to scan a large area of the film.
There fore one can hardly ex pect a max i mum on the
depth-dose curve de rived from those re sults. It is also
the rea son for the dif fer ences be tween the curves in figs. 
4 and 5. Namely, elec trons were not monoenergetic
and not even near 2 MeV. Us ing data on 3D depth dose 
dis tri bu tion, we were able to ex tract the ini tial elec tron
en ergy spec trum [19], which is sim i lar to a mea sured
one us ing the same type of ac cel er a tor [20] in di cat ing
again use ful ness and cor rect ness of our 3D do sim e try
mea sure ments.

CON CLU SIONS

The use of RCF in as sess ing the 3D dis tri bu -
tion of the ab sorbed dose has ad van tages due to
their small thick ness in stack con fig u ra tion, rug ged -
ness and ease of han dling. How ever, when broad
pulsed beams are ex am ined, la ser scan ning of films
OD seems man da tory for pre cise de ter mi na tion of
the to tal dose ab sorbed by the film to ac count for
non uni form dose dis tri bu tion fol lowed by im age
seg men ta tion which is im por tant in case of non lin -
ear re sponse of RFC. A cal i bra tion of the ra di a tion
re sponse of RCF by means of both cal o rim e try and
stan dard chem i cal do sim e try is ad van ta geous. An
ad e quate post-pro cess ing of 2D dose dis tri bu tion

of in di vid ual films en ables de ter mi na tion of the
depth dose dis tri bu tion along any se lected di rec tion 
along the beam and for any se lected cross sec tion.
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Bojana [E]EROV,  Goran BA^I]

TRODIMENZIONALNA  RASPODELA  DOZE  U  PULSU  ELEKTRONA
VISOKE  JA^INE  DOZE – KOMBINOVANA MEREWA RADIOHROMNIM 

FILMOVIMA  I  KALORIMETROM

Predlo`ena je metoda za precizno i ta~no odre|ivawe trodimenzionalne raspodele doze
kori{}ewem radiohromnih filmova. Sendvi~ radiohromnih filmova upotrebqen je za
odre|ivawe radijacionog poqa pulsa elektrona koje proizvodi akcelerator elektrona ja~ine doze
oko 5×1011 Gy/s i maksimalne doze 160 kGy. Trodimenzionalna raspodela doze dobijena je pomo}u
laserskog mikrodenzitometra korigovawem na nelinearni odgovor radiohromnih filmova pomo}u 
segmentirawa vrednosti apsorbancije filmova. Rezultati merewa doze radiohromnih filmova
upore|eni su sa rezultatima merewa kalorimetrom i pomo}u elektron paramagnetne rezonancije.


