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THREE-DIMENSIONAL HIGH DOSE RATE DOSIMETRY OF
PULSED ELECTRON BEAMS: THE COMBINED RADIOCHROMIC
FILM AND CALORIMETRIC MEASUREMENTS
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We present an evaluation of the precision and accuracy of image-based radiochromic film do-
simetry. A stack of radiochromic film FWT-60 was used to map a radiation field produced by
an electron pulse from a Febetron 707 accelerator (dose rate around 5-10M Gy/s; maximum
dose around 160 kGy). The three-dimensional dose distribution was obtained by a He-Ne
scanning-laser microdensitometer and using image segmentation and correction for non-lin-
car response of films. Calorimetry and electron paramagnetic resonance dosimetry were used
to verify the results obtained with a FWT-60 film.
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INTRODUCTION

There is an increasing need for measurements of
depth-dose distribution both along the beam as well
as laterally; i. e., two-dimensional (2D) and three-di-
mensional (3D) dose distribution, in areas such as ra-
diation processing, radiotherapy, radiobiology, efc.
One possible option is stacking of radiochromic films
(RCF), an approach, particularly suitable for calibra-
tion using calorimetry, that was initially proposed by
Radak [1] and later employed by others [2, 3]. How-
ever, the problem of the lateral dose distribution, apart
from film stacking, requires the use of 2D spatially re-
solved measurements of the absorbance of each film, i.
e., the use of scanning densitometry (see e. g. [4]).
However, an additional problem arises when a high
dose and/or high dose rates are used where nonlinear
dosimeter response frequently occurs. An accurate do-
simetry of extremely high dose rates is rather compli-
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cated task since the dose range limits of each particular
dosimeter should be determined.

In this work we examined the suitability of a
FWT60 radiochromic film in determining the 3D
dose distribution from a pulsed electron beam (EB)
source using scanning densitometry in assessing the
dose distribution. We used an aluminum calorime-
ter (as a dose rate insensitive standard) in assessing
the response of these RCE The approach is some-
what similar to the one reported in the paper by
Janovsky and Miller [2], however, here a high-inten-
sity pulsed electron beam was used and dosimeter
films exhibit a nonlinear response. In addition, elec-
tron paramagnetic resonance (EPR) dosimetry was
used to verify the results obtained by RCF dosime-

try.
EXPERIMENTAL

FWT-60 radiochromic films were purchased
from Far West Technology Inc. (Goleta, CA, USA).
Alanine dosimeters (0.3 mm thick plates) were pre-
pared as previously described [5]. Fricke solution, FWT
films and alanine EPR dosimeters were separately irra-
diated in a ®°Co radiation field (3 samples for each dose
value, maximum dose rate around 1 Gy/s) by placing
them into polystyrene phantoms with 5 mm thick walls
to achieve electron equilibrium.

* . . .
Although commercial name of product is given, no endorse-
ment or evaluation of merit is intended.
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Electron irradiation was performed on a
Febetron 707 accelerator (Field Emission Corpora-
tion) using 20 ns electron pulse of nominal energy
of 2 MeV. Maximum estimated dose rate of EB is
around 510 Gy/s [6].

To obtain the dose vs. penetration depth relation-
ship for electrons, a stack of 13 films (5 x 5 cm, thick-
ness 0.047 +0.002 mm) separated by aluminum plates
(5 x 5 cm, thickness 0.07-0.21 mm) was placed per-
pendicular to the electron beam at the distance of one
millimeter from the accelerator tube. The overall thick-
ness of the stack was sufficient for total absorption of
the pulsed EB. Aluminum was used as a material for
spacers (instead of'e. g plastic) to allow direct compari-
son with calorimetric measurements. In the second
type of experiment, alanine dosimeters (two 5 x 10
mm plates positioned side-by-side) were added be-
tween films (10 x 10 mm) and aluminum plates. EPR
spectra were measured using a Varian EPR spectrome-
ter, model E 104A, operating at X band frequency
(9.5 GHz).

Calorimetry was performed with a simplified ver-
sion of the quasi-adiabatic aluminum calorimeter [7]. It
consists of two aluminum discs (diameter 6 cm, thick-
ness 4 mm) connected to a copper-constantan thermo-
couple (sensitivity 40 pV/°C). One disc, placed perpen-
dicular to the electron beam at the distance of one
millimeter from the accelerator tube, was irradiated,
while the other was at room temperature. Since the di-
ameter of the accelerator tube is only 3.3 cm, it can be
safely assumed that all electrons were absorbed within
the calorimeter.

To account for the possible differences of the out-
put of the accelerator in separate irradiations of film stack
and calorimeter; a RC film having same dimensions as in
stacked-films experiment was placed over the side of cal-
orimeter facing the accelerator tube. This film was ana-
lyzed in the same manner as films from stacked-films ex-
periment and it was found that the differences in the
output were negligible.

The absorbance of gamma-irradiated films
was measured on a Perkin-Elmer Lambda 5 spec-
trophotometer at the wavelength of 633 nm. The
peak absorbance of the blue colored product of irra-
diated films is at 605 nm [8], but we used the
absorbance at 633 nm to match the wavelength of
the He-Ne laser microdensitometer. In addition,
such choice of wavelength enabled us to diminish
the saturation effects and to make a spectrophoto-
metric analysis to cover the high dose range em-
ployed in this work (seee. g [8]). The absorbance of
EB irradiated films was measured on a Pharmacia
LKB Ultrascan XL microdensitometer. The light
source in the microdensitometer was a He-Ne laser
(wavelength 633 nm) and the film surface was
scanned with a beam spot diameter of 100 pm,
which is more than sufficient to enable a good 2D
spatial resolution.

RESULTS AND DISCUSSION

Figure 1 shows the results obtained for FW1-60
films in the ®*Co radiation field. The response of films
used is in agreement with previous results for this type
of film [9]. Subsequent measurements of absorbance
of these films using microdensitometry (the entire
surface was scanned) showed an excellent agreement
of these two techniques in assessing absorbance, i. e.,
the difference in measured absorbance was within the
standard error of absorbance for any individual tech-
nique (<5%). This is not surprising since these films
were uniformly irradiated and absorbance was mea-
sured at the same wavelength [10], however, this step
was necessary since results in fig. 1 were further used
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Figure 1. Dose response of radiochromic FWT-60
films irradiated with 6°Co y-rays. Absorbance of films
was measured at 633 nm using spectrophotometry,
while the dose was determined by Fricke-standard.
The line is obtained using a polynomial second order
function
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Figure 2. Absorbance of radiochromic film (5 x 5 cm)
irradiated by EB as measured by microdensitometry
and presented as a gray scale with twelve intensity lev-
els. The dotted line shows the cross-section line used
to obtain data in fig. 3
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Table 1. The depth dose distribution of the total dose
calculated for each film as a weighted average (by area)
of doses for each segment

AP
[g/cm?] | [mm?]

385.46 | 0.451 | 0.321 |13.5+0.3
138.11 | 0.162 | 0.716 | 37+1
113.81 | 0.133 | 0.944 | 54+2
0 74.06 | 0.087 | 1.14 70+£2 43+2
56.95 | 0.067 | 1.35 90+£3
24.7 10.029 | 1.51 | 106+7
61 0.071 | 1.72 | 130+ 11

545.9 | 0.643 | 0.267 |10.8+£0.3
130.71 | 0.154 | 0.793 | 43+1
41.04 | 0.048 | 1.06 | 64£2
31.15 | 0.037 | 1.23 79+2
312 | 0.037 | 1.46 | 1015
68.89 | 0.081 | 1.88 | 150+ 12

650.62 | 0.753 | 0.294 |12.2+£0.3
101.13 | 0.117 | 0.783 | 42+2

0.114 | 31.26 | 0.036 | 0.932 | 53%2 25+1
15.98 | 0.018 | 1.24 79+2
64.89 | 0.075 | 1.51 | 106+7

691.15| 0.81 | 0.254|10.2+0.3

Dt()t

D
APIP LA Gyl | kGy)

0.057

0171 |102.64| 012 | 0713 | 37+1 |19.140.6
5088 | 007 | 136 | 91+3
758.36 | 0.879 | 0212 | 8.2+ 0.3

0228 | 3691 | 0.043 | 0.727 | 38+1 |13.8+04
6785 | 0.078 | 1.06 | 6442
79419 | 0.918 | 0.184 | 6.9+ 0.2

0285 | "705 | 0.082 | 0915 | 52+2 |106£03
805.96 | 0.936 | 0.19 | 7.2+0.2

0315 | 5487 | 0.064 | 0.889 | 50+2 | 2903
83451 | 0.964 | 0.163 | 5.9+ 0.2

0.345 | 3087 | 0,036 | 0.869 | 48+2 | /403
831.98 | 0.974 | 0.146 | 5.2+ 0.2

0.365 | 5533 | 0,026 | 0799 | 43+ | 6202

0422 |852.94| 1 |0124|42+02)| 42402

0479 | 857.34| 1 |0.082|24+02]| 24+02

0536 | 845.24| 1 |0051|12+02]| 12402

AP — segment area; AP/P — fractional area; A — absorbance per
segment; D — dose per segment; Dior — dose per film

for determining the dose vs. penetration depth rela-
tionship for pulsed EB.

Figure 2 shows a typical result of microden-
nsitometric measurements of absorbance of
FWT-60 films irradiated with pulsed EB. Com-
pared to the case of uniformly irradiated films, mea-
surement of absorbance (and hence the dose) is not
simple. Namely, the absorbance of certain central
areas of the film (peak absorbance is close to 2) is
within a nonlinear region of the calibration curve
(see fig. 1), while peripheral regions are within the
almost linear region (bellow 0.6), so the simple
measurement of an average absorbance of the entire
film would yield an erroneous value of the absorbed
dose. We therefore used an image segmentation
procedure. Concentric sections comprising of
about 0.2 units of absorbance were identified, their
average absorbance (corrected for the background
absorbance) was determined and the dose for each

Figure 3. The depth-dose distribution measured by a
stack of FWT-60 radiochromic films irradiated by
pulsed EB. 2D dose profiles were given for the central
cross section of the film

segment was calculated using data in fig. 1. Such
procedure enabled correction for the nonlinear do-
simeter response. The total dose for each film was
then calculated as a weighted average (by area) of
doses for each segment (tab. 1). Table 1 shows that
the number of segments receiving the dose above
the background value is progressively reduced, so
that the 3D dose profile has a conical shape. In the
last 3 films receiving low doses the segmentation is
not necessary, but when absorbance is simply aver-
aged without segmentation for the first few films,
errors higher than 20% were found due to high op-
tical density (OD) gradients.

Figure 3 shows the depth-dose distribution.
Two-dimensional dose profiles of the central cross sec-
tion of each film were obtained by point-by-point
conversion of absorbance into doses using calibration
data in fig. 1. The shape of the first profile in fig. 3 is
slightly different from the others, which reflects the al-
teration of the beam geometry once electrons pass the
first film and enter aluminum plates. In the very center
of the beam, measured absorbancies are reaching val-
ues around 2.0, which is slightly higher then mea-
sured absorbancies shown in fig. 1, but using a poly-
nomial fit they were converted into corresponding
doses. In the case of uniformly irradiated films the er-
ror might be substantial, but it should be remembered
that the overall dose of non-uniformly irradiated film
was calculated per unit area (i. e., volume). Conse-
quently; the area in the beam center that might exceed
absorbance of 2.0 is so small (few square millimeters)
so that contribution of uncertainties in converting
these absorbencies into doses is less then 5% in the
overall estimated error in dose calculation (tab. 1).
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The above procedure is justified only if the cal-
ibration of dosimeters carried out at a gamma facil-
ity (dose rate around 1 Gy/s) can be transferred to
EB irradiation (dose rate >10'! Gy/s). It has been
reported previously that FWT films have an almost
identical response to both ®®Co and electron irradia-
tion [9, 11] and that the response of FWT-60 is not
dose rate dependent up to 102 Gy/s [11]. The man-
ufacturer even claims that the response is dose rate
independent up to 10 Gy/s, but they do not state
how this was determined. Calorimetry, as a dose
rate insensitive method, was used to verify that
there is no rate dependence under our experimental
conditions. Alanine dosimeters also appear to be
dose rate independent up to 10! Gy/s [12].

Image segmentation and correction for
non-linear response of films also enables determina-
tion of the total dose received by the stack of dosim-
eters during the EB pulse. Using the energy ab-
sorbed per unit area F [2], comparison with
calorimetry can be achieved as follows. The dose
readings of individual samples of the stack enabled
construction of the depth-dose distribution shown
in fig. 4. In calculating the total dose for each film
we used the area of 8.55 cm?, i. e., the aperture of
the accelerator tube. This appears to be a reasonable
choice since only the first film showed some
absorbance beyond this area with values that were
higher than the background value. However, by in-
cluding these values, the overall calculated dose
would be higher by only 1.6%. Integration of the
depth-dose curve yielded a value of F = 8.13 J/em?.
The total energy of the electron beam, as obtained
from calorimetry, was 66.3 J. Using the same beam
spot area of 8.55 cm?, we obtained F = 7.75 J/em?.
Such close agreement (the difference between the
two techniques is only around 5%) demonstrates
that microdensitometric scanning and the proper
analysis of film OD gradients can yield an accurate
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Figure 4. The depth-dose distribution of the total
dose absorbed by a stack of FWT-60 radiochromic
films irradiated by electrons

3D dose distribution even when a nonuniform irra-
diation of RCF is associated with their nonlinear
response.

The above agreement might appear surprising
since the response of the films can be temperature de-
pendent [13, 14]. The heating of the films during
pulsed EB irradiation is to be expected, which can
afect the “transfer” of calibration that was carried out
at a gamma facility. Using the average deposited en-
ergy per unit area of the beam spot (calorimetric mea-
surements), the average temperature increase of the
stack upon EB irradiation could amount to 16 °C. The
maximum irradiation temperature is in first two films
and can reach up to 50 °C. Effective irradiation tem-
perature is therefore around 35 °C [14], i. e., 15 °C
above the room temperature (i. e., the irradiation tem-
perature at low dose rate gamma facility). In general,
the absorbance in both radiochromic solution and in
radiochromic thin films increases with temperature
(in the region between 20 and 50 °C) approximately
by 0.2% per degree Celsius [13-16]; this could in-
crease the absorbance by not more than 3% and could
not influence considerably our results. In addition, it
has been found that the absorbance of irradiated
FWT-60 films is temperature insensitive in the region
between 20 and 50 °C [13]. Using plastic spacers in-
stead of aluminum ones, the obtained F value was
7,66 J/cm? [17]. Slightly higher values of F obtained
with aluminum spacers vs. plastic spacers can be a con-
sequence of differences in thermal conductivity and/or
electron scattering between these two materials, but
tor all practical purposes this differencies are negligible
and are mainly determined by a minor differences in
the output of the accelerator in separate irradiations.

Once the entire 3D data set is known, it is
casy to determine the depth-dose distribution
along any selected direction and for any selected
area. A simple example is given in fig. 5. It dem-
onstrates that almost identical results are ob-
tained when the dose is evaluated using conven-
tional spectrophotometry of 1 x1cm films and
when it is extracted from the central 1 x 1 cm
area of 5 x 5 cm films using the above described
method. However, this agreement between
spectrophotometry and scanning densitometry is
due to the fact that practically no absorbance gra-
dients exist within one square centimeter around
the beam axis. The agreement of those results
with EPR dosimetry further justifies the correct-
ness of RCF dosimetry. However, it should be
noted thatitis almost impossible to determine the
lateral distribution using EPR dosimetry (quanti-
tative 2D or 3D EPR imaging is a very tedious
procedure, [18]); thus the comparison of EPR
and RCF dosimetry can be done only if scanning
of the film shows no appreciable lateral
absorbance gradients.
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Figure 5. The depth-dose distribution in the cen-
tral 1 x 1 cm area along the accelerator electron
beam measured by: a stack of 5 x 5 cm FWT-60
radiochromic films (=); a stack of 1 x 1 cm FWT-60
radiochromic films (o); a stack of 1 x 1 cm alanine
film dosimeters (v)

The depth-dose distribution curves in figs. 4 and
5 have different shapes and both are difterent from the
theoretical depth-dose distribution for monoenergetic
2 MeV electrons. It is well known that the height of the
maximum in the depth-dose distribution (due to the
establishment of electron equilibrium) decreases with
the increasing of the surface area of observation of the
beam spot. Due to the necessity of comparison with ca-
lorimetric results, we had to deal with the total number
of electrons and hence to scan a large area of the film.
Therefore one can hardly expect a maximum on the
depth-dose curve derived from those results. It is also
the reason for the differences between the curves in ﬁgs
4 and 5. Namely, electrons were not monoenergetic
and not even near 2 MeV. Using data on 3D depth dose
distribution, we were able to extract the initial electron
energy spectrum [19], which is similar to a measured
one using the same type of accelerator [20] indicating
again usefulness and correctness of our 3D dosimetry
measurements.

CONCLUSIONS

The use of RCF in assessing the 3D distribu-
tion of the absorbed dose has advantages due to
their small thickness in stack configuration, rugged-
ness and ease of handling. However, when broad
pulsed beams are examined, laser scanning of films
OD seems mandatory for precise determination of
the total dose absorbed by the film to account for
nonuniform dose distribution followed by image
segmentation which is important in case of nonlin-
ear response of RFC. A calibration of the radiation
response of RCF by means of both calorimetry and
standard chemical dosimetry is advantageous. An
adequate post-processing of 2D dose distribution

of individual films enables determination of the
depth dose distribution along any selected direction
along the beam and for any selected cross section.
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bojana IIEHREPOB, T'opan BAYNh

TPOOIMMEH3NOHAI/IHA PACIHOAEJA JO3E Y IIYICY EJIEKTPOHA
BUCOKE JAYMHE NO3E - KOMBUHOBAHA MEPEIbA PAIMOXPOMHUM
ONIMOBUMA N KAJTOPUMETPOM

IIpenoskeHa je MeTOza 3a MPEU3HO U TAYHO OfipebnBamke TPOAMMEH3NOHAIIHE PACIIOfielie 103e
Kopulthe’eM pafuoXpoMHux ¢uinmosa. CeHIBUY pPaJUOXPOMHUX (PUIMOBA YHOTpeO/bEH je 3a
ofgpebuBame pafujaloOHOr OJba IyJica e1eKTPOHA KOje IPOU3BOAM AKIENepaTop eNeKTPOHA jaunHEe J03€
oko 5-10°" Gy/s u makcumanse no3e 160 kGy. TpopuMeH3noHnaiHa pacnoyesia jo3e JooujeHa je momohy
J1aCepCKOT MUKPOAEH3UTOMETPa KOPUTOBAk-eM Ha HEIMHEAPHN OTOBOP PAANOXPOMHUX (PIIIMOBA TOMOhyY
CerMeHTHpama BPEeTHOCTH ancopbannuje (uinmosa. Pesynratn Mepema 103e pagHoXpoMHUX (PHUIMOBA
ynopebeHu cy ca pe3ynTaTuMa Mepemna KaIOpUMETPOM H IOMOhY eJIEeKTPOH MapaMarHeTHE pe30HaHIuje.



