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The study reported in this paper aimed to investigate the response of a GAFChromic®
HD-V2 film dosimeter in the dose range between 10 and 300 Gy, normally used to perform
irradiation tests on electronic devices with a ©°Co gamma-ray irradiator. The well-defined lin-
earity of response in terms of absorbance as a function of absorbed dose, easiness of handling
and data analysis of irradiated dosimeters, reproducibility, stability, and insensitivity to visible
light and most of the environmental parameters, make HD-V2 film a flexible, inexpensive and
reliable dose measurement device. The study has shown a fogging effect of the dosimeter re-
sponse since its value changes over time. Strategies and adequate precautions to take into ac-
count changes on HD-V2 film physical properties for calibration and routine use in industrial
applications, with a specific reference to radiation testing of electronic devices, have been dis-

cussed.
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INTRODUCTION

Many industrial applications of ionizing radia-
tions require the use of reliable dosimeters for the mea-
surement of high doses. A solution can be represented
by Gafchromic films, a fast and inexpensive means of
performing accurate quantitative radiation dosimetry
in different activities. In fact, crystalline structural
properties of these films change when exposed to a ra-
diation field, and, with increasing absorbed dose, a
polymerization with a chromatic change occurs. Al-
though originally produced for medical use, in particu-
lar for measurement of 2-D dose distribution in radio-
therapy, radiosurgery and brachytherapy [1-7],
Gafchromic self-developing dosimetry films are also
used in other activities given their improved dose sen-
sitivity. Recently produced, HD-V2 film is specifi-
cally used for quantitative measurement of high level
absorbed dose (Dose Range: 10 Gy — 1000 Gy) due to
high energy photon interactions [8]. It is suitable for
research and industrial applications, food irradiation,
radiation processing or to evaluate the performance of
electronic components [9-14].

* Corresponding author; e-mail: elio.tomarchio@unipa.it

Gafchromic HD-V2 films are interesting as reli-
able dosimeters for measurement of absorbed dose in
radiation testing of electronic devices, one of our re-
search activities aimed to study the effects of gammara-
diations on electronic components used, in particular,
for space applications [15-17]. In this field, main do-
simeters used for radiation testing of electronic devices
are thermoluminescent dosimeters, ionization cham-
bers, semiconductor dosimeters, polymer alanine do-
simeters, perspex dosimeters, and radiochromic dosim-
eters. All of them have different characteristics that
make them useful in different conditions, as reported in
[18].

The widespread use of electronic systems has
reached high levels in a variety of fields. Some of them
imply particular operative conditions that can be criti-
cal and require an adequate study of the device re-
sponse to external radiation fields. In fact, it is well
known that radiation can influence electronic compo-
nent and system performances, with a variety of in-
duced effects, depending on device type and radiation
field [19-26].

The technical features of HD-V2 dosimeters
have already been examined [27-30] but no detailed
information is available for the use of HD-V?2 films in
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the aforementioned application field. For this reason, a
study on its characteristics, with reference to calibra-
tion, reproducibility, and stability of dosimetric data
has started over time.

This work reports the results of testing on re-
sponse properties of HD-V2 Gafchromic films with
the use of a ®°Co gamma irradiator. The analysis of re-
sults obtained with dosimeters irradiated at different
dose values highlighted a fogging effect over time.
Following, strategies and precautions to adequately
taking into account the variation on HD-V2 film prop-
erties for the industrial application, with a specific ref-
erence to radiation-hardness testing of electronic de-
vices, are discussed.

MATERIALS AND METHODS

GAFChromic® HD-V2 dosimetry films

Ashland GAFChromic® HD-V2 film (batch no.
12151401), designed to measure the absorbed dose
due to high energy photons, has been investigated.
HD-V2 Gafchromic film consists of a nominal 12
pm-thick radiation-sensitive layer, that contains the
active principle, the marker, the stabilizers and other
components that give an energetically independent re-
sponse of film, and of a transparent substrate polyester
layer (97um). The HD-V2 film is able to fit a range of
dose between 10 to 1000 Gy, with a minimal differ-
ence of response based on the photon energy (from
100 keV to about 20 MeV). Treatment after the exposi-
tion is not required and dosimetry film can be handled
and used inside a normal room. Its principal features
are given in [8].

With increasing dose, the active component of
HD-V2 film responds to radiation exposure by form-
ing a blue colored polymer with maximum absorption
at a wavelength of approximately 670 nm [8].

The response curve of HD-V2 film dosimeters
was obtained in accordance with ISO/ASTM 51275
[31] and ASTM STANDARD E668 [32]. A sheet of
GAFChromic® HD-V2 film (203.2 mm x 254 mm)
was cut into 200 small pieces, 10 mm x 25 mm each, by
means of a precision cutter. Each of the pieces ob-
tained was identified as a film dosimeter. These cut-
ting sizes are not mandatory but depend on the irradia-
tion conditions, dimensions of the irradiated device,
characteristics and reading modalities of the tool used
for film analysis.

Film dosimeters were kept at a temperature of
22 £+ 2 °C, and removed from a light tight envelope
only during irradiation and readout procedures.

All the dosimeters were treated with the same
modalities, from the preparation to storage, from irra-
diation to analyses. Irradiations were performed at a
dose rate level of 2 Gymin™!, an intermediate value in

the suggested dose rate range between 0.034 Gymin™!
and 3.4 Gymin' within which the manufacturer as-
sures an error on response lower than 5 %.

Irradiation

The gamma-ray irradiator used for dosimeter ir-
radiation, named [rradiatore Gamma Sicilia-3
(IGS-3), is placed inside the building No. 6 of Depart-
ment of Energy of the University of Palermo. The
IGS-3 research facility is a panoramic dry source stor-
age irradiator, classified in category II by IAEA [33],
with 12 %°Co sources arranged each in a cylinder of 5
cm in radius.

The irradiation system consists of 12 stainless
steel tubes each of which can accommodate a dou-
ble-encapsulated %°Co stainless steel cylindrical
source with an active height of 110 mm and 6.3 mm in
diameter. Normally stored in recovery position inside
a lead tank, the sources have a different activity, for a
total of about 5000 GBq, and can be moved in vertical
direction putting them in the exposure position with a
maximum dose rate in water of about 0.45 kGyh!
[34]. To realize a lower dose-rate value, a different
number of sources can be exposed, paying attention to
achieving a beam symmetry (at least 2). To get a 2
Gymin! dose rate, only 3 sources with lower activities
were exposed. In [15-17, 34] are available detailed in-
formation, photographs of the facility highlighting
source lead container, exposure devices, irradiation
area and a working table where exposure of electronic
devices can be realized. The structure is equipped with
dosimeters, to assure a safe functioning and precise
dose measurement and is able to offer a good versatil-
ity to carry out several typologies of irradiation tests.
The characteristics of the beam inside the irradiation
area and on the working table, were periodically deter-
mined using a calibrated PTW Freiburg TM 30015
ionization chamber.

The dose value was obtained by timing the expo-
sure of the sources, setting on a timer the value corre-
sponding to chosen absorbed dose value. At the end of
irradiation time, a switch trips on for a complete recov-
ery of the sources.

Measurement tools

Although the most used film analysis equipment
is flat-bed digital scanners, the response spectral
absorbance of HD-V2 was measured using a Perkin
Elmer Lambda 660 UV-VIS spectrophotometer, avail-
able at our Department, paired with a dedicated soft-
ware. Spectral absorbance A is the common logarithm
of the ratio of incident to transmitted spectral radiant
light power through film material. For an appropriate
analysis of irradiated dosimeters, a wavelength of
about 670 nm was selected as the best choice for any
absorbed dose value [8].
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The HD-V2 Gafchromic films have an asym-
metrical cross-section. Since the manufacturer indi-
cated that the response may be dependent on which
side of the film is facing the light source, original sheet
and all dosimeters were marked so the same side was
always used for dosimetric reading. Uniformity can be
supposed because all the dosimeters were obtained by
cutting a single sheet of the same batch. However, uni-
formity was tested taking into account 30 dosimeters
chosen randomly among the ones obtained by cutting
the sheet. The sample size specified, 30, is the number
of measurements required to estimate an average value
of absorbance, A, and the standard deviation, o, of do-
simeter response distribution at a 95 % confidence
level [32].

RESULTS AND DISCUSSION
Dosimetry film response

The study of the response of the HD-V2 films
was carried out by irradiating a series of dosimeters at
varying dose levels and at different times for more
than a year. In analogy with [32], uniformity was veri-
fied by fulfilling the condition 5 <0.08 4, as =0.035
and 4 = 1.006 values were obtained. For each mea-
sured point, a dosimeter number from 3 to 5 was used
to obtain a more reliable mathematical average. Film
dosimeters were irradiated at a dose rate of 2 Gymin™!
up to a final dose value ranged between 10 and 300 Gy,
and analysed after 24 hours to obtain a response curve.

An example of this response curve is reported in
fig. 1 where it can be noted that a linear fit represents very
well (correlation coefficient R> = 0.998) the relation be-
tween absorbance (A4) and dose (D). Dose uncertainties
were all lower than 3 % and for clarity of representation
are not shown in fig. 1. Compared with the functional rela-
tion proposed by the manufacturer [8], with specific refer-
ence to flat-bed scanners, the linear trend obtained with a
670 nm spectrophotometer is useful and easier to use.
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Figure 1. Response curve of a GAFChromic® HD-V2 as a
function of adsorbed dose. Error bars: 1 uncertainty.
a.u.= arbitrary units

Response fogging over time

To test the response of the batch, calibration
measurements were repeated periodically during more
than a year. The results are shown in fig. 2 where some
response curves of the same HD-V2 batch performed
at different times were compared.

Figure 2 highlighted a significant fogging effect
related to calibration time. Therefore, it seems neces-
sary to determine a new response curve for a given
measurement time, which may be difficult for the
availability and use of calibration sources. However, it
can be noted that the linear fits in fig. 2 are almost par-
allel and for our dosimeter batch the following can be
applied

A=aD[Gy]+ 4, @)

where the absorbance, 4, is a function of dose, D, in
Gray (Gy), a is a fitting parameter, and 4, — the
absorbance mean value of no irradiated dosimeters.
The fogging effect noted in irradiated dosimeters is
better highlighted in fig. 3 in which variation trends for
dosimeters irradiated at various dose levels and analysed
during more than a year time period, were reported. Data
acquired show that the absorbance value seems to in-
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Figure 2. Comparison of response curves of a
GAFChromic® HD-V2 as a function of adsorbed dose
obtained during more than the one-year time period of
observation. Error bars: 16 uncertainty. a.u.=arbitrary
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Figure 3. Variation over time of absorbance of irradiated
GAFChromic® HD-V2 dosimeters for different dose
values. Error bars: 16 uncertainty. a.u.=arbitrary units
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Figure 4. Variation over time of absorbance of
non-irradiated GAFChromic® HD-V2 dosimeters.
Error bars: 16 uncertainties. a.u. = arbitrary units

crease linearly with the time, keeping into account the
uncertainties of the measurements. The same variation
was detected in non-irradiated dosimeters, as shown in
fig. 4, where the trend of the absorbance mean value of
non- irradiated dosimeters, 4, measured over a time pe-
riod more than a year was reported.

At a given time a correct response curve can be
obtained assuming the slope (a) of relation (1), and de-
termining, prior to each use, the 4, value through the
reading of no irradiated dosimeters.

Variation of 4, with time can be determined by
periodically reading a set of 3-5 non-irradiated dosim-
eters belonging to the same batch. The determination
of'this value, easily obtained through the good correla-
tion with time (fig. 4, correlation coefficient R> =
=0.965), is a key-point for the reliability of the
method such that availability of 4, value over time al-
lows to correct the absorbance response and improve
measurement accuracy.

Irradiation test on electronic
components

As an application example, the use of dosimetry
films in testing radiation-hardness of electronic com-
ponents with °°Co sources is briefly described. With
reference to the field of application of the electronic
component of interest, a radiation level to which a de-
vice component should be tested is defined. A classifi-
cation of these levels, commonly identified as “radia-
tion resistance levels” (RRL), expressed as dose to
Silicon, D(Si), is given in tab. 1.

To reach a given RRL, different test configura-
tions must be provided for each application. During its

Table 1. RRL ([35] with modifications)

RRL D(Si) Applications
030 G Commercial: industrial, robotic, nuclear,
y biomedical, space shuttle
Tactical: submarines, tanks missiles,
3-300 Gy airborne, ground (field radar,
communications), space station
200-500 Gy Space: low earth orbit
500-2000 Gy Space: high orbit
1000 Gy and more Deep space; strategic: military

Figure 5. Photograph of an irradiation configuration,
with testing device placed directly in front of sources
while other components are protected by a lead shielding

functioning, a component was normally exposed to
radiation field, with a dosimeter placed on the compo-
nent to evaluate the device absorbed dose value, while
power supply and auxiliary circuits were protected by
lead shields [17].

The HD-V2 Gafchromic film is very useful and
efficient for this task because it is easy to position on
the device. Furthermore, its small thickness does not
affect the radiation field or the performances of the de-
vice itself, and it seems to have, in some instances, a
protective function. Figure 5 shows the photograph of
one of these configurations with the device sited in
front of ®°Co sources and HD-V2 films placed on the
components of interest [35].

Special experiments based on total ionizing dose
(TID) test method reported in [36] required device irra-
diation until failure using multiple exposures (with an
interval of maximum | hour) and intermediate monitor-
ing of electrical parameters. As we can easily see from
tab. 2 , HD-V2 cover dose range of TID interest both in
a single dose solution (within 500 Gy), as well as in
multiple intermediate steps for higher doses [36].

As an example, in a test performed with IGS-3 it
was required to achieve a TID of 1000 Gy. For this
task, four irradiation steps of 250 Gy each were pro-
grammed; at each interruption HD-V2 dosimeter was
replaced and the absorbed dose was determined. Table
2 reports the dose readings that confirmed the ex-
pected TID value, with an error at most 2 % on Total
Dose.

Table 2. Total dose obtained through a dose
fractioning in four steps

Step Dose [Gy]
1 252
2 257
3 254
4 256
Total dose 1019
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CONCLUSIONS

Different tests were performed on GAFChromic®
HD-V2 films, utilized for dosimetry of high dose values
from high energy photons in industrial applications.
Using a gamma irradiator with °°Co sources, placed at
our Department, a linearity of the response curve was
verified in a selected dose range, with a good corre-
spondence between readout absorbance at the end of ir-
radiation and relative absorbed dose.

The advantage of these dosimeters is that the in-
formation keeps throughout time, i. e. a reading of the
dosimeter can be performed after days from the irradi-
ation. Nevertheless, readings carried out after some
time after irradiation are affected by a significant fog-
ging effect, as the absorbance increases with time. In
order to accurately determine the absorbed dose value
at different measurement time, corrections should be
carried out to take into account the fogging effect
through the determination of non-irradiated film
absorbance. This correction procedure, which can be
easily implemented, allows for a response curve deter-
mination for the examined batch and an accurate eval-
uation of absorbed dose, within a confidence limit of
95 %.
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®panuecka MAPTOPAHA, Ao ITAPJIATO,
‘Bysene IEPOHE, Enno Anheno Hysene TOMAPKHNO

O/I3UB GAFCHROMIC® HD-V2 ®UJIM JTO3UMETPA ¥ OIICETY J1O3A
10-300 Gy TP TECTUPABY HA 3PAYEIE EJEKTPOHCKHUX YPEBAJA

ITpukaszaHo je ucnuTHBamEe ON3UBA GAFChromic® HD-V2 ¢uaM Jo3MMeTpa 3a OICET 103a Off
10 Gy o 300 Gy, koju ce yoduuajeHo ynoTpebibaBa 3a pajjaliuoHa TecTupama eJIeKTPOHCKUX ypebaja
kopucrehn °°Co kao u3Bop 3pauema. [Jo6po ferHrCaHa TMHEAPHOCT Of3MBA aNCOPIIHje CBETIOCTH Y
3aBUCHOCTH Off aricopOOBaHe J103e, Jakoha ynpaBibamba 1 aHaJIu3e NojaTaka O 0O3payeHuM 103UMeTpUMa,
MMOHOBJBMBOCT, CTAOMITHOCT ¥ HEOCET/bUBOCT HA BUJIJbUBY CBETIIOCT U HAa BehmHy mapameTrapa OKOJuUHE,
yuHe HD-V2 ¢dunm ¢rekcnObuiHuM, jeBTUHUM U TIOY3[JaHUM CPEJICTBOM 3a Mepemwe fo3e. Cryamja je
[oKazana IoCTojame eghexitia 3amazmerba y Of3UBY JIO3UMETpPaA jep ce HEeroBa BPEJHOCT MEmha TOKOM
BpeMmeHa. PazamoTpeHe cy MeTojie u ofroBapajyhe npeBeHTUBHE Mepe KOje ce MOTy Ipefy3eTu Kako Ou ce
ypauyHaie ¢pusnuke npomeHe HD-V2 ¢punmoBa 3a kanubpauujy M pyTHHCKY MHAYCTPUjCKY IPUMEHY, ca
oceOHUM OCBPTOM Ha pajiijallioOHO TECTHPAE eIEKTPOHCKUX ypebaja.

Kwyune peuu: I'agpxpomuk oosumeiipuja, HD-V2 ¢puam, 2ama o3paqusarse, 003a, eaexiupoHcku ypebaj



