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The goal of this work was to compare the behaviour of a chemical vapour deposited (CVD) diamond sample, grown at the
University of Florence using a local procedure, with that of a commercial CVD diamond. The comparison was performed
exposing both systems to 25 MV photons and measuring the current response during irradiation. Properties of dosimetric
interest such as stability of response, dose rate dependence and rise time were investigated. After a preliminary study, which
evidenced better performances of the commercial device with respect to the local CVD diamond, the latter was irradiated with
a high fluence of fast neutrons. As a result of the neutron treatment, the quality of the CVD home-made diamond has been

improved to match with that of the commercial dosemeter.

INTRODUCTION

The use of conformal radiotherapy techniques, such
as hadron therapy and intensity modulated radio-
therapy (IMRT), is imposing increasing demands on
dosimetry systems. In particular, high sensitivity,
small dimensions, fast rise time, energy and dose
rate independence of response and tissue equivalence
are the main requirements. Among possible dosi-
metry devices, diamond synthesised by chemical
vapour deposition (CVD) is considered with interest
since its characteristics partially satisfy the above
reqirements. Indeed, diamond material, because of
its strong bonds in the crystal structure, is highly
resistant to radiation, the high carrier mobility can
result in a fast response, has a good tissue equival-
ence (Z = 6 for diamond and Z = 7.5 for tissue) as
well as a high sensitivity. Moreover, thanks to the
significant progress in the synthetic diamond pro-
duction technology, samples of high quality, in
terms of controlled impurity concentration, and of
small sizes can be grown. The CVD diamond has
been extensively studied as a nuclear radiation
detector for applications both in high-energy physics
experiments and in the nuclear industry domain.
Only recently, some works have also shown the
potential suitability of this system for medical dosi-
metry applications'"®. Nevertheless, in the authors
opinion, efforts have still to be expended in order to
improve the properties of CVD diamonds for radio-
therapy dosimetry applications, mainly regarding
stability of response and rise time.

This work aims to make a contribution to the
comprehension of the behaviour of diamond
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detectors when used in medical applications. In par-
ticular, it suggests the use of fast-hadrons pre-irradi-
ation” as a potential tool to improve dosimetry
performances. The study was focused on the behavi-
our of a CVD device grown at the University of
Florence and was performed using a 25 MV photon
beam. A preliminary characterisation of the sample
was carried out investigating features of dosimetric
interest, mainly rise time and stability of response,
sensitivity and dose rate dependence. Successively,
the sample was irradiated with high fluence neut-
rons. The results obtained before and after neutron
exposure were compared with those from a CVD
sample produced by De Beers Industrial Diamond
Ltd (UK).

MATERIALS AND METHODS

Two CVD diamonds were investigated: the first one,
labelled F56, was produced at the University of
Florence using a proprietary reactor (details about
deposition apparatus and process are reported else-
where®). The sample had a surface area of 13.4 mm?
and a thickness of 70 um. Circular electric contacts
with a diameter of 2 mm were performed by evapor-
ating Au on the front and back surfaces. The sample
showed a leakage current of 0.65 pA at 100 V bias.
The other sample, labelled D(Ti-Au), was a com-
mercial De Beers Industrial Diamond Ltd (UK) film,
not primed by the manufacturer. Detector volume
was 25 mm?® x 300 um and it was provided with Ti/
Au ohmic electric contacts of 2 x 2.2 mm?, manu-
factured at Rutgers University, USA. The sample
showed a leakage current of 12 pA at 100 V bias.
Both detectors showed a resistivity of ~10"-
10" Q em.
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Figure 1. Current response vs. time, at different dose rates, for F56 as grown.

The dosimetric characteristics of the samples were
investigated in a 25 MV photon beam produced by a
SL25 Elekta LINAC, operating in the Radiotherapy
Unit of the Clinical Physiopathology Department of
the University of Florence. Dose rates ranging from
1 to 8 Gy min~! were obtained changing both the
SSD (source-to-surface distance) from 75 to 140 cm
and the pulse repetition frequency (varying the beam
delivery from 100 to 400 MU min ).

For irradiation, the devices were placed into a
PMMA phantom at 5 cm water equivalent depth.
To avoid contamination of the detector signal by
ambient light, the devices were encapsulated in a
black plastic cover. Both dosemeters were connected
to a Keithley 6517A electrometer and current signal
was measured during exposure. Polarization voltage
was set at 100 V.

Irradiation to neutrons was performed at the
cyclotron facility of the Institute of Nuclear
Research of the Hungarian Academy of Sciences,
Debrecen, Hungary. A fluence of 5 x 10'* cm ™2 of
1 MeV equivalent neutrons was used.

RESULTS AND DISCUSSION

Stability of response, dose rate dependence, sensitiv-
ity and rise time were investigated. As for stability of
response, a quite different behaviour was detected
for F56 and D(Ti-Au) samples. In both devices the
radiation-induced current increased with cumulated
dose but, while for D(Ti-Au) a stable response was
obtained after a pre-irradiation dose of ~30 Gy
(at a dose rate of 1.7 Gy min~"), for F56 the current
never achieved an equilibrium value even after a
cumulated dose of ~120 Gy (at a dose rate of
1.7 Gy min~"). In that dose range the increment of
the signal was ~0.2% Gy~ . Also, fluctuations in the
two detector responses were not comparable. Typic-
ally, fluctuations were within 0.5% for D(Ti—Au) but
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one order of magnitude higher for F56, indicating a
high instability of the sample. This behaviour sug-
gests a massive presence of shallow centres in the
F56 diamond material, produced during the growth
process, acting as traps for free electrons and holes
and are unstable at room temperature. The detector
stability was found to depend on dose rate. The
effect is shown in Figure 1 and Figure 2 reporting
the variation of the detector current with irradiation
time for samples F56 and D(Ti-Au), respectively,
with the measurements performed at different dose
rate values. In particular, for the commercial sample
it was found that the equilibrium is lost if dose
rate is changed; if it is increased a further pumping
stage is required, whereas on lowering the dose
rate the sample is over-saturated. For F56, a
decrease in the slope of current vs. time curve
is observed if the dose rate is decreased. Dose rate
dependence of response was studied in the range
0.8-3.5 Gy min !, changing the pulse repetition fre-
quency. For D(Ti—Au) the equilibrium current was
measured, while for F56 it assumed an equilibrium
value when variations in the current were <2%. For
both samples the current, /, was found to be quasi-
linear with dose rate, D,, following the Fowler
relation® I oc DA with Apcri_aw = 0.90 + 0.01 and
Apsg = 0.80 + 0.02. The uncertainty in A values was
evaluated as the uncertainty in the slope of the fit.
For F56, the uncertainty was higher due to the
instability of the detector current.

The sensitivity of the devices was determined
at 1.7 Gy min~ " dose rate with a 100 V bias. For
D(Ti-Au) a sensitivity of 11.7 uC Gy '-g™') was
obtained, after the system had reached a stable cur-
rent while for F56 a value of ~85.8 uC Gy~ - g~ ! was
found after an accumulated dose of 120 Gy, when
however the current was not yet completely stable.

The signal rise time, evaluated as the time required
to reach the 90% of the equilibrium current, is an
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Figure 2. Current response vs. time, at different dose rates, for D(Ti—-Au) after a cumulated dose of 20 Gy.

important parameter, especially in IMRT where
low dose segments from a few monitor units can be
employed. A reliable dose measurement requires
CVD detectors characterised by a fast response,
<1 s. Because of the lack of a steady signal only an
estimate of the rise time for F56 was possible leading
to a value of ~20 s, while values ranging from 4.5 to
7 s were observed for D(Ti-Au) at different dose
rates in the range 1.5-4 Gy min .

These results evidenced better performances of the
commercial with respect to the local CVD diamond,
in particular regarding rise time and stability of
response.

To improve the characteristics of the Florence
diamond an irradiation with high fluence neutrons
was performed. In fact, in a previous work some of
the present authors”"'? already proved an improve-
ment in the dosimetric properties of CVD diamond
as a consequence of neutron irradiation. After neut-
ron irradiation, a further investigation was carried
out. The resistivity of F56 did not change signific-
antly. As expected, a sensitivity decrease of ~8 times
was observed but also a clear improvement of the
performances in terms of stability and rise time of
the response was found. A dose of ~50 Gy was
indeed sufficient to obtain stability of the response.
Moreover, it was observed that the dark current of
the device did not change after neutron irradiation.
A qualitative explanation of this effect is that radi-
ation induces recombination centres and deep traps
in the material bulk, which partially compensate the
native shallower traps responsible for priming. This
has a beneficial effect on stability, as native defects
which are active close to room temperature and thus
contribute to trapping, are deactivated. The slow rise
and decay times, which are due to trapping/detrap-
ping of carriers at such shallow levels, thus disappear
after neutron irradiation. In Figure 3, the dynamic
response of F56 is compared to the behavior of the
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D(Ti-Au) film. Signal stability and pumping effect
are now quite similar for the two detectors. The
difference in current signal is due to the higher active
volume of the D(Ti-Au) sample, the sensitivity
of the Florence sample being now quite similar to
that of the commercial diamond as well as to the
different dose rates used for irradiation. In addition,
it should be noted that in successive measurement
runs a lower dose of pumping was necessary for F56
to reach the equilibrium current with respect to the
first session. This effect, also observed for D(Ti—Au),
indicates the existence of an amount of deep traps
quite stable at room temperature. A similar behavi-
our was reported by some of the present authors!'"
with PTW natural diamond detectors for which a
daily pre-irradiation dose lower than that initially
required to get stability is necessary if irradiation
runs are performed on successive days.

Also, the dose rate dependence of F56 improved
after neutron irradiation. A A value of 0.89 + 0.01
was obtained, close to the 0.90 value for the com-
mercial sample.

Figure 4 reports the values of the rise time
obtained at different cumulated doses both for F56,
after neutron irradiation, and D(Ti-Au). Data were
derived from different irradiation runs performed at
different dose rate values. In particular, for F56 the
data obtained in two runs performed on two success-
ive days are shown. To stabilize the response, the
detector was pre-irradiated at 50 Gy on the first day
of measurement and at 20 Gy on the second day. In
a conservative approach, the uncertainty in the rise
time was stated to be equal to the sampling time
(0.1 s). From Figure 4, two effects are clearly evid-
ent. The first is the tendency to a reduction of the rise
time with the cumulated dose. The second is that a
fast response was observed for F56 as well. For both
detectors there was a large scatter of the data that
could be due to the different dose rates employed in
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Figure 3. Current response vs. time, at different dose rates, for F56, after the neutron irradiation and D(Ti-Au) detectors.
The D(Ti-Au) signal is divided by 15.
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Figure 4. Rise time, 90% of the equilibrium current, vs.

cumulated dose. Signals were recorded after stability of the

response was achieved for both detectors. Rise times are

determined at different dose rates. For F56, the data

obtained in two runs of measurements performed in two

successive days are reported. Uncertainty (0.1 s) is within
the symbol size.

the various irradiation runs and also to the delay
between successive irradiations. A dedicated experi-
ment to show the effect of these parameters on the
rise time is underway.

CONCLUSIONS

In this work some dosimetry features of two CVD
diamond detectors in a 25 MV X-photons from a
linear accelerator are reported. The comparison was
carried out between a local sample grown at the
University of Florence, before and after neutron
irradiation, and a commercial sample produced by
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De Beers. The results show that the quality of a CVD
diamond detector, concerning dosimetric character-
istics, is significantly improved through irradiation
with a high fluence of fast neutrons, probably
through a mechanism of compensation of the shal-
low defects, active at room temperature, via the
deep traps created by neutron irradiation. Indeed,
the performances of the CVD home-made diamond,
after neutron exposure, matched with those of
the commercial sample. In particular, the two detect-
ors did not show any significant difference in terms
of stability, dynamic of response and dose rate
dependence.
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