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An investigation into the response of optical fibres to 16.5MeV protons is presented here. A silica and a poly
(methyl methacrylate) (PMMA) optical fibre was exposed to 16.5MeV protons from a GE PETtrace cyclotron.
The optical fibres were exposed to beam currents of 30nA — 270nA and the emission spectrum analysed. The
silica fibre was the most sensitive and had two main peaks at 460 nm and 650 nm. The ratio between the peaks

was observed to increase as irradiation of the fibres continued, where the 460 nm peak increased at a rate > 4
times the 650 nm peak. The rate of increase of the ratio between the peaks was observed to be constant at a
constant target current and linear with target current. In the case of the PMMA fibre, significant spectral changes
were observed during the exposure to 16.5MeV protons. A simple method for estimating the effect of photo-
darkening and activation is presented here and indicated that the changes in the spectrum for the PMMA fibres
may be due to photodarkening and activation.

1. Introduction

Recently, there have been numerous studies evaluating bare optical
fibres used as radiation dosimeters in proton beams [1-4]. These do-
simetry systems are real-time and can be made using quite thin optical
fibres, resulting in a high spatial resolution. One major advantage being
reported is that the light output from the bare optical fibres may exhibit
minimal ionisation quenching free, and therefore be suitable for mea-
surement of the absorbed dose in the Bragg peak [1].

Plastic optical fibres have been shown to have a linear dose re-
sponse, high spatial resolution and exhibit minimal quenching effect for
proton dosimetry [5,6]. There is, however, uncertainty in the published
literature regarding the origin of the light emission in the plastic optical
fibres. Jang et al. firstly reported that light was entirely Cerenkov ra-
diation [6], Darafsheh et al. showed that the spectrum measured was
not Cerenkov radiation [7,8], more recently Christensen et al. reported
that the light generated is both fluorescence and Cerenkov [3].

Silica optical fibres have also been shown to have similar properties
as the plastic optical fibres. Their emission has been observed to have
two main peaks at 460 nm and 650 nm [1]. Darafsheh et al. reported

that while the 650nm peak had a linear dose dependence and
quenching free response, the 460 nm peak did not and that the ratio of
the peaks varied with proton penetration depth in a material at the
Bragg peak for 100 MeV proton [1,9,10]. They concluded that the
change in the peak ratios was possibly a linear energy transfer depen-
dence.

The source of the 460 nm peak are oxygen deficiency centres, while
the 650 nm peak is associated with non-bridging oxygen hole centres.
Zhurenko et al. reported the peak ratio in silica optical fibres to change
with accumulated dose for irradiation using protons of 210keV
[11,12]. They have shown that during irradiation the protons passi-
vated the non-bridging oxygen hole centres and modified the oxygen
deficiency centres, affecting the shape of the luminescence spectrum
[12].

These studies discussed have shown both plastic and silica optical
fibres to be potentially useful real-time dosimetry systems, including
the development of array detectors [2,13,14]. Recently, there has been
promising reports on the use of Ce3+ and Sb3+ doped fibres, which
have a higher scintillation efficiency, for monitoring 18 MeV proton
beams [15,16].
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In this study, the light output from a commercial silica and a poly
(methyl methacrylate) (PMMA) optical fibre when exposed to 16.5 MeV
protons is evaluated for their potential use as proton beam monitoring
detectors for a radiobiological beam line of 16.5 MeV protons. Spectral
changes were observed for both the silica and PMMA optical fibres as
they accumulated dose. The dose response in the ratio between the
460 nm and 650 nm peaks was investigated for the silica optical fibre
response. In the case of the PMMA optical fibres, a model was devel-
oped to predict the expected spectral changes due to photodarkening
and activation of the PMMA. Photodarkening, or radiation induced
colouration, is where the optical attenuation of the PMMA is changed
due to its exposure to ionising radiation [17].

2. Experimental design

A 400 pum core diameter silica optical fibre (FVP400440480,
Polymicro technologies, Molex, U.S.A.) and a 500 um core diameter
PMMA optical fibre (SH2001, Mitsubishi Rayon Co. LTD., Tokyo,
Japan) were placed in the path of a 1 cm diameter, 16.5 MeV proton
beam (GE PETtrace proton cyclotron, General Electric (GE) Healthcare,
Uppsala, Sweden). The optical fibres were held on an aluminium plate,
20 cm away from the external beam port and were exposed to currents
ranging from 25nA to 270nA, shown in Fig. 1. The optical fibres were
20 m long in order to guide the light generated by the optical fibres to
the control room. Spectral analysis was performed using a spectrometer
(QE65000, Ocean Optics Inc, U.S.A.).

The dose dependence of the fibre responses was evaluated by taking
between 15 and 30 consecutive measurements. Each measurement was
performed with a 20 s sampling period. The dose-rate dependence was
evaluated by varying the beam current of the cyclotron. The dose that
the fibres are being exposed to is given by:

dx | dE
D = Appre— | p— |[Ddt
i e[ P22 |10

(€8]

where Agpre is the area of the fibre (mm?), dx is the diameter of the
fibres (cm), dm is the mass of the fibre (kg), dE/dx is the proton elec-
tronic mass stopping power (J cm?/g), dt is the irradiation time (s) and
p is the medium density (g/cm®). @ is the proton flux (mm2s~!) given
by:

o3l
q Abeam (2)

where I is the beam current (A), q is the charge of the proton (C) and
Apeam i the area of the proton beam (mm?). Using the values shown in
Table 1 an approximate dose of 37.8 Gy/nAs and 31.3 Gy/nAs for the
PMMA and silica optical fibres, respectively is computed.

Fig. 1. The experimental setup of the optical fibres placed 20 cm away from the beam port.
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Values of the experimental setup for dose estimation. Proton
stopping powers were obtained from NIST [18].

dx [em] 0.05

q[c] 1.602 x 1071°
Agibre [mm?] 5

Apeam [mm?] 78.5

Psilica [g/cm] 2.65

pemma [g/cm®] 1.18

dmgilica [kg] 6.63 x 107°
dmpyma [kgl 2.95 x 107°
dE/dXqijica [J cm®/g] 4.76 x 10712
dE/dxpyma [J cm?/g] 3.93 x 10712
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Fig. 2. The spectral response of the silica optical fibre consecutive exposures at

36 nA and 99 nA target currents.

3. Silica optical fibres

3.1. Spectral analysis

The measured spectrum from the silica optical fibres for a subset of
the consecutive exposures is shown in Fig. 2. Two main peaks were
observed at 460 nm and 650 nm. The increase in dose-rate via in-
creasing the target current, results in an increase in the intensity of the
response of the silica optical fibre. However, the intensity is also ob-
served to increase after each of the consecutive exposures. Hence in-
dicating an accumulated dose dependence or an activation of the fibre
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Fig. 3. The spectral response of the silica optical fibre divided by the target
current, for consecutive exposures at 36 nA and 99 nA target currents.

and/or aluminium holder plate.

Fig. 3 shows the response of the silica optical fibres divided by the
target currents. This further emphasises that the response of the optical
fibres are not constant for a constant dose-rate, and is in fact continually
increasing in intensity.

The 460 nm peak was integrated between 390 nm and 545 nm, the
650 nm was integrated between 600 nm and 735 nm. Fig. 4a) shows the
mean integrated counts for both of the peaks. As can be observed they
both continuously increase as the exposure continues. However, they
are increasing at different rates. Fig. 4b) shows the change in response
of each of the peaks during the exposure. It can be observed that the
460 nm peak is increasing at a faster rate than the 650 nm peak. The
460 nm peak is also observed to be increasing faster compared to the
650 nm peak for the 99nA than then 36nA, 5.4 times and 4.4 times
faster, respectively. However, the change in the mean peak counts is not
constant for the constant dose rate exposure.

4. Peak ratios

Due to the differing change in intensity between the peaks, this was
further investigated by evaluating the ratio between the peaks. Fig. 5
shows the change in the ratio between the peaks during exposure. The
change in the ratio between the two peaks at 650 and 460 nm is ob-
served to be more constant than that observed for the individual peaks.

The change in response of the 460 nm peak, the 650 nm peak, the
total counts across the measured spectrum and the ratio between the
two peaks were measured to be 7.72 = 1.25, 6.20 *= 2.76,
7.41 * 1.47 and 2.17 * 0.26, respectively. The 650 nm peak is ob-
served to be the least reproducible of all, while the 460 nm peak and
total counts result in quite similar results. While the ratio between the
peaks is the least sensitive, it is by far the most reproducible and linear.
Considering the current was increased by 2.75 times, the ratio between
the peaks increased by 2.17.

The changing ratio between the two peaks for silica optical fibres
has been previously reported for proton dosimetry [10]. It had been
concluded that this may be a linear energy transfer dependence. In this
study, the ratio was observed to change under constant irradiation and
LET conditions. This could be a result of an accumulated dose depen-
dence on the optical fibre. Further work is required to investigate the
origin of the differing peaks.
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Fig. 4. a) The mean counts divided by the beam current, of the two peaks
during exposure, and b) the change in the mean counts.
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Fig. 5. The change in the ratio between the 460 nm and 650 nm peaks.
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Fig. 6. The spectral response of the PMMA optical fibre consecutive exposures
at 43nA, 100 nA and 270 nA target currents.

5. PMMA optical fibres
5.1. Spectral analysis

The measured spectrum from the PMMA optical fibre for a subset of
the consecutive exposures is shown in Fig. 6. The increase in dose-rate
via increasing the target currents results in an increase in the intensity
of the response of the PMMA optical fibre. Fig. 6 show three distinct
groups of spectral data for the three currents. However, the spectrum is
also observed to significantly alter after each of the consecutive ex-
posures.

Fig. 7 shows the PMMA measured spectrums divided by their target
currents. It can be observed the major changes in the emission from the
optical fibre as exposure continues. It was observed that the emission
from the lower wavelengths was reducing while the intensity from the
higher wavelengths increased.

Fig. 8a) shows the total integrated counts for each of the measure-
ments divided by their target current. Surprisingly, while there are
variations in the optical spectrum from the PMMA the total integral
light stays somewhat constant. Fig. 8b) shows the mean of the integrals
counts with a linear fit, where the error bars represent one standard
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Fig. 7. The spectral response of the PMMA optical fibre divided by the target
current, for consecutive exposures at 43 nA, 100 nA and 270 nA target currents.
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Fig. 8. a) The integrated total counts for the PMMA optical fibre and b) the
mean of the integrated total counts with a linear fit, where the error bars re-
present the standard deviation.

deviation from the mean. It can be observed that the response of the
integrated counts from the PMMA optical fibre is linear with dose rate.

6. Activation and photodarkening correction

The optical spectral changes observed for the PMMA optical fibre
being continuously exposed by a proton beam was hypothesised to be
due to two components. Firstly, that the 16.5MeV protons are acti-
vating the optical fibre itself and the neighbouring area such that there
is an increasing dose-rate to the optical fibre as exposure continues.
Hence, the dose-rate, D, exposed to the optical fibre is given by Eq. (3):

€]

where t is the time, A is the target current and R is an activation
coefficient. R can be interpreted as a combination of the activation
build up and radioactive decay during the exposure. Therefore the ex-
pected spectrum, f(A,t), is defined as:

f@, t=0)
D(t=0) 4

The second component is that there is some photodarkening oc-
curring within the core of the PMMA optical fibre. This may result in a
differing non-linear optical attenuation within the core which is al-
tering the optical spectrum observed. To model this, we consider the
optical attenuation coefficient, a(4, t), that is related to the input

D) x A+ RXtXA.

f@, 0= x D(0).
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spectrum, and the output spectrum, f’(A,t), by Eq. (5):

a(d, t) =10 X logw(M].

fan 5)

Using this we define the dose-rate dependent attenuation coeffi-
cient, as:

(A, 1) = C X photo (1) X D (1) X 1, 6)

where aupo0(A) is the measured optical attenuation at wavelength A,
and C is a constant. Hence the optical spectrum can now be modelled
from the first measured spectrum at t = 0. To estimate the effects of
activation and photodarkening, one can rearrange Eq. (5) for the output
spectrum, f’(A,t), and substitute the a (4, t) defined in Eq. (6) to obtain
Eq. (7):

. f@,t=0) (A+RXxtxA)
f@,0== CXIXphoto W)X(A+RXIXA)
D(t=0) 10% @

Optical attenuation data for PMMA, apnoro(A), Was obtained from
Fernandez et al. [17]. Fig. 9 show a subset of the modelled spectral
changes from the first measured compared to the actual measure after
that given time. R values of 0.03s™}, and C values of 0.00025 nC,
0.0001 nC and 0.000025nC, were used for the 43nA, 100nA and
270nA, respectively. These values were obtained iteratively, and a
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Table 2
PACE4 simulation results for isotopes produced from the aluminium plate, silica
and PMMA.

Material Elemental Produced Yield % Half life
composition isotopes
Aluminium 7M1 27si 10.2 4.2's
Silica (SiO5) 2854 25A1 1.3 7.2s
150 3N 24.7 10 m
17p 0.4 64.4s
PMMA (Cs0,Hg)n  '2C BN 0.02 10 m
150 3N 24.7 10 m
17p 0.4 64.4s

good visual agreement was found between measured and modelled
spectral distribution. Fig. 10 shows the total integral counts of the
modelled data alongside the measured total counts. The modelled data
is generally in good agreement with the measured. Hence, the changes
observed for the PMMA optical fibre do indicate to be from photo-
darkening and activation.

7. Discussion

To evaluate the possibility of additional signal due to activation
products produced in the experiment, the possible produced isotopes
were simulated using Projection Angular-momentum coupled
Evaporation (PACE4) software [19,20]. Table 2 shows the results of the
PACE4 simulations for the aluminium plate, silica and PMMA optical
fibres when exposed to protons of 16.5MeV. There are a number of
short-lived radioisotopes produced in either the plate holder or optical
fibres which could contribute to the increase in the signal observed by
the optical fibres during the constant exposure.

8. Conclusion

The response of a commercial silica and PMMA optical fibre to
16.5 MeV protons was investigated. Both optical fibres were found to
have a varying response under a constant beam current exposure.

The emission from the PMMA optical fibres was observed to sig-
nificantly change during the irradiation. While the relative spectral
changes were quite obvious, the total integral counts did not change
substantially and the response was observed to be linear with target
current. The increase in dose-rate due to activation of the region along
with the photodarkening of the PMMA was modelled. The results in-
dicate that the spectral changes observed could be due to photo-
darkening and activation.

Two emission peaks were observed for the silica optical fibre, at
460 nm and 650 nm. It was observed that during exposure that both
peaks intensity continued to rise but at different rates. The ratio be-
tween the two peaks was evaluated and found that the rate of increase
in the ratio was constant for a constant target current. The rate of
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increase in the ratio between the peaks was also observed to increase
linearly with the target current. This increase in emission may also be
due to activation occurring when exposed to the protons similar to that
shown for the PMMA.
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