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Abstract: Along with the dose rate and the total irradiation dose measurements, the
knowledge of the beam localization and the beam profile/energy distribution in the beam
are parameters of interest for charged particle accelerator installations when they are used
in scientific investigations, industrial applications or medical treatments. The transverse
profile of the beam, its position, its centroid location, and its focus or flatness depend on
the instrument operating conditions or on the beam exit setup. Proof-of-concept of a new
type of charged particle beam diagnostics based on fiber Bragg gratings (FBGs) was
demonstrated. Its operating principle relies on the measurement of the peak wavelength
changes for an array of FBG sensors as function of the temperature following the exposure
to an electron beam. Periodically, the sensor irradiation is stopped and the FBG are force
cooled to a reference temperature with which the temperature influencing each sensor
during beam exposure is compared. Commercially available FBGs, and FBGs written in
radiation resistant optical fibers, were tested under electron beam irradiation in order to
study their possible use in this application.

Keywords: fiber Bragg grating; electron beam; on-line beam profilometry; radiation-hardened
optical fiber
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1. Introduction

Along with the dose rate and the total irradiation dose measurements, the knowledge of the beam
localization and the beam profile/energy distribution in the beam are parameters of interest for charged
particle accelerator installations when they are used in scientific investigations, industrial applications
or medical treatments. The transverse profile of the beam, its position, its centroid location and its
focus or flatness depend on the instrument operating conditions or on the beam exit setup.

Various methods have been proposed to evaluate the beam transverse profile: arrays of Faraday
cups [1,2]; ionization chamber and imaging plates [3]; micro strip metal detector [4]; pepper-pot
device, slit-grid method [5] or rotating slits [6]; Optical Transition Radiation (OTR), Secondary
Emission Monitors (SEM) [7,8]; phosphor afterglow [9]; scintillating screen [8,10] or scintillating gas
detector [11] and charge coupled device (CCD) camera; flat panel detectors [12], arrays of p-i-n
diodes [13] or IonCCD [14]; moving wire scanners [15,16] or vibrating wire scanners (VWS) [17];
Compton-scattered laser light [18]; mesh of scintillating optical fibers [19]; detection of
Bremsstrahlung radiation scattered by special foils [20].

The present paper reports the proof-of-concept (the design and the implementation) of a beam
profile instrument for electron beams, based on an array of fiber Bragg gratings (FBGs). The behavior
of commercially available FBGs and FBGs developed in radiation-hardened optical fibers was
investigated for the first time under electron beam irradiation, for possible inclusion in the instrument
for electron beam profilometry. Tests were carried out under electron beam irradiation at the National
Institute for Laser, Plasma and Radiation Physics.

2. Operating Principle

In the case of FBGs one or several gratings are inscribed in the optical fiber core by various means
able to modulate the fiber-refracting index. As it has a broad spectral band, an optical signal
propagates along the optical fiber, a narrow, specific wavelength is reflected, and all other wavelengths
are transmitted. This way, the grating acts as a very selective wavelength filter. If a FBG is subjected
to external factors (temperature, strain), the period of the grating changes, which implies a
modification of the reflected wavelength. The shift of this peak wavelength can be linked to the
magnitude of the external stimulus [21]. Under these conditions, the grating operates as an intrinsic
optical fiber sensor. The two mentioned effects induce a change in the peak wavelength simultaneously,
so, in order to monitor only one of the external parameters, the two effects have to be decoupled.

Exposed to radiation, optical fiber gratings undergo a significant or less significant change in their
parameters, depending on the type of the optical fiber (photosensitive optical fibers with various dopants
or hydrogen-loaded [22]), the technology used to produce the grating (Type I, Type II, Type IIA
FBGs [22], long-period gratings [23,24]) or the characteristics of the irradiation field (gamma-ray [22],
neutron [25], proton beams [26]). When such gratings are irradiated under high total irradiation doses
they show remarkable radiation resistance [27] or demonstrate some vulnerability to ionizing
radiation [28], recommending them for radiation dosimetry.

Based on FBGs’ response to temperature under irradiation we designed an instrument for the
evaluation of electron beam transverse profile in real time. The paper describes the construction and
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operation of the developed beam profile instrument. According to our knowledge, this is the first report

on FBGs exposed to electron beam irradiation.

3. Implementation and Results

The basic idea of the instrument relies on the wavelength change of FBGs exposed to an electron
beam as their temperature increases because of the energy they receive from the incident charged
particles. Statistically, spatial mapping of the temperature change is associated with the spatial
distribution of the beam energy. In this way, two-dimensional (2D) temperature mapping can be used
to evaluate the transversal characteristics of the beam (shape, uniformity, flatness, localization, hot spots
detection, etc.). Figure 1 presents a schematic drawing and the practical implementation of the equipment
as it was designed to operate, for vertical irradiation geometry in conjunction with the linear accelerator
(LINAC) machine developed at the National Institute for Laser, Plasma and Radiation Physics.

Figure 1. (a—c) The schematic drawing of the electron beam profile instrument based on
FBGs: 1—mechanical stops; 2—Ilimiting switches. (d, e) the practical implementation of

the instrument.
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From a mechanical point of view, the profile meter has two distinct horizontal planes: in the upper
one, a mechanical shutter can be moved along the longitudinal axis of the structure, while the lower
plane constitutes the detection plane. In Figure 1c,d the shutter is in the open position enabling the
electron beam, which is perpendicular to the two planes from above, to reach the detection plane where
the FBGs sensor array is located. The shutter includes a 20 mm thick Al board designed to stop the
electron beam from traveling towards the detection plane when closed.

The 2D temperature sensor is located in the detection plane. It includes an array of FBGs embedded
into a polystyrene backplane in order to thermally isolate the individual sensors from one another and
to prevent any strain from being applied to the gratings during irradiation. The sensors are placed into
an array format and are read sequentially by a four-channel sm125 Micron Optics interrogator. The
sensor array is exposed periodically to the electron beam, until its temperature reaches a limiting value
established by the operator. The upper limit of the temperature depends on sensor characteristics
(maximum operating temperature, the dynamic range of the wavelength change with temperature, etc.).
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The limiting temperature value is detected either by monitoring the maximum wavelength shift of all
the gratings or with a thermocouple which is simultaneously exposed to the charged particle beam. The
mechanical shutter blocks the electron beam incident on the sensor array as the limiting temperature is
reached. This way, no more energy is transferred towards the gratings, which are subjected to an
accelerated cooling process, as a fan blows air over them. The operator has the possibility to set the
lower limit of the sensor temperature, either as a wavelength change or as indicated by the
thermocouple. After cooling is achieved, the shutter opens and the exposure of the sensing array to the
electron beam energy begins.

The instrument is controlled by a laptop computer through a specially designed interface and a VI
developed in LabVIEW. The limits of how far the shutter opens or closes are detected by the controller
based on the signals received from two limiting switches. The extreme positions of the shutter are
signaled to the operator on the graphical user interface by two virtual light-emitting diodes (LEDs).
The cycle can run continuously or can be controlled manually by the operator. During the period the
shutter is off (open) the sensors are scanned continuously and data regarding their wavelength values
are saved on the laptop hard drive (HD). The acquired data are processed to build three-dimensional
(3D) arrays containing information on the sensors’ position in the detecting plane and the instant value
of their peak wavelength. This way, between subsequent “shutter off” and “shutter on” commands, the
spatial change of the beam energy in the transverse plane is recorded. At the end of the data acquisition
cycle, the controller displays the distribution of the beam energy, as detected by the gratings array.
This map indicates the beam energy at every sensor location by measuring at each point the excursion
of the peak wavelength between the lower limit reached by the end of the cooling cycle and the final
value read at each location at the end of the exposure process.

The “exposure time” is set by the operator as a function of the beam energy, sensitivity of FBGs
and the speed of the heating process (dose rate). The Micron Optics interrogator is controlled through
an FEthernet connection, while the temperature from the thermocouple is collected with a
NI-cRIO-9211 temperature data logger by a USB connection. The acquisition rate in our case is
conditioned by the interrogator scanning frequency (1 Hz), the number of channels (four channels in
our application) and the time required for processing information associated with each channel (i.e.,
the number of gratings per channel). Theoretically, the unit can accommodate up to 80 sensors. A
larger number of sensors can be interrogated using an external multiplexing unit (i.e., Micron Optics
sm041-408 or sm041-416).

The instrument has no moving parts in the detection plane and, if needed, can operate in vacuum, as
the sensors connected in a daisy-chain setup can be coupled with the interrogator through an optical
fiber, multi-port vacuum feedthrough device [29]. In such a case, the air cooling has to be replaced by
thermoelectric cooling. The instrument can be controlled remotely (in our setup the distance is about
15 m apart from the irradiation zone), so that no other components or devices are exposed to irradiation
or to high electromagnetic interferences. Only the FBGs, the thermocouple and the mechanical shutter
are placed in the irradiation area.

The spatial resolution, which can be achieved with such a profile meter, is set along one axis by the
distance between two sensor rows (located 3—5 mm apart) and along the other axis by the length of
individual FBGs (which in our case was either 12 mm for commercial the products we used, or 4 mm
for the custom designed components). The dynamic range for the beam energy detection with FBGs
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depends on the span between the low and high temperature values. In our study, we set the low
temperature value to 18 °C, while the highest temperature was 65 °C, as allowed by the upper limit
imposed by the FBGs used. An extended range can be achieved between 18 °C and 200 °C if high
operating temperature gratings are used instead. This dynamic range ensures a linear response of the
sensor over the temperature range. The resolution of the acquired signal is 0.1 °C, corresponding to the
best spectral resolution provided by the interrogator. The temporal resolution of the equipment is
dependent on the electron beam dose rate. In the experimental setup we used (an increase of the FBGs
temperature up to 37 °C and the air flow provided by a PC fan) the cooling time was about
1-2 min. The presence of “hot spots” or non-uniformities of the beam energy distribution are locally
responsible for the upper temperature limit. The mechanical shutter “turn-on” and “turn-off” times are
in the order of 30 s and can be adjusted by the operator according to the experiment needs.

The reason for the inclusion in the setup of the shutter and the fan is to eliminate the bias present
after each exposure, as the sensor array needs quite a long time to cool down based on only
convection. Figure 2 illustrates this bias when the sensor array is exposed to increased total doses and
the cooling is provided only by air convection. In the illustrating curves, the positive slopes correspond
to the FBGs exposure to the electron beam, while the negative slopes reflect the FBGs cooling, by
natural convection as the irradiation is stopped. As can be noticed from the acquired data, it is difficult
to naturally cool the sensor array after the exposure stops. The presence of this biasing level in the
wavelength readout leads to a long time interval between exposures, as requested by the natural
convection. By closing the shutter, the irradiation of the sensors is stopped and they are simultaneously
cooled to the reference temperature of 18 °C. This approach also has the advantage of checking the
beam quality by obstructing the beam for very short durations. The force cooling is also required as the
temperature in the operating room varies when the accelerator is subjected to various operating
conditions. The shutter can be used in the “on” (closed) position as support for the samples to be
irradiated, so the operator can switch between sample irradiation and beam quality check.

For all measurements, we considered only the wavelength shift of each sensor against the initial
level when the measurements started. The presence of the bias signal along with the imposed upper
temperature during the irradiation limits the dynamic range of the instrument. A higher dynamic range
can be achieved by: (i) blocking the electron beam simultaneously by force cooling the sensors;
(i1) using FBGs able to operate under higher temperatures.

Whatever the situation is, during the exposure of the sensor array, data are acquired continuously at
the rate of one scan per second. With this approach, the full “history” of the electron beam energy
distribution changes during the monitoring process is available to the operator, who can correlate these
changes with the operating conditions initially set (beam current, magnetron voltage, voltage on the
injection section of the machine, etc.).

In order to use FBGs as sensors in the proposed electron beam profile instrument and to assess their
degradation under this type of radiation exposure we tested some commercially available FBGs and a
FBG from a set written in a radiation-hardened optical fiber. Gratings in single mode (SM)
andnon-photosensitive radiation-hardened fibers were written by a two-beam interferometer and deep
ultraviolet femtosecond laser radiation [30]. The produced FBGs have a peak wavelength between
1545 nm and 1554 nm and a reflectivity varying between 30% and 90%. The commercially available
products are from Technica SA, written in SMF-28 optical fiber, and operating at A = 1516 nm,
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1526 nm, 1536 nm, 1546 nm, each grating having a length of 12 mm, and the following parameters:
reflectivity > 80%; BW@3 dB < 0.3 nm; Side Lobe Suppress Ratio (SLSR) > 15 dB;
Acrylate recoating.

Figure 2. The effect of the bias during the wavelength reading, after subsequent exposure
of the same sensor to different doses, in the case of natural cooling by convection.
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For the evaluation of the FBGs degradation under electron beam irradiation, tests were done by
subjecting the gratings to temperature cycling, heating and cooling them from room temperature to
65 °C, in a temperature-controlled chamber type Memmert UE 400, in order to evaluate their behavior
after irradiation. These tests were run initially and between the irradiation steps. During the
temperature cycling tests, we monitored the Bragg wavelength change and the full spectrum of the
gratings. The chamber temperature was increased linearly via commands from the controller we
developed, while the cooling was done through natural convection. For both the heating and the
cooling process, the controller acquired data from the NI temperature data logger and from the Micron
Optics interrogator. An example of a calibration curve used for the evaluation of the temperature
sensitivity for one of the tested FBG is given in Figure 3. After each test, the modifications of the full
width at half maximum (FWHM), the temperature sensitivity and the SLSR were estimated. For the
total irradiation doses reached during the irradiation campaigns no significant changes of these
parameters were noticed.

Figure 4 compares the spectral characteristics of a commercial available FBG before any irradiation
and after it was subjected to a cumulated total dose of 292 kGy, both measurements being done under
strict temperature control at 23 °C. As can be noticed, even for extensive exposure to the electron
beam for over 130 min, no visible degradation of the FBG parameters was observed. The total dose
present in the operation state of the instrument we designed was much lower than the dose received
during the reliability tests.

The description of the beam profile instrument operating principle and the requirements of the tests
performed between the irradiation steps underline the two sets of functions which have to be
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performed by the controller: (i) to control and to measure the chamber temperature and to acquire the
spectrum of a single FBG during the heating-cooling processes; (ii) to collect information on the Bragg
wavelength shift from the sensors included in the detection array; to monitor the temperature in the
detection plane during the exposure and the cooling of the sensor array; to switch the shutter and the
cooling fan “on” and “off” as appropriate; to save the acquired data on HD; to display the recorded
data as a 2D/3D representations; to make possible the recall of the stored data.
Figure 3. Calibration curve of the fiber Bragg gratings (FBG) sensor.
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Based on these needs, the controller assists the operator with both running the instrument as an
electron beam profile meter and with testing the possible irradiation-induced degradation of the
gratings. To perform these tasks, the controller includes two main units: (i) a custom developed board,
a high-side switch 2n06lh5 with the gate driver, controlled by 5 V; a dual full bridge driver able to
provide 4 A current to operate a DC motor driving the shutter; the freewheeling diodes for motor
overload protection; the 5 V regulator used to monitor the proximity switches states, switches which
detect the limits of the shutter travel; (ii) an Arduino UNO board (ATmega328 microcontroller; 32 KB
flash memory and 1 KB EEPROM).

The Arduido board supervises the operation of the controller and of the motor, which drives the
shutter (sense, speed, detection of the limits). The control of the motor by the Arduino UNO board is
done using the LIFA program (LabVIEW Interface for Arduino).

Four graphical windows are available to the operator: “Shutter”; “Thermocouple”; “Oven’;
“Interrogator Data Acquisition”. Seven buttons on the main window enable the operator to enter
commands: (a) “Start cool down”—overwrites any previous command and starts the air flow over the
sensors matrix; (b) “Stop cool down”—overwrites any previous command, moves the shutter into the
off position and stops the cooler; (c) “STOP Shutter”—stops the shutter at the current location;
(d) “Start/Reset Motor Control & Temperature Measurement”—initiates all instrument functions
(temperature recording over time, the cooling-exposure cycle, recording of detected peak values, etc.),
and does not affect final displayed data; (e) “Start Acquisition”—initiates the display of the acquired
data, in graphical form; (f) “Stop Acquisition”—stops data acquisition from the interrogator;
(g) “STOP”—stops the program running and save all data under a name selected by the operator.

At the end of the exposure period the beam profile instrument displays on the screen the final results
corresponding to the energy (associated with the total dose) received at each sensing location during the
data acquisition process. These data represent only the change of the temperature recorded by each FBG
sensor (as a wavelength shift), measured between the low temperature limit and the final temperature.
At this moment, the operator has the choice either to allow the software to continue running the
irradiation-cooling cycles or to interrupt the process and display additional frames from those acquired
during the irradiation. As the frames are time series coded, the operator has the possibility to visualize
the evolution of the beam energy transverse distribution at different moments in time.

Figure 5 illustrates the reconstructed results during the tests, in the case of commercially available
FBGs arranged in four rows at a distance of 4 mm from one another. The temperature was monitored
with the thermocouple placed in the same position, and various total doses were used to expose the
sensor array. By using this detection geometry, a mapping of a large field can be reconstructed. In our
present implementation, up to 120 frames are stored and can be recalled. The number of frames
depends on the dose rate and exposure time. Data presented in Figure 5 corresponds to the final
wavelength shift values reached after exposure to 2 kGy, 4 kGy and 8 kGy. From the acquired data, a
3D animation of the beam transverse energy profile can be generated, illustrating the spatio-temporal
variation of the signal generated by the sensor array, as it is subjected to subsequent total irradiation
doses. The supplementary file “Animation_3frames.gif” is an example of the electron beam profile
temporal change reconstructed for the three doses. For visualization the file has to be open with
Internet Explorer.
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Figure 5. Illustration of the three dimensional (3D) reconstruction of the deployed energy
on the FBG array at: (a) 2 kGy; (b) 4 kGy; (¢) 8 kGy.
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To evaluate the resolution of the instrument, we have to mention that for the tested irradiation
geometry, the maximum wavelength change achieved (180 pm) is associated with 8 kGy. Considering
the wavelength accuracy of the interrogator to be 1 pm, for our setup the best detection resolution is
about 44 Gy. As proved by the calibration curve in Figure 3, the instrument response is liner up to
65 °C for the FBGs we used. In the presented example, the temperature increases up to 28 °C, which is
in the linear range of operation of the instrument.

The irradiation tests were run at the Linear Accelerator facility of the National Institute for Lasers,
Plasma and Radiation Physics. The electron accelerator, of the traveling wave type, has the following
characteristics: pulsed operation; macropulse length—4 ps; mean electron energy—6 MeV; electron
beam current—1 pA, pulse repetition rate—100 Hz; pulse duration—3.5 ps, dose rate—2 kGy/min.
The beam diameter in the irradiation plane was about 100 mm x 100 mm.

Examples of the results of the irradiation tests carried out on a commercially available FBG and on
one FBG inscribed into a radiation-hardened optical fiber are provided in Figure 6. They are used here
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to derive some conclusions on the radiation resistance of the optical fibers used in the implementation
of the electron beam profile instrument. In both cases, the irradiation was done by switching on and off
the electron beam.

In the first situation, after the irradiation stops, the cooling of the grating was achieved by natural
convection, and no force cooling was employed. For this reason, the wavelength recovery post
irradiation is not complete. On the other hand, as the tests were done without any insulation against
ambient temperature changes, because the electron beam was propagating in the air, the final
temperature reached by the grating was dependent on the ambient temperature variation in the testing
facility. This ambient temperature changed as the subsystems composing the LINAC warmed up. In
the meantime, the operation of the machine by switching it on and off involved some instabilities
related to the transient regime of the accelerator during the start up. For this reason, we adopted a
solution with shutter blocking the beam and force cooling. A higher stability and reproducibility of the
results can be achieved with this solution. Even operating under natural convection, the detecting
system proves a good reproducibility as indicated by the graph in Figure 6a, where points 1, 2 and 3
correspond to a 2.5 kGy total dose, point 4 to 3.5 kGy and point 5 to 6.7 kGy. Nevertheless, according
to the proposed implementation, useful information is derived from the difference between the
wavelength values at the end and at the beginning of the exposure in every single sensor’s location. By
their nature, our measurements are relative and not absolute. The proposed method is used for beam
profile monitoring, not for radiation dosimetry. This method makes possible the evaluation of the
spatial distribution of the beam energy, which can be associated with the total dose involved. The
temporal variation of this energy provides information, which can be related to the dose rate.

The thermocouple was used: (i) to monitor the chamber temperature during the calibration process;
and (i1) to evaluate the behavior of different types of FBGs during the irradiation tests. Any differences
between the FBG and the thermocouple output signals during the exposure to the electron beam
signalize a possible degradation of the FGB, as it was irradiated.

The results from Figure 6b indicate a very reproducible recovery of the wavelength inscribed in
radiation-hardened optical fibers (RAD HARD) FBG. The wavelength changes strictly follow the
temperature variation as indicated by the thermocouple (TC). In this case, points 1, 2, and 3 correspond
to a total dose of about 2 kGy, while points 4, 5, and 6 are associated with a total dose of about 4 kGy.
The differences between the two cases are explained by the fact that they were not measured during the
same irradiation session; however the sensors were placed in the same location. This fact is visible in
Figure 5, which clearly indicates the spatio-temporal variation of the incident energy (associated with
the dose rate). For the same sensor, the subsequent irradiation and cooling cycles were performed by
keeping the sensor in the same position with respect to the incident electron beam. Some differences
present in the wavelength shift for approximately the same exposure duration can be explained by the
fluctuation of the dose rate of the electron beam. A higher dynamic range is possible if the sensors are
cooled down to 15 °C, while the maximum allowed temperature is 65 °C. A higher upper limit of
temperature can be associated with longer exposure times, which correspond to higher total doses or
dose rates to be monitored.
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Figure 6. Results of the exposure to the electron beam of: (a) a commercially available
FBG; (b) a FBG (black curve) inscribed into a radiation-hardened optical fiber (RAD
HARD FBG). The temperature in the detection plane was monitored by a thermocouple

(TC, red curve).
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The problems solved by the proposed equipment are related to the availability of information on the

temporal variation of the deposited energy in different locations of the irradiation plane and on the

spatial non-uniformity of the energy in the beam cross section. An advantage of our solution is the

continuous, multipoint acquisition of data over the beam cross section. By the end of an exposure

period, a value proportional to the total energy associated with the total dose received in each sensor

location is available (information on beam spatial uniformity is obtained). By recalling intermediary

data saved for each location, the operator can assess information associated with the temporal stability

of the beam energy.
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During the irradiation sessions, the shutter is closed and the samples to be irradiated are placed on
the top of the shutter plate. With this setup, when the beam quality has to be checked, the irradiation is
stopped for a short time and the beam is sampled by the FBGs array.

4. Conclusions and Future Work

The beam diagnostics method and equipment we present here has several advantages over classical
approaches: it is a non-invasive method; it can be operated remotely and under high electromagnetic
fields; vacuum operation is easily achieved; daisy-chained and wavelength multiplexing setups make
the extension of the number of sampling locations possible; and no moving parts are placed in the
detection plane. As our tests have proven, no significant damage was noticed in the FBGs exposed to
electron beams. In any case, even if such effects are present, the method accommodates some
corrections as only relative temperature changes or wavelength variations, respectively, are recorded
for data processing. Besides that, periodical recalibrations are done using the temperature tests run in
the temperature-controlled chamber. Being based on an intrinsic optical fiber sensor, the instrument
requires no alignment. As compared to some classical methods, the newly proposed one is a real time
measurement device. It has the advantage that it almost continuously records the energy distribution in
the transversal cross section of the charged particle beam. The intermediary energy distributions can be
recalled and compared and associated with the changed operating conditions of the accelerator. The
setup by its principle is fire- and explosion-safe to operate. The demonstrated production of FBGs in
radiation-hardened optical fibers extends the possibility to operate this beam profile instrument under
ionizing radiation conditions.

As these investigations and the associated implementation have acted as a proof-of-concept, we will
focus our efforts in the near future to refine the equipment design in order to achieve a better spatial
resolution (shorter and closely located FGBs inscribed in the same optical fiber) and to further
investigate other types of FBGs, which can be embedded into the detecting system. The use of optical
fibers designed for high temperature operation can assure an extended lifetime and a higher dynamic
range. In addition, more tests on custom designed FBGs inscribed in a standard optical fiber and
radiation-hardened optical fibers have to be performed.

Acknowledgments

The Romanian authors acknowledge the financial support of the Romanian Executive Agency for
Higher Education, Research, Development and Innovation Funding (UEFISCDI), grant 8/2012, project
“Sensor Systems for Secure Operation of Critical Installations”. The work was done as a cooperation
in the frame of COST Action TD1001 “Novel and Reliable Optical Fibre Sensor Systems for Future
Security and Safety Applications (OFSeSa)”.

Author Contributions

Dan Sporea heads the Laser Metrology and Standardization Laboratory at the National Institute for
Laser, Plasma and Radiation Physics. He designed and supervised the reported experiments and the
design of the instrument, contributed to result interpretation and prepared the manuscript.



Sensors 2014, 14 15799

Andrei Stancalie is a research scientist at the National Institute for Laser, Plasma and Radiation
Physics. He performed the irradiation tests, processed data and reviewed the manuscript.

Nicu Becherescu, affiliated with Apel Laser, the SME partner of the Romanian national project,
contributed to the design of the instrument and the developed the controlling program.

Martin Becker is an operator for fiber Bragg grating inscription. He worked with the deep
ultraviolet femtosecond laser inscription setup to achieve fiber Bragg grating based sensor arrays in
non-photosensitive and germanium-free fibers.

Manfred Rothhardt is the group leader for the passive optical fiber modules group. The activities of
the group comprise the manufacturing of fiber Bragg gratings and their applications. He is responsible
for the availability of the inscription laser setup, which was used for the sensor fabrication.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Asano, K.; Hosono, Y.; Kohno, Y.; Kohyama, A. Multi-Faraday-cup-type beam profile
monitoring system for a dual-beam irradiation facility. Nucl. Instrum. Meth. Phys. Res. Sect. B
Interact. Mater. At. 1986, 17, 186—188.

2. Koehn, J.A.; Russell, D.A. Charged Particle Beam Profile Measurement. U.S. Patent, 7875860B2,
25 January 2014.

3. Yasuda, N.; Konishi, T.; Matsumoto, K.; Yamauchi, T.; Asuka, T.; Furusawa, Y.; Sato, Y.;
Oda, K.; Tawara, H.; Hieda, K. Dose distribution of carbon ions in air assessed using imaging
plates and ionization chamber. Radiat. Meas. 2005, 40, 384-388.

4. Pugatch, V.; Borysova, M.; Mykhailenko, A.; Fedorovitch, O.; Pylypchenko, Y.; Perevertaylo, V.;
Franz, H.; Wittenburg, K.; Schmelling, M.; Bauer, C. Micro-strip metal detector for the beam
profile monitoring. Nucl. Instrum. Meth. Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip.
2007, 581, 531-534.

5. Forck, P. Lecture notes on beam instrumentation and diagnostics. Available online:
https://indico.cern.ch/event/162969/ contribution/172/material/slides/22.pdf (accessed on 20
August 2014).

6. Vanderberg, B.H.; Cristofolo, M.P.; Wenzel, K.W. Method and Apparatus for Ion Beam
Profiling. U.S. Patent, 7064340B1, 20 June 2006.

7. Wendt, M.; Hu, M.; Tassotto, G.; Thurman-Keup, R.; Scarpine, V.; Shin, S.; Zagel, J. Beam
instrumentation for future high intense hadron accelerators at FermiLab. In Proceedings of the
42nd Advanced Beam Dynamics Workshop (ABDW-HB'08), Nashville, TN, USA, 25-29 August
2008; pp. 25-29.

8. Harasimowicz, J.; Welsch, C.P.; Cosention, L.; Pappalardo, A.; Finocchiaro, P. Beam diagnostics
for low energy beams. Phys. Rev. ST Accel. Beams, 2012, 15, 122801:1-122801:16,
doi:10.1103/PhysRevSTAB.15.122801.



Sensors 2014, 14 15800

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zhan, T.Z.; Xu, C.N.; Yamada, H.; Terasawa, Y.; Zhang, L.; Iwase, H.; Kawai, M. Beam profile
indicator for swift heavy ions using phosphor afterglow. AIP Adv. 2012, 2, 032116,
doi: 10.1063/1.4739407.

Boon, S.N.; Van Luijk, P.; Bohringer, T.; Coray, A.; Lomax, A.; Pedroni, E.; Schaffner, B.;
Schippers, J.M. Performance of a fluorescent screen and CCD camera as a two-dimensional
dosimetry system for dynamic treatment techniques. Med. Phys. 2000, 27, 2198-2208.

Seravalli, E.; de Boer, M.; Geurink, F.; Huizenga, J.; Kreuger, R.; Schippers, J.M.;
van Eijk, C.W.E.; Voss, B. A scintillating gas detector for 2D dose measurements in clinical
carbon beams. Phys. Med. Biol. 2008, 53, 4651-4665.

MartiSikova, M.; Hesse, B.M.; Nairz, O.; Jikel, O. Test of an amorphous silicon detector in
medical proton beams. Nucl. Instrum. Meth. Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc.
Equip. 2011, 633, S259-S261.

Palni, P.; Hoeferkamp, M.; Taylor, A.; Vora, S.; McDuff, H.; Gu, Q.; Seidel, S. A method for real
time monitoring of charged particle beam profile and fluence. Nucl. Instrum. Meth. Phys. Res.
Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2014, 735, 213-217.

Hadjar, O.; Johnson, G.; Laskin, J.; Kibelka, G.; Shill, S.; Kuhn, K.; Cameron, C.; Kassan, S.
IonCCD™ for direct position-sensitive charged-particle detection: From electrons and keV ions to
hyperthermal biomolecular ions. J. Am. Soc. Mass Spectrom. 2011, 22, 612—623.

Elmfors, P.; Fasso, A.; Huhtinen, M.; Lindroos, M.; Olsfors, J.; Raich, U. Wire scanners in low
energy accelerators. Nucl. Instrum. Meth. Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc.
Equip. 1997, 396, 13-22.

Liebert, R.B. Method and Apparatus for Ion Beam Centroid Location. U.S. Patent, 4724324,
9 February 1988.

Arutuniana, S.G.; Mailian, M.R.; Wittenburg, K. Vibrating wires for beam diagnostics. Nucl.
Instrum. Meth. Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2007, 572, 1022—-1032.
Tenenebaum, P.; Shintake, T. Measurement of small electron-beam spots, Annu. Rev. Nucl. Part.
Sci. 1999, 49, 125-162.

Sendergaard, C.S.; Hansen, K.; Madsen, D.V.; Rasmussen, J.; Skipper, B.F.; Kristensen, M.;
Baurichter, A.; Nielsen, B.R.; Mgller, S.P.; Boudreault, G. Charged particle beam profile detector
based on Yb-doped optical fibers. In Proceedings of the IPAC2011, San Sebastidn, Spain, 4-9
September 2011; pp. 1150-1152.

Heighway, E.A.; Hohban, J.; Schriber, S.O. Electron Beam Current, Profile and Position Monitor.
U.S. Patent, 4059763, 2 November 1977.

Hill, K.O.; Meltz, G. Fiber Bragg grating technology fundamentals and overview. J. Light. Techn.
1997, 15, 1263-1276.

Gusarov, A.; Hoeffgen, S.K. Radiation effects on fiber gratings. IEEE Trans. Nucl. Sci. 2013, 60,
2037-2053.

Rego, G.; Fernandez, A.F.; Gusarov, A.; Brichard, B.; Berghmans, F.; Santos, J.L.; Salgado, H.M.
Effect of ionizing radiation on the properties of arc-induced long-period fiber gratings. Appl. Opt.
2005, 44, 6258-6263.

Henschel, H.; Hoeffgen, S.K.; Kuhnhenn, J.; Weinand, U. High radiation sensitivity of chiral long
period gratings. IEEE Trans. Nucl. Sci. 2010, 57, 2915-2922.



Sensors 2014, 14 15801

25.

26.

27.

28.

29.

30.

Fielder, R.S.; Klemer, D.; Stinson-Bagby, K.L. High neutron fluence survivability testing of
advanced fiber Bragg grating sensors. In Proceedings of SPACE TECHNOLOGY AND
APPLICATIONS INTERNAT.FORUM-STAIF, Albuquerque, NM, USA, 2004; 650—657.

Taylor, E.W.; Hulick, K.E.; Battiato, J.M.; Sanchez, A.D.; Winter, J.E.; Pirich, A.R. Response of
germania doped fiber Bragg gratings in radiation environments. Proc. SPIE 1999, 3714, 106—-113.
Gusarov, A. Long-term exposure of fiber Bragg gratings in the BR1 low-flux nuclear reactor.
IEEE Trans. Nucl. Sci. 2010, 57, 2044-2048.

Krebberl, K.; Henschel, H.; Weinand, U. Fibre Bragg gratings as high dose radiation sensors?
Meas. Sci. Technol. 2006, 17, 1095-1102.

Sporea, D.; Sporea, A.; Vata, I.; Rusen, I. Optical fiber feed through resistant to pressure
differences. Rom. Pat. Appl. A/00733, 25, July, 2011.

Becker, M.; Fernandes, L.; Rothhardt, M.; Bruckner, S.; Schuster, K.; Kobelke, J.; Frazao, O.;
Bartelt, H.; Marques, P.V.S. Inscription of Fiber Bragg Grating Arrays in Pure Silica Suspended
Core Fibers. Photon. Technol. Lett. 2009, 21, 1453—-1455.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



