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ABSTRACT. Resistive Plate Counters (RPC) are employed as muon detéot many high-rate
high-energy physics experiments, such as the Compact Moan&@d (CMS) experiment cur-
rently under way in the Large Hadron Collider (LHC) acceierat the European Center for Nu-
clear Research (CERN). A gas mixture containingfgF,, i — C4H10 and Sk is recirculated inside
the RPCs during their use and subjected to degradation dhe pyoduction of fluoride ions which
limits the sensitivity of the RPCs. This paper describesva sensor that is able to detect low con-
centrations of fluoride ions in gas mixtures. The sensor dawd a plastic optic fiber (POF) which
is made sensitive to Fgaseous ions by means of a thin layer of a glass-material, deposited
via plasma onto the fiber core. The kons attack the gladike film and alter the transmission
capability of the fiber so that the detection simply requiedsED and a photodiode. The sensor
exploits a cumulative response which makes it suitable if@ct estimation of the total exposure
to the F ions, thus providing a tool that can be used to tune the mzamize of the gas filters. The
glasslike film is deposited by means of plasma enhanced chemical vapmsiion (PECVD) of
organosilicons monomers, which allows the deposition tpdréormed a low temperature in order
to avoid damaging the fiber core.
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1 Introduction

Resistive Plate Counter (RPC)][detectors are widely used in nuclear and particle physics f
the detection and timing of muon particles. The adoptionroFebased gas mixture as an active
medium in RPCs makes it necessary to understand what datrtagehiave on RPC materials, what
contaminants are produced in the recirculation systemshwénie the effects effects connected to
their use in high-radiation areas. The results of a studypdica sensors for fluorine contaminants
are reported hereafter. The study to establish a possipléecation of such optical sensors in the
RPC muon detecto] of the Compact Muon Solenoid (CMS) experime8itih the Large Hadron
Collider (LHC) at the European Center for Nuclear Resea@BERN) in Geneva (Switzerland).
The RPCs which are employed in the CMS are composed of twditeagéates kept 2 mm apart
by means of spacers. The plates are maintained at a voltHigeedce of about 9 kV in order to
obtain an electric field of about®kV/mm between the plates. The space between the plates is
filled with an insulating gas whose ionization, connectetht passage of a charged patrticle, is
used for particle detection. The gas is a mixture of 96.2%b{4E,4, 3.5% of i— C4H10and 0.3%
SK; and is maintained at a fixed relative humidity of 45%. A clesmap recirculation system is
used because of the large volume and cost of the gas being Dseidg RPC operation, the gas
mixture may be polluted by contaminants that increase the &tk current. One of the identified
contaminants, which is critical for its reactivity and diffit to detect, is hydrogen fluoride (HF).

The average HF production of one CMS RPC chamber has beenagsti to be about
25 umol/h, which corresponds to concentrations, in the absenceterfsfilof some parts per mil-
lion [4, 5]. For this reason, 90% of the gas mixture is recirculatedmndied by 3 gas filters, while
10%-20% of fresh gas is injected into the loop, thus reduttiegHF concentration to.0 gmol/h.

The concentration of contaminants is monitored by meansecfrechemical F sensors and
gas chromatography. Gas sampling points are located bafatafter each filter. The sampling
points make it possible to perform chemical samplings inttduim hydroxide solution, whose
composition is determined at fixed intervals by means of éb@ranalyses.



Figure 1. Sensor assembly with LED, fiber and PD.

Commercially available sensors for fluoride ion detectiemy(galvanic-type sensors that are
based on Mn@gas-diffusion electrode$]) have a measuring range of 220 ppm, which is too
high for this kind of measurement. These commercial Hydndgleoride sensors (e.g. from CEA
Instruments Inc, GasDetectors USA) are designed for patsafety and have costs in excess of
500$ per unit so that their massive use for a complete RPCtorong is not feasible.

More sensitive sensors, such as tin dioxide and Al-dopephgrae based devices{], have
been proposed to detect hydrogen fluoride traces at patiifien concentration, but they all have
a higher cost.

Intrinsic sensors based on Plastic Optical Fibers (POFslenad poly-methyl-methacrylate
(PMMA) [10, 11] could be an interesting alternative, provided they can lz&lensensitive to
fluoride ions. The use of POFs for sensing applications igllagrowing [12-14] because of
the cost-effectiveness of the POFs and the easiness of useated to their large diameters
(0.25 mm— 1 mm), which permit simple and cheap plastic connectors tasled while still main-
taining a good optical couplindLp]. Fiber optics can be used to develop intrinsic sensorsikha
to several different principles (fiber grating, scintiltat, light attenuation changes due to pollutant
absorbtion in the core, light losses due to fiber bending, e{d6, 17]). However, POFs offer the
advantage of having a remarkable evanescent field, whigmnéstoutside the core and which can
be used to develop sensors based on the propagation loggedian occurs due to the interaction
of the evanescent field with the surrounding media.

2 Sensor design

A fiber based sensor that exploits the interaction of the es@ant field with the surrounding envi-
ronment can easily be arranged with a structure composedigifteemitting diode, an optic fiber
and a photodiode, as shown in figure

The fiber has a length of about 10 cm. The used LED (KingbrighBERD-G) emits in the
visible red region (wavelength 635 nm—680 nm) and has bdented since PMMA has a stable
attenuation value in the red regio@2] when exposed to radiations. A wide band photodiode
(Osram SFH 213) is also employed.

Both LED and PD cupolas are drilled with 1 mm holes; the fibénserted into the holes and
bonded to the components using liquid PMMA. The fiber is theed in an oven at 60C for three
days to ensure complete polymerization of the liquid PMM#aly, the assembly is bonded to a
PVC support so that the fiber is retained in a fixed position.



In order to exploit the use of the evanescent field, the PQdidlatg must be removed and the
core exposed so that the sensitive film can directly intasgttt the evanescent field.

Commercially available fibers commonly used for telecomication purposes, costing about
1$ per meter, can be employed to develop the sensor. Thegs fibe step-index, highly
multi-mode POFs with a.08 mm diameter PMMA core, surrounded by #Dmm fluoropoly-
mer cladding.

The cladding can be removed either by means of a mechanmag$s or by means of a chem-
ical process. The mechanical approach is difficult to cantywathout damaging the core, which is
composed of PMMA that is a relatively soft material; on thieesthand, a pure chemical approach
is not feasible since the long exposure to the solvent thaeégssary to obtain the complete dis-
solution of the fluoropolymer would damage the core. For tbé&son,the authors have employed
a mixed chemico-mechanical approach. Initially, the filsedipped into ethylacetate for 40 s, so
that the fluoropolymer is attacked, then the cladding ipgad using a soft paper towel, which is
able to remove the fluoropolymer without damaging the core.

Once the cladding has been removed, the sensitive film mudgesited using a low temper-
ature process, since the PMMA core is damaged at tempefaglrer than 80C. A good solution,
which also allows a precise control of the layer structurbambtained, is the use of low pressure
plasma treatments or 'cold plasmas’. Plasma Enhanced €heXa@por Deposition (PECVD) can
be used to develop very sensitive sens@f.[PECVD modifies the fiber surface properties either
by grafting different functional groups, or by depositirfwnt films, whose physico-chemical and
optical properties can be changed over a broad range singpyaiing a proper selection of the
experimental parameters.

The critical aspect in the design of a POF sensor that exptbé evanescent field and its
interaction with the surrounding media in order to achiesmsgivity to the quantity of interest
concerns the selection of the sensitive film. The film that thalse deposited on the fiber core
must be capable of reacting with the sensed quantity ofastewith a reaction which alters the
capability of the fiber of transmitting the light. In addiioto achieve the required selectivity,
the film must have a minimal reacting capability with respecbther quantities present in the
surrounding environment, which could also affect the ligahsmission.

This selectivity can easily been obtained in the case ofiflecions by employing a glass-
like thin film. Glass has a higher refractive index than the PMMA #us affects light transmis-
sion to a great extent. It is attacked by the iBns and is almost unaffected by other quantities.
Two problems arise: first the direct deposition of glass dhtofiber is impossible since the melt-
ing temperature of glass is much higher than the melting ézatpre of PMMA; second, a careful
control of the glass thickness is fundamental to obtain gotataction with the evanescent field.
It is important to note that the reaction between glass arutifla ions is not reversible and leads
to the formation of silicon tetrafluoride (Sjf

SiO, + 4HF = SiF4 + 2H,0 2.1)

The developed sensor shows intrinsic cumulative behavér,the sensor output is propor-
tional to the integral of the exposure to the HF vapors. Whaiplked to conventional sensors for
the detection of other contaminants, such asN@, H,O, the sensor will provide a direct measure-
ment of the residual purifier lifetime. The cumulative modeperation requires that the sensor
should be discarded after use, thus dictating the need floe@pcproduct.



The fiber can therefore be coated with an Sfiin which has a very similar composition and
amorphous structure to glass. {iin films with thicknesses of up to a few hundred nanome-
ters can easily be deposited on the POF surface by means df [PEtarting from organosili-
con monomers.

The plastic fibers were therefore treated in a plasma fed wsttaethoxysilane (TEOS), 0
and Ar in different ratios. The plasma discharge was peréarat a pressure of 5 Pa and with an
input power of 50 W. The thickness of the deposited,Jiln can be changed simply by varying
the deposition time.

The PECVD reactor employed in this study consists of a gamteel vacuum chamber con-
nected to a turbomolecular pump backed up by a rotary pump.k@ 1.3.56 MHz RF power
generator connected through an impedance matching urseis to ignite the discharge. A throt-
tle valve and a pressure gauge permit the chamber pressheecntrolled. Four injection lines
equipped with mass flow controllers permit quaternary disgh gas mixtures to be used. A sepa-
rate controller is used for the injection of the film precurgapor.

The fibers were processed onto the ground electrode at than§damperature reached by
the plasma, which was kept below°T® in order to avoid damaging the PMMA core. Thanks to
the high conformability of the plasma discharge the entindage exposed to the plasma can be
coated, except for the point in contact with the ground ebelet. The depositions were performed
therefore in two steps, reversing the fiber half way to coher éntire surface thus obtaining a
uniform thickness. In order to assess the conformabilityhef plasma discharge, some deposi-
tion experiments were performed onto Si patterned wafarismns, which demonstrated the good
homogeneity of the coating thickness (see figd)teAs an example, figurg shows a Field Emis-
sion Scanning Electron Microscope (FESEM) image of a déga$ilm, which has a structure that
closely resembles the amorphous structure of glass. Thefiows how the thickness of a film
with average thickness of 145 nm has a variability of no mbeat20 nm between horizontal and
vertical surfaces.

Finally, the LED, PD and the connections were painted witlaakoHF resistant paint to avoid
problems due to the effect of environmental light and/omef light which could travel from LED
to the PD outside the fiber.

The described procedure allows one to obtain rather cheaprédnies, but has two main draw-
backs. First, the initial transmission capability is clgssonnected to the position of the LED/PD
holes, with respect to the cupola centers, and is also affacta great extent by the polishing of
the fiber ends. These problems could lead to rather diffdP@nturrents, even in the presence
of a fixed LED current and, therefore, the PD conditioninguitr should have a variable gain to
compensate for this variability. However, if all the measunents are scaled to the initial transmit-
tance, the mounting effect can be rendered unimportant.sébend, more important drawback is
connected to the different expansion ratios of the fiber dediber support. This results in fiber
stretching and/or bending, which can have an effect on #restnission capability of about 5% for
temperature changes of&. This is not a problem in the RPC use, since the temperaiuren-
trolled and the temperature changes are usually lower th&h hhowever, a new setup is currently
being designed in which a different bonding solution is evgetl in order to reduce the effect of
the changes in temperature.



Figure2. FESEM image of the cross-section of the gfllm deposited onto a Si patterned wafer. The coat-
ing thickness is quite homegeneous in the range of 124 nmAadbtdemonstrating the good conformability
of the plasma discharge.

3 Experimental results

3.1 Radiation effect

Since the sensors are designed to be employed in the presthagh-energy radiations, it is
important to assess the behavior of the plastic fiber, the,ldfd the PD when exposed to such
radiations. Studies are in fact available regarding thexbieh of glass fibers in the presence of
radiation [L9-21], but few results are available regarding plastic fib@8.[In general, high energy
radiations can produce fiber depolymerization that coutidice the transparency of the fiber, thus
impairing the performance of the sensor. According to tisailte described in22], the expected
change is of about 1 dBn for a PMMA fiber excited with a red wavelength and subjected t
dose of 100 Gy. This corresponds to an amplitude change afrdter of 5% on a 10 cm long
fiber in the same conditions, while negligible changes ghbelrecorded for doses of the order of
1 Gy, which are the values expected in the fiber installatiositipn for several months of CMS
operation. To test this effect two sensor assemblies, oimg @sbare fiber and one with a fiber
coated with a silver thin film, were installed and left in pdor about six months in the Gamma
Irradiation Facility (GIF) at CERN. The silver layer was slen because it can easily be deposited
via plasma, it can react with fluoride vapors, and it can leetthé formation silver fluorideAgF)
which, due to its yellow color, can alter the light transaniite of the fiber. This kind of coating
was not used in the final sensors since it is sensitive to mtérgy pollutants and provides limited
sensitivity [L4].

After this period, which corresponds to a dose of about 2 Gychanges in the transmission
ratio were recorded on the bare fiber, while a small transarisgeduction, of the order of 5%, was
observed for the silver coated fiber, probably because afatshrnishing caused by the reaction
between the silver film and the atmosphere.

3.2 Fiber coating
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Figure 3. Example of dark field pictures of a fiber coated with a thigkelaof SiQ; (400 nm). Top image:
uncoated fiber; middle image: the Si©oated fiber; bottom image: SiQoated fiber after exposure to
HF vapors.

When the fiber is coated according to the procedure desciibdfte previous section, two pa-
rameters must be considered: the gas composition and tlesidep time. The gas composition
determines the nature of the coating, i.e. the organigemdc nature of the SiQlayer. Since the
objective is to obtain a layer with a high refractive indexglasslike film is desired and this re-
sults in the deposition in an oxygen rich plasma in order tluce the organic fraction of the film.
The authors therefore employed a TEOS::@r = 1: 20 : 20 sccm mixture, which allows one to
obtain a mostly inorganic SiCfilm, as confirmed by the FTIR.

The deposition time determines the coating thickness: #¢hindayer leads to an insufficient
dispersive effect, while a too thick layer can reduce thesiked light to a very low value and
produce a sensor with extremely low sensitivity since therftle attack cannot completely destroy
the film.

An Si specimen was inserted into the plasma reactor alorytiv fiber to allow easy mea-
surement of the film thickness by means of an FESEM. Figsleows, as an example, dark field
pictures of a fiber coated with a 400 nm thick Sifdm obtained after a deposition time of 30 min.
The top image shows the fiber core. The light dispersion isma@hand is due to the roughness
of the fiber as a consequence of the cladding removal. Thelencture shows the same fiber
after the SiQ film deposition: the layer, which is quite thick, makes thefihighly dispersive so
that the light barely reaches the photodiode. The bottongéshows the fiber after exposure to
HF vapors, as described in the following section. In thestatbse, the fiber is less dispersive, but
still barely any light reaches the photodiode, as the thi€k$ only partially attacked by the acid
vapors. Figurel instead shows dark field pictures of a fiber coated with a 20@hick SiQ; film
obtained after a deposition time of 15 min.

The top picture shows the bare fiber with a small slight disiper and is similar to the result
of figure 3. The middle image shows the dispersion increase due to tharadilm, although less
change can be observed than in the case of figusince the layer is thinner. A small amount of
light is still able to reach the end of the fiber. The bottontysie, taken after exposure to the HF
vapors, shows degradation of the gléiks- 200 nm film, which results in a reduced dispersion,
so that the light at the end of the fiber significantly increasempared to the coated unexposed
fiber. For these reasons, the POF sensor prototypes destélopids study have been coated with
a 200 nm thick SiQfilm.
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Figure 4. Example of dark field pictures of a fiber coated with a thin,Sffbm (200 nm). Top image:
uncoated fiber, middle image: fiber after coating, bottomgenaoated fiber after exposure to HF vapors.

Reaction chamber

4 Sensor assembly

X "
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Figure5. Block diagram of the measurement setup which comprisesahsor assembly, a T sensor ((RS
Platinum Thin Film class At100) a DMM-scanner and a PC connected to the scanner via [&EB4
terface. The reaction chamber is made of polytetrafluoydetie (PTFE) which is HF-resistant. The HF
vapors are generated by inserting a small PTFE bow! comizimicalibrated solution of HF into the reac-
tion chamber.

3.3 ExposuretoHF

The effect of HF on the SiQcoated POF sensor has been investigated by employing treunea
setup shown in figur®. The sensor assembly is enclosed in a polytetrafluoroetey{E TFE)
chamber which can be sealed completely. AT sensor (RS Bafirhin Film class APt100) is also
inserted into the chamber and used to monitor the tempetatli vapor generation is obtained by
using a small PFTE bowl containing a few milliliters of HF gtabns with different concentrations.
This way it is possible to create HF vapors with differenttighpressure by simply changing
the concentration of the HF solution. The partial pressae loe computed using the Antoine
equation 23] and the coefficients can be found either on the NIST web 2#edr computed from
partial pressure experimental measureme2tik [

The exposure tests were performed by employing a 40% in wldmcertified solution. The
solution was diluted to 20% in volume, which corresponds pauial pressure of about 700 Pa, at
a temperature of about 256. All the tests were performed leaving the fiber in the bowldome
hours in clean air and then inserting the PTFE bowl with theddkition into the chamber and
leaving the measurement running until the fiber output redehplateau.
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Figure 6. Coated fiber response to HF exposure. From top: Temperdiuirgg the test measured with the
T sensor; HF vapor concentration computed according to titeiAe equation; exposure computed as the
integral of the vapor concentration; fiber transmittand® naormalized to its initial value. The test which
lasted more than two days was conducted in a uncontrolledogmaent in which the temperature during
the test changes in the range of Z2to 27°C; only the first 30 hours are shown as the transmission ratio
reaches a plateau after about 25 hours. The fiber has an dhgtdollows the exposure until saturation,
which appears when the transmission ratio increases alioues.

Figure6 shows, as an example, the result of an exposure test. The gaws the temperature
measured by the T sensor, the HF vapor concentration cothpsteg the Antoine equation, after
the HF bowl had been inserted into the chamber after aboulidives during which the fiber signal
reached stability. The two lower traces show the exposumepated as the integral of the vapor
concentration and the fiber transmittance ratio normaliaets initial value. The test, which lasted
about two days, was conducted in an uncontrolled envirotnrewhich the temperature during the
test changed in the range of 22 to 27°C. The picture shows the first 30 hours during which the
fiber has an output that follows the exposure until satunatichich appears when the transmission
ratio increases about 3 times. After about 25 hours, thené&sion ratio reaches a plateau.

An FESEM analysis of the SiJJilm (figure 7) shows the film morphology after the HF attack.
The SiQ, coated fiber surface can be observed on the left before HFsaxpavhile the images
taken after exposure at different magnification levels, lmarseen in the center and on the right.
Before exposure, the Si@ilm appears smooth and homogeneous, while it is extensopded
after exposure to the aggressive atmosphere and thus lpadeas its dispersing capability.

Finally, figure8 shows the exposure estimated from the fiber output usingahatien:

E =ki(R—1) (3.1)

whereR is the fiber transmittance normalized to its initial valu &n is the transmittance sensi-
tivity, identified on the basis of experimental data, whiels la value of about 700@pm- hour)~2.



Figure 7. FESEM images of the coated fiber before (left) and aftert@reand right) exposure to the

HF vapors.
‘g 15000
s ] Computed exposure \\
= 10000 //
RS ]
= . Measured exposure
8 5000
x ]
T 0
0 5000 10000 15000
'E 600
=3 400
o -
T 200 —
S 0] NG ~
«
> 200 S \\ N\
E -400 7\~//_/ N / \
T 600 B \_/ \
0 5000 10000 15000

HF exposure (ppm - h)

Figure 8. Exposure estimated on the basis of the sensor output dededi€e with respect to the expected
value. The difference remains within 400 pphour until the sensor reaches the end of life after exposure
of about 10000 pprhour.

The blue line in the figure is the ideal expected responsegvité red line is the measured
response; the difference between the estimated and egpeqtesure can be observed at the bot-
ton. The difference remains within 400 pphour until the sensor reaches the end of the life after
exposure of about 10000 pptmour.

4 Conclusions

A new cumulative sensor prototype which can be used to mothitopresence of HF in gas mix-
tures employed in RPCs has been designed. The sensor, velnidie®btained by coating a plastic
optical fiber with a thin SiQ layer deposited by means of PECVD, shows a high selectivitly w
respect to the fluoride ions and has a cost of the sensititeopéew dollars. The experiments
described in this paper, have shown that the light tranethitly the fiber changes as soon as the
SiOy is attacked by HF vapors; in particular, changes of 3 timéar afxposition of 15000 ppm



per, hour have been observed. The sensor has also beenftestgerability in the presence of
high-energy radiations and no changes have been obsenerdtivia sensor was exposed to a dose
of about 2 Gy. This makes it possible to conclude that it ciaeléd@mployed in the RPC for longer
periods than six months without any radiation-induced aéation. The sensor could be equipped
either with a wireless battery-operated controller, todware connections, or with a standard ac-
quisition system if electromagnetic interferences havgetavoided. The sensors are still sensitive
to environmental conditions, which limits their accuragyahis is mainly due to the procedure
adopted to mount the assembly. A new mounting structurerigistly being designed in order to
reduce this problem, however, the low cost of this sensoritsnability to work in the presence
of high energy radiations make it a promising solution fegéascale, continuous monitoring for
experiments employing a large number of RPCs, such as inlite €ite.
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