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6.4	Quartz Fiber Specifications and Requirements (HF)


There are two different types of quartz fibers in the HF detector.  In the region h>4, radiation-hard fibers with fused silica core and  a fluorine-doped silica cladding are used.  In the lower pseudorapidity region, h < 4,  where the radiation levels are less severe, fused silica core and a plastic cladding  fibers are planned to be utilized.  Both types of fibers are 345 micon in diameter with 300 micron diameter core.


 Fiber lengths will nominally vary from 2.5 to 3.5 meters depending on the location of the towers with respect to photodetectors.  The optical transmission of <1 dB/m is required to minimize loss of light. Both end of the fibers will be polished.  The OH- level in the fiber core material is typically 1000 ppm.  To avoid breakage during construction, we require short term mechanical stability at minimum bend radius of 1.5 cm or less.   The tensile strength is required to be above 12.  The required fiber core noncircularity is less than 5% and the desired core concentricity error is 3%.


� REF _Ref387547610 \* MERGEFORMAT �Table 6. 1� summarizes the necessary dimensional characteristics for fused silica core fibers.  Type I is identified as quartz-quartz (QQ) fibers in order to indicate the core and cladding materials.  The core is fused silica and the cladding material is fluorine-doped silica.  The buffer provides radiation hard coating and structural stability, e.g. polyimide.  Type II fiber has the identical core but the cladding is made out of a radiation hard synthetic material (polymer) and less costly and is identified as QP to indicate the core (quartz) and the cladding (polymer) materials.  The numerical apertures of the fibers that are used in prototypes are 0.22±0.02 for QQ and 0.35±0.02 for QP for visible light.





Table 6. � SEQ Table_6. \* ARABIC �1�


  The parameters for Type I and Type II fused silica-core fibers.





Fiber Type�
Core dia 


(mm)�
Clad thickness


(mm)�
Buffer thickness


(mm)�
Quantity


(km)�
�
Type I (QQ)�
0.300�
0.015�
0.030�
980�
�
Type II (QP)�
0.300�
0.020�
0.030�
7812�
�
The extreme radiation levels where HF will have to operate put stringent requirements on the acceptable levels of degradation in fibers.  The expected total dose in EM shower maximum at h=5 reaches almost a gigarad in ten years.  From front to the back of the calorimeter the dose drops by two orders of magnitude.


The single most important reason for choosing quartz as active medium is its inherent radiation resistance.  High-purity quartz (suprasil) has been reported to withstand radiation levels up to 30 Gigarads with the transparency of small samples in the wavelength range 300-425 nm changing by less than 2%�.  The radiation hardness of quartz fibers depends on its core material in addition on the properties of the low refractive index cladding material.  With fluorine-doped silica cladding, the amount of light changed by less than 10% up to levels of 20 Gigarads�.  Radiation damage studies with intense gamma sources resulted in about 50% transmission loss in the visible band after 1 Gigarad of dose for 1 meter length fibers�.  The performance degradation of HF due to the expected radiation damage is addressed in detail in Chapter 1.  The radiation hardness of QQ and QP fibers are being carried out with protons, electrons, gammas and neutrons by the members of HF group at different facilities.  � REF _Ref387547684 \* MERGEFORMAT �Fig. 6. 11� shows the radiation damage of QQ fibers under gamma radiation.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �11�: Radiation damage characteristics due to gammas of fibers with quartz core and fluorine doped quartz clad with polyimide buffer (Type I) as a function of total dose and wavelength is shown above.


6.4.1 Quality control and assurance


There are a number of quartz fiber vendors that can manufacture what is needed for the HF.  Several standard measurements and tests are performed by some manufacturers.


1.	Dimensional tests (clad and core): on-line using a laser micrometer.  In the drawing stage, 100 % of the fiber is tested and continuously monitored.


2.	Dimensional tests (core, clad and buffer:  spool ends are viewed under a microscope to verify dimension.  This test is carried out in sampling mode.


3.	Proof test:  100 kpsi, 100% of fiber is tested as being drawn,


4.	Proof test : 100 kpsi, 100% of fiber is tested while spooled,


5.	Optical attenuation (100% of fiber).


A set of non-standard tests are also required to be performed by the  manufacturer in sampling mode;


1.	Tensile test/Weibul Plot.  60 m of fiber for test is needed,


2.	Thermal cycling in the ranges of -50 C to 80 C,


3.	Attenuation length vs bending radius,


4.	Attenuation length vs temperature, and


5.	Numerical aperture (NA) test.


Before fiber insertion into the absorber matrix, we plan to carry out our set of quality tests for physical dimensions, tensile strength, bend radius, light attenuation length and radiation damage for each draw batch and archive fiber samples in order to be able to trace back problems should they appear in a later stage.  The total length of a batch depends upon the size of the preform and these sizes typically vary between 40 cm to 120 cm.  For each batch, we will archive 100 m of fiber, in addition to the tests we plan to carry out per batch.








6.6	 HF Optical system


6.6.1 HF fiber insertion tooling


Fiber insertion into the absorber matrix is one of the critical parts of HF construction.  The past experience in constructing the EM module suggests that  about two man-years would be required for manual fiber insertion per detector.  Fiber bundling for each tower and bundle installation behind the absorber would certainly require additional time.  A programmable semi-automatic fiber insertion tooling is presently contemplated for this repetitive task.  A robotic arm would pick an already cleaned fiber and insert it into a groove by the required length and move by groove-to-groove spacing to repeat the same task until a tower is completely finished.  A manual intervention would be required if an insertion or another problem is encountered.  The engineering aspects of this design  are currently under study.


Fiber insertion will be done in a clean tent where a positive air pressure will be present to avoid dust particles accumulating in the grooves and on the fiber bundles over time.


6.6.1.1 Quality Control and Assurance


One of the requirements for the absorber matrix is such that all the grooves are tested with a steel wire gauge for clear passage before the insertion of the quartz fibers.  After this test, dry pressurized air is blown into the grooves to clean out possible burrs and dust particles.  This procedure will reduce time consuming interventions if a robotic arm is used.


Once a tower is completed, a visual inspection from the far end (front face of HF) of the calorimeter will be conducted to make sure the uniformity of fiber insertion lengths.  A light source will be used to inject light into each fiber from the same end to make sure that there was no fiber breakage during fiber installation.  The acceptable rate of failure is one fiber in thousand.


6.6.2		HF fiber bundling, cutting and polishing


The fibers will be bundled to form towers at the back of the absorber.  The fiber bundles will be made to form thin ribbons in order to minimize optical pickup noise from background radiation.  At the very end of the bundle, fibers will be closely packed into cylindrical ferrules for mechanical mounting into the photodetector housing.


There are three types of fiber bundles that emerge from each tower; long fibers that run the entire length of the absorber (EM section) will be bundled separately from the medium length fibers (HAD section).  The short fibers (TC section) will form yet another bundle. There are two different sizes of towers, the smaller ones (5 cm by 5 cm) and the larger ones (10 cm by 10 cm) depending on the eta region,  especially for TC, superimposed towers will be formed in 20 cm by 20 cm square sections.


EM fibers will alternate with HAD fibers in the absorber, i.e. every other fiber will go either to EM bundle or HAD bundle.  TC fibers will be inserted 30 cm into the absorber in the same groove as the EM fibers but at every second groove.


The experience with the previous prototypes has provided information in distinct ways; the fibers that constitute a tower are bundled at one end first and the free ends are inserted into the absorber as in the case of EM prototype that was built in 1996.  During various stages of prototype construction, fiber bundles were glued, cut and polished several times and this experience proved extremely valuable.  A new type of a wire saw that is recently introduced into the market makes cutting and polishing fiber bundles  easier.  The samples that are cut in this fashion require less time and effort to perfect the bundle polish.


��


Fig. 6. � SEQ Fig._6. \* ARABIC �28�:  The top photograph illustrates the surface quality of the fiber ends after they have been cut with a diamond saw.  Note that the core, cladding and the buffer are clearly visible.  The bottom photograph the fiber ends after they have been polished.


Once a crack-free cut is established with the ferrule, wet polishing procedure starts with 33 micron grit silicon carbide.  This is followed by a set of finer aluminum oxide polishing powders; i.e. 18, 12 and 3 micron grit sizes.  The final polish is done using a 2 micron cerium oxide powder until the fiber ends are clearly reflective. 


6.6.2.1 Quality Control and Assurance


Before the ferrules are mounted into the holding grid, the polish will be visually inspected with magnification.  In case of unacceptable polish (cracks, scratches, glue smears, etc.), the polishing procedure is repeated until an acceptable result is accomplished.  After polishing, the bundle will be cleaned with a cleaning agent to remove small particles and dust and a protective cover will be placed over the ferrule.  The failure rate of 1 cracked or deeply scratched fiber per hundred in a bundle is acceptable.








6.9 HF AIRCORE LIGHT GUIDES


The quartz fiber bundle are formed by loosely gathering together the fibers emerging from the back of the calorimeter using PEEK plastic tie-wraps. The fiber bundle is turned between 75°-90° and routed towards the outer radius of the calorimeter. The first row of PMT are located at about 100 cm in radius from the beam, whereas the first fibers emerge from the calorimeter absorber matrix at about 7 cm from the beam. The bend radius of the fiber bundle is at least 200 times the fiber radius, or ~8 cm minimum. The length of a typical bundle is about 1 m, including the bends.  The fiber bundles terminate in a highly polished, hexagonally close-packed bundle held in place by a snugly-fitting stainless steel ferrule (cylindrical) collar (from 6 mm-18 mm in diameter, depending on eta) and about 7 cm long) which is epoxied in place. The fiber bundle light guide is bent a second time at the ferrule end, so that the fiber ferrule is oriented parallel to the collider beam (along z), pointing towards the photomultiplier windows, through mirrored air light guides. The ferrules all terminate in holes in a rigid annular plate, held by a pressure collet around the conical holes. The steel plate, about 1.4 m in outer radius, is oriented perpendicularly to the beam direction.


The purpose of the air-core lightguide is to:


(a) 	mix the light, 


(b) 	save costs of fibers,


(c) 	provide a method to enable heavy shielding around the PMT to be conveniently penetrated, and 


(d) 	avoid Cerenkov background generated by mips in a solid light guide.


The lightguide consists of a hexagonal cross-section hollow regular parallelopiped mirror which is at minimum 3.5 times longer than the useable photocathode diameter. This minimum length ensures that the meridonal light emerging from the fibers (NA=0.22=sinq)  centered in the hexagon illuminates the entire cathode with only at most 1 bounce, while only allowing the bulk of the skew rays to have only at most 2 bounces from the mirror. The major diagonal of the hexagon is 1.5 mm less than diameter of the photocathode (15 mm) for a tolerance. The maximal length of the light guide is <35 cm, chosen as a compromise between transmission and shielding.


The shape of the mirror - square or hexagonal - will be optimized before final design in order to maximize transmission, provide good mixing, and minimize needed photocathode area. In the test beam, hexagonal mirrors provided good performance and were a better match to round PMT photocathodes, as described below.


The mirror material has been tested and consists of Alzac (Alcoa Metals), an aluminum sheet material (75-1,000 µm typical available thicknesses). The purified aluminum substrate has been anodized with a special non-porous anodization, designed for mirrors used in indoor and outdoor commercial lighting fixtures, which survive outdoors in temperate climates. The anodization produces a sealed film of boehmite, a form of transparent amorphous sapphire (alumina) that is a typical alumina ceramic, and in film coatings highly resistant to radiation damage� �.  The total reflectance is guaranteed to be 95% at normal incidence in sunlight. (Note: this process is not normally used for optical mirror protection because the surface finish is not able to reach the wavelength tolerances necessary for high quality imaging - the reflectance has a small ~ few %  diffuse component at normal incidence. In the quartz fiber transmission case, at nearly grazing incidence, this is largely irrelevant and contributes to the mixing.) In the HF case, the minimum angle to the normal is about 75°, where the reflectance in the blue (440 nm) averages above 98%  in bench tests. These bench tests used a blue LED and the same quartz fiber used in the calorimeter. The light cone from the quartz fiber was oriented onto the mirror material at variable angles and the resulting light measured with Si photodetectors. The mirror materials were fashioned into light guides for bench and beam tests.  


In test beam and bench tests, a 1 m long similar cylindrical mirror ~2.5 cm in diameter transmits 65% of the light injected at the emission angle of the fibers (about 15° max). It is because the emission from the fibers is <13° from the axis of the fiber that good light collection is possible using specular reflection. � REF _Ref387549199 \* MERGEFORMAT �Fig. 6. 29� shows the design of a slightly tapered light guide used in the test beam with the prototype calorimeter and � REF _Ref387549259 \* MERGEFORMAT �Fig. 6. 30�,  � REF _Ref387549308 \* MERGEFORMAT �Fig. 6. 31� show the measured transmission through these ~ 1m long guides.   � REF _Ref387549359 \* MERGEFORMAT �Fig. 6. 32� shows the ADC distribution of the response to 80 GeV electrons in the test beam through a 1 m long air light guide, confirming the 65% measured in bench tests and calculated with ray tracing.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �32�: Tapered light guide design with a 16 mm  and 32 mm aperture. 


�


Fig. 6. � SEQ Fig._6. \* ARABIC �33�:  Measured light transmission through a conical 2.8 cm-> 4.5 cm aperture mirrored air light guide using a quartz fiber as the light source vs the angle of the fiber w.r.t. the axis of the air guide. At ~12° (~78° to the surface), about 65% of the light is transmitted. 





�


Fig. 6. � SEQ Fig._6. \* ARABIC �34�:  Measured light transmission through a conical 2.8 cm-> 4.5 cm aperture mirrored air light guide using a quartz fiber as the light source vs both angle of the fiber w.r.t. the axis of the air guide and also vs the coordinate scanned across a diameter of the input aperture. At ~12° (~78° to the surface), about 65% of the light is transmitted.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �35�:  The ADC distribution of the response to 80 GeV electrons in the test beam through a 1 m long air light guide, confirming the ~65% transmission measured in bench tests and calculated with ray tracing.





For the test beam, hexagonal light mixers as shown in � REF _Ref387549403 \* MERGEFORMAT �Fig. 6. 33�, and � REF _Ref387549442 \* MERGEFORMAT �Fig. 6. 34�, using aluminized plastic. Measurements confirmed a reflectivity similar to the Alzac materials. The data shown for the test beam was taken mainly through these guides.


�


Fig. 6. � SEQ Fig._6. \* ARABIC �36�: Design of a 13.2 cm long x 3.6 cm diagonal hex mirror. 








�


Fig. 6. � SEQ Fig._6. \* ARABIC �37�: Photograph of a 13.2 cm long x 3.6 cm diagonal hex mirror. 


For the HF design, we have specified a short air light guide intermediate between these two designs above. This guide is ~31 cm long and 15 mm in diagonal. A photon emitted from the compressed phase space of the fiber will bounce at most 5 times in this guide, and be transmitted at a level of 70% with 93% reflectivity; the average photon will have ~4 bounces and be transmitted at 75%. At 95% reflectivity, typical for the (grazing) angle of incidences >78° emitted from the fiber bundle, the average transmission is >80%.


Full radiation damage tests will be conducted over the next 2 years. If any reason should be found to reject these mirrors, aluminum mirrors overcoated with a film of radiation hard magnesium fluoride, silicon monoxide, or all-metal nickel or rhodium plated mirrors with a reflectance of >90%, are alternates which are known to survive high radiation levels�,�.


6.9.1 Performance Requirements


The minimum acceptable transmission requirement of the air light guides is 50%, which are met by the guides constructed heretofore. This requirement is set so that the least count in a hadronic physics tower is not greater than 5 GeV at h=3, the average energy of a particle at an average pT of 0.5 GeV, low for LHC average pT.


6.9.2 Quality Control


The mirrors will be constructed in an assembly line with a precision slitting apparatus to cut the mirror material with a beveled edge (60°). 3-sided halves of the hex mirror structural element are constructed from 3 mm thick bent and machine-finished steel.  CERN-spec epoxy will be used to fasten the mirror skin to the structural elements. The non-reflective seam between the 6 mirror elements must be less than 250 µm in width. The manufacturing process will be designed to ensure that the mirror dimensions are the same with 1% from mirror to mirror, a tolerance of about ±0.15 mm. The flatness tolerance is ±0.1 mm across each panel of the hexagon. The design parameters are inherently not critical, as the number of mirror bounces is small, so that dimensional changes as high as a few % have negligible effect, so long as the output area is within the photocathode area.


6.9.3 Quality Assurance


The first 10% of all mirrors will be tested fully with angle (0°-15°) and transverse scans using fiber light sources. Transmission less than 2%  from nominal will be rejected. All others will be tagged for selection. If most of the first mirrors pass testing, all mirrors will be visually inspected, and put in a very simple  go/no-go jig, made of fiber light sources and a photodiode array connected to a simple yes/no discriminator consistent with the 10% full testing. In any case, the mirror and PMT assembly will undergo a separate optical test later in the assembly process.
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