4.8	CHAMBER PERFORMANCE:  CHAMBER TEST RESULTS


Before discussing the chamber R&D results, it is appropriate to list briefly the CMS CSC prototypes along with the major tasks addressed in their construction and tests. The Dubna-line chambers were designed with the goal of converging on the final ME1/1 chamber to operate in very difficult environment (high rates, large B-field), the US-line prototypes were addressing the challenges of designing the very large CSCs to be produced in mass quantities (some of them will operate in difficult environment as well). The most important performance results will follow this short introduction.


Dubna P0 prototype (September - November 1993)


This is a small four layer prototype with 0.5(0.5m2 dimensions, 2.5 mm anode-cathode gap, 2.5 mm wire spacing, 30 (m wire diameter and 5.08 mm cathode readout pitch. It was instrumented with electronics designed at Dubna. The P0 prototype design incorporated the know-how gained in testing two previous chambers: two-layer 1.5(1 m2 and four-layer 3(0.3 m2 prototypes with 2.5 mm and 4 mm anode-cathode gap, correspondingly. It was tested at the RD5 high energy muon beam at CERN and demonstrated position resolution of 50 (m with a good uniformity across the strips. The Lorentz angle dependence on the magnetic field up to 3 tesla parallel to the strips was measured in the RD5 magnet with cosmic rays. Results obtained with the prototype can be found elsewhere [4.26].


Dubna P1 prototype (May 1994)


Based on the P0 results, a new P1 prototype, the first of a new generation of large size ME1/1 prototypes with six layers and radial strips, was constructed. The chamber was instrumented with cathode electronics based on the analog signal processor, GASPLEX, designed at CERN. The P1 prototype with anode wires orthogonal to the central strip was tested in a 200 GeV muon beam in the absence of magnetic field. The spatial resolution for muons at normal incidence was 50 (m. Analysis details can be found elsewhere [4.27].


Dubna P2 prototype (May 1994, April 1995, Integrated Test in June 1995)


The P2 prototype was tested in 3 tesla magnetic field with horizontal cosmic rays. The anode wires were rotated by 24.8( with respect to the central strip to compensate for the effect of the magnetic field. An average spatial resolution over the full sensitive chamber area of 63 (m was obtained with the cathode plane perpendicular to the field. 


One year later, in April 1995, this prototype was fully instrumented with GASPLEX cathode and new LABEN anode front-end Dubna-designed electronics. Precise timing and spatial resolutions were simultaneously measured in high energy beam test. Studies of the Lorentz angle in an axial magnetic field parallel to the muon beam were performed.


CSC performances in conditions close to those expected in the CMS detector were studied in the Integrated Test. The endcap configuration prototypes of the preshower, PWO crystal electromagnetic calorimeter, hadron calorimeter and ME1/1 (P2) were set the RD5 magnet with the magnetic field parallel to the beam. The chamber performance in the presence of the electromagnetic secondaries associated with high energy muons passing through the upstream material of the calorimeters was studied, namely: spatial resolution, chamber capability to tag the right bunch crossing, and spatial resolution achievable at the level-one trigger with different fast algorithms for finding local charged tracks. A variety of results can be found elsewhere [4.28].


Dubna X-ray prototype (summer 1996)


A small prototype, similar to P0, was constructed to study the effects of high rates on the CSC performance [4.29]. One layer was irradiated by 8 KeV X-rays through a thin window with a background rate of up to 500 kHz/strip while the other three layers were used for track reconstruction of the cosmic rays. Although GASPLEX electronics, being too slow, is not appropriate for high rate tests, the results nevertheless gave us the first insights into the problems associated with high rate environment (spatial resolution deterioration, efficiency of the LCT finding algorithms and their accuracy). This was important for the optimization of new prototypes of the cathode front-end ASICs designed in Minsk for the Dubna P3 prototype.


Dubna P3 Prototype (December 1996)


The P3 prototype represents a six-layer full-scale CSC of a 10( sector of the ME1/1 muon station. For the summer 1997 beam tests, the P3 was instrumented with new cathode strip front-end electronics based on the 16-channel Minsk ASICs. It was tested at the H2 beam at CERN in the presence of both axial and radial components of the magnetic field and high beam intensity up to 500 kHz/strip. Another test was performed at the CERN Gamma Irradiation Facility, GIF, under a very high gamma background up to 2(106 (/cm2. The tests demonstrated efficient and precise track reconstruction and bunch-crossing identification with the new front-end electronics at the background rates corresponding to LHC conditions. Preliminary results have been summarized elsewhere [4.30].
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Fig.4.8.1: The Dubna P3 prototype installed in the 3 Tesla magnet at the CERN H2 beam line.


Dubna P4 Prototype (December 1997)


This is a preseries sample of the ME1/1 chambers to be fabricated in Dubna by the end of 1997 [4.31]. Essential tooling being designed for the mass-production of these chambers will be used in the P4 construction. 


US T0 prototype (December 1994)


The major goal of this prototype was to optimize chamber design from an engineering standpoint, i.e. to make it simple, reliable and cost-effective, both in terms of material and labor.  It was a 0.7(1.44 m2 two-layer chamber. We tested wire groups of full length and width envisioned for the largest chambers in the endcap muon system, and wires obtained from different vendors. Very importantly, we verified  the operational reliability of planes with milled cathode strips (one plane had strips, another did not). This is the only cost effective scheme for producing the large chambers in mass quantities. The chamber showed very reliable basic performance [4.32].


US P0 (summer 1995)  


The P0 prototype was a 0.6(0.6 m2 six-plane chamber, with 9.5 mm full gas gap (h=4.76 mm for anode-cathode gap), and 30 (m wires spaced 2.5 mm apart. The design of this chamber was driven by the effort to minimize the future costs of building the large system of CSCs. To reduce tolerances on panel flatness and to allow for wider strips we  built a chamber with a large gas gap and unconventionally wide strips (w/h~3.4, while the usual ratio is between 1 and 2). Our simulations showed that, while resolution was expected to vary substantially across a strip, the six-plane chamber with half-strip staggering between planes should have an adequately good overall spatial resolution. The beam tests in the RD5 area at CERN confirmed that about 50 (m resolution (per six-plane chamber) is, indeed, attainable in the chamber of this design [4.33]. Timing efficiency for the large gas gap was also found to be well adequate.


US T1A and T1B prototypes (1995)


Again, these two prototypes were built to test a set of new engineering solutions. As the previous T0 prototype, they both were 0.7(1.44 m2 two-layer chambers. The T1-protypes were made of commercially fabricated panels - a very important breakthrough in the design. Also, they had gap frames of a new design, not requiring expensive milling. To enhance future chamber reliability, we decided to use wires of 50 (m in diameter and spaced at about 3.2 mm.  The design for segmenting a plane of wires into HV-independent parts so that one could turn off a part of a plane without affecting the rest of the wires was implemented in these prototypes. Insulating guard strips were also tested on these prototypes. The optimal scheme of grounding and shielding has emerged from the studies with these prototypes. The very good results obtained with the T1s made them the basis for the rest of the US-line chambers [4.34]. 


US P1A prototype (February 1996)


This prototype was almost the size of the largest CMS chamber, but had only two gaps.  It was made as a trial run before building the large scale prototype P1. Commercial shipping survival has also been verified (acceleration in excess of 10g were detected). Results [4.35] showed that the design was free of flaws and allowed us quickly proceed with construction of the full scale P1 prototype in the same year. 


US P0' (summer 1996) prototypes


From outside, the P0' prototype looked like the US P0 chamber, i.e. it was a 0.6(0.6 m2 six-plane chamber, with 9.5 mm full gas gap. However, the strip pitch was now 6.4 mm - the narrowest strip in chambers of the Endcap, all other than ME1/1. Also, reflecting the evolution of the chamber design optimization process, the wires were now 50 (m in diameter and spaced 3.4 mm apart. This time during the muon beam tests at RD5, we made use of the Si beam telescope detectors to do detailed trigger studies (both on strip and wire sides). Half-strip comparator electronics was tested on this prototype (92% probability to detect correct half-strips, 99% probability to find valid half-strip based LCTs, spatial resolution for LCTs thus found was measured to be 0.11(w). Timing of the detector with much larger wire spacing was of our special interest in these tests (99.5% probability of finding valid wire group based LCTs with >98% probability of correct bunch tagging). Spatial resolution with the narrow strips was expected to be good and uniform across a strip (60 (m per plane as measured). All the results confirmed the right choice of the basic chamber design parameters [4.33].


US P1 prototype (October 1996)


This prototype of 3.3 m length and 1.2 m width and with all six planes in place represents the largest CMS Cathode Strip Chamber.  Its width is somewhat smaller than the full width of the largest planned chamber (1.5 m) as the panel material of the full width is available from the manufacturer only in substantial quantities.  All engineering and design solutions as envisioned for the final chambers have been implemented in this prototype. The picture of the prototype is shown in fig.4.8.2. Its performance is being thoroughly tested during this (1997) year in cosmic rays. The chamber has an operational plateau where it meets all the required specifications on spatial (150 (m resolution per chamber) and timing (92% correct bunch tagging efficiency) performance from 4.0 to 4.5 kV, 4.1 kV being defined as the nominal operational point for this gas [4.36]. It has been constantly under HV since November of 1996 and has not shown any problems.
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Fig.4.8.2: A photograph of the US P1 prototype.


US P2 prototype (December 1997)


This is exactly the full scale chamber (3.3 ( 1.5 m2) and will be assembled by the end of this year [4.37]. Its design is essentially final. It will be instrumented with prototype electronics and will be tested in the high rate background environment at GIF at CERN in the summer of 1998.


4.8.1	Operating point and overall performance


The high voltage at which the total cathode charge in a cluster of strip signals equals 100 fC is defined as the nominal operating point.  The induced cathode charge depends on the total charge released in an avalanche, the ion drift velocity, the front-end electronics shaping time, and the charge fraction induced on one cathode plane. The detailed analysis of these  processes can be found elsewhere. Results presented in this section show that all CMS CSC performance  requirements are met at this operating point.


Fig. 4.8.3 shows the cathode charge (Landau peak) as a function of HV for the US P1 large prototype.  One can see that the nominal operating point (100 fC at about 4.1 kV) is well below the maximum voltage HVmax=4.5 kV (at 4.6 kV we observed excessive dark currents and the operation became unstable). Gas gain variations within a plane of all the large prototypes were measured to be within a factor of 2 (Fig. 4.8.4), which meets our requirements.
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Fig. 4.8.3: Cathode charge vs. high voltage for the US P1 prototype. Nominal operating point is defined to be at Qcathode=100 fC. The maximum HV at which the chamber operated without abnormalities was 4.5 kV (cathode electronics was saturating at 200 fC - thus the line is drawn to guide the eye).
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Fig. 4.8.4:  Spread of gas gains over the area of all six planes. The data is for the large US P1 prototype (3.3 X 1.2 m2) and explicitly show that the goal of keeping gas gain variations in a chamber plane within a factor of two is achieved.


Fig.4.8.5 shows single plane strip and wire efficiencies. To determine the efficiency, muon track coordinates were reconstructed in two dimensions making use of Si microstrip detectors in the muon beam (US P0' prototype).  Strip hits were counted if the predicted strip or either of its neighbors had a charge above 6 fC threshold,  while wire hits were counted if the predicted wire group or the nearest neighboring wire group had been hit within a 100 ns wide window.  One can see that the prototype was at its full efficiency at the nominal operating point (100 fC cathode charge).
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Fig. 4.8.5:  Cathode and wire channel efficiencies vs. charge measured on the cathode plane (see text for definitions). Combined efficiency represents events when both anode and cathode signals are present. The chamber is at its full efficiency at the nominal operating point (100 fC cathode charge). The data is for the US P0' prototype obtained in the muon beam.


Another important consideration in designing large chambers with many channels of very sensitive and fast electronics is the issue of pick-up noise and oscillations. We have put a good deal of effort into laying out proper grounding for the readout electronics and HV power supplies, as well as in devising a scheme of HV filtering and overall shielding (for details see section 4.3). As a result, the large prototypes showed no excessive noise or instabilities from the very first turn-on.


4.8.2	Strips


As was mentioned in Section 4.1, the precision muon coordinate comes from fitting strip charges.  Two chambers, ME1/1 and ME1/2, are required to have 75 mm resolution,  while the other chambers should provide a 150 mm resolution (numbers refer to the full 6-plane package).  


4.8.2.1  Stand Alone Chamber Resolution


Spatial resolution results for precise chamber prototypes (ME1/1 and ME1/2) are presented in Fig.4.8.6 and 4.8.7. Fig.4.8.6 shows residuals (per plane) as measured with the Dubna P1 chamber prototype operated at the nominal HV. One can see that, given this per-plane resolution, a six-plane chamber will meet the spatial resolution requirement with a good margin, which is needed to accommodate other contributions to the resolution: misalignment, track inclination, non-perpendicularity of strips and wires, B-field non-uniformity, etc. The bottom part of a ME1/2 chamber was represented by the US P0' prototype: its per-plane spatial resolution (sigma of a Gaussian fit) vs. HV is presented in Fig.4.8.7. Again, adequate performance is achieved at the nominal point. In the same data sample, we specially investigated the residual tails and found that about 5% of hits per plane were significantly (>3() compromised, which is acceptable.
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Fig. 4.8.6:  Single plane resolution of the Dubna P1 chamber prototype as measured in the muon beam tests at normal incidence for muons.
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Fig. 4.8.7:  Single plane resolution of the US P0' prototype, representing a part of the ME1/2 chamber vs. Qcathode.


The rest of the chambers will have much wider strips, and the US P0 prototype was made to represent the widest (16 mm) strips of the ME234/2 chambers. With strips this wide, the spatial resolution depends on the hit position across a strip: it is worse when the hit occurs at the center of a strip since there is almost no charge sharing, while on the contrary it is very good between strips. Resolutions at different hit positions across a strip presented in Fig.4.8.8 show this effect explicitly. 


To compensate for this effect, odd and even chamber planes are staggered by half a strip width which ensures  that 3 out of 6 hits will be in the area of a very good spatial resolution. By taking the individual plane residuals as measured in the beam tests  (i.e., including shape of the distribution core and its tails), we can simulate the overall six-plane chamber resolution, which turns out to be better than 50 mm. This strategy of using wide and staggered strips obviously allowed us to reduce the number of strip channels.


The largest chamber prototype (US P1) is currently being tested in cosmic rays. Preliminary results obtained with this prototype are shown in Fig.4.8.9. The P1 data includes all contributions of multiple scattering of soft cosmic ray particles, effects of track inclination and non-perpendicularity of strips and wires, etc. It should be pointed out that the default geometry as of the P1-drawings have been used in the analysis and no local adjustments (except for global plane shifts) have been done. Given this resolution per plane and taking into account staggering, the overall expected spatial resolution for the six-plane chamber is expected to be about 80 (m, i.e. safely better than the required 150 (m. Further and more detailed data analysis is in progress.


For tracks which are inclined with respect to wires, the primary ionization spreads along a wire. Primary ionization fluctuations (spatial spread of cluster as well as number of electrons per cluster) and the gas gain fluctuations result in variations of the induced charge shape. As the result, the CSC resolution worsens. This has been studied experimentally and the results are shown in Fig.4.8.10, where it can be seen that the scale of the deterioration is tolerable. 
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Fig. 4.8.8:  Single plane spatial resolution of a CSC with 16 mm wide strips (US P0 prototype) and with 6.4 mm wide strips (US P0' prototype) vs. track position across a strip, x/w, i.e. in units of strip  width.  The resolution is best for tracks going between strips. A drastic dependence of the resolution on x/w is obvious for very wide strips. (Data obtained in the muon beam.)
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Fig. 4.8.9:  Single plane spatial resolution of the largest CSC prototype (US P1), as measured with cosmic rays. Given this resolution per plane and taking into account staggering, the overall spatial resolution for the six-plane chamber is expected to be around 80 (m, i.e. safely better than the required 150 (m.
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Fig. 4.8.10:  Deterioration of the spatial resolution vs. track inclination with respect to the wires. Irreducible range of (-angles in the EMU CSCs due to their size and placement is less than (5( (or (6( for muons with pt>30 GeV - check the number!), meaning that the resolution deterioration due to track inclinations is not significant. (Data obtained with US P0' prototype in the muon beam.)


Another subtle effect comes from the fact that strips, being radial, are not always perpendicular to wires.  Ionization electrons drift perpendicular to the wires and therefore will produce avalanches which can be shifted with respect to the strip coordinate system. This contribution cannot exceed 90 (m per plane for 20(-chambers. In fact, track inclinations in (-angle of muons make this contribution even smaller. Thus, at the scale of our requirements, this contribution is insignificant.


4.8.2.2   Chamber in Magnetic Field


As was pointed out earlier, the ME1/1 and ME1/2 chamber have to operate in substantial magnetic fields. The presence of a B-field (both Bz and Br components) results in skewed drift of electrons towards the wires.


The radial component of the B-field, being as large as about 1 T in ME1/2 chambers, substantially affects their spatial resolution. The mechanism schematically is shown in Fig.4.8.11. Spread of ionization clusters along the wires is very much similar to that occurring when tracks have inclinations in (-angle. This effect can be compensated only by chamber rotation around the radial axis which clearly would make the system very awkward. Thus, the chamber resolution is inevitably deteriorated, but still remains within the required one (75 (m per chamber, or approximately 150 (m per plane). 
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Fig. 4.8.11:  Different clusters of the primary ionization in presence of a B-field going along strips (radial components of the CMS EMU field) drift to different places along the chamber wires. Thus, the effect of this cluster spreading is similar to the effect of track inclinations in (-angle.


The observation that Br has the same affect on the resolution as that due to track inclinations allowed us to measure the Lorentz angle in the RD5 magnet with cosmic rays. Fig.4.8.12 presents the data taken with the Dubna P0 prototype in this field configuration. The Lorentz angle as measured for several values of the radial field has an obvious linear dependence on the field (see Fig.4.8.12 inset).
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Fig. 4.8.12:  Chamber resolution deterioration due to the Br-field vs. track inclinations as measured with the Dubna P0 prototype. The position of minimum for each field value corresponds to the Lorentz angle. The inset shows linear variation of tan(L with the magnetic field.


The effect of the axial z-component of the field is very strong for ME1/1 chambers (the field is as large 3 T in these CSCs). Fig.4.8.13 illustrates the effect of z-component of the B-field (i.e. field normal to the chamber). When electrons drift towards the plane of the wires, i.e. along the Bz-field, they do not experience any deflection. However, when they turn to drift in the radial direction toward one or another wire, they shift towards left or right, the amount and sign of the shift depending on where between wires the ionization has been deposited (the maximum shift can be estimated as (s/2(tan(L, where s is a wire spacing and (L is the Lorentz angle).  From the same figure, one can immediately see that tilting the wires at the same Lorentz angle eliminates the spread of ionization across the strips). Direct measurements with prototypes in magnetic field show these effects explicitly.
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Fig. 4.8.13:  Z-component of the B-field (i.e. field normal to the chamber in the CMS Endcap System) causes ionization clusters to spread along the chamber wires, which results in chamber spatial resolution deterioration. The effect can be compensated by rotating the wires at the corresponding Lorentz angle.


Fig.4.8.14 shows test results obtained in magnetic field with Dubna P2 prototype which had a proper wire tilt chosen from the previous Lorentz angle measurements. Clearly, the chamber resolution is almost completely restored. An average spatial resolution of 63 (m over the full sensitive chamber area was obtained. 
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Fig. 4.8.14:  By rotating the wires with respect to the strips, one can compensate for the Lorentz angle effect. The beam test results with Dubna P2 prototype confirm this explicitly. 


However, due to the difference in the average electric field values between the wires and the rest of the gas volume, the Lorentz angle for B-field oriented parallel to the strips is different from the one for the field normal to the chamber plane. Further beam tests with the same prototype in endcap orientation of the magnetic field confirmed this observation. Fig.4.8.15 shows deterioration of the spatial resolution with Bz-field. The resolution minimum occurs at the field such that the Lorentz angle corresponding to this field is the same as the wire tilt angle in this prototype.
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Fig. 4.8.15:  Chamber resolution deterioration due to the Bz-field as measured with Dubna P2 prototype.


The Dubna P3 prototype was tested at the H2 beam line at CERN in presence of both components (axial and radial) of the magnetic field and demonstrated that ME1/1 spatial resolution will meet CMS requirement. 


4.8.2.3  Local Charged Track


Apart from the off-line resolution requirements, the EMU CSCs are required to localize hits to within a half strip at the trigger level. Two different hardware solutions have been suggested and investigated. The ‘comparator’ algorithm [4.20] uses a set of comparators for each cathode strip to look at the charge differences in three adjacent strips (see section 4.4 for details). It gives hit coordinates known to within a half strip. The ‘digital’ algorithm proposed for RPCs [4.23] calculates a center of gravity of strips in a cluster with charges above a threshold. This also gives hit coordinates with half-strip stepping, but the actual boundary defining which of the two neighboring notches the hit is assigned to depends on the strip width and signal/threshold ratio for this hit. This feature together with higher sensitivity to tails is the drawback of the digital scheme. A more complicated circuitry is the drawback of the comparator scheme.


The intrinsic capabilities of the two algorithms to handle good hits, i.e. the ones which are not dramatically compromised by secondaries or (-electrons, were first evaluated by using the preselected Dubna P2-prototype experimental data. First, only good events with all six hits along a track within a narrow road of 350 (m were extracted. Then, off-line the residuals between the hit coordinate calculated from strip charge interpolation and the coordinate found by applying either digital or comparator algorithms were plotted. In this analysis, we did not attempt to simulate possible trigger electronics imperfections. The comparator algorithm gave essentially half-strip wide flat distribution, while the digital result was slightly wider. Fig.4.8.16 shows the probability to get a residual within ((x/w window for the two algorithms. For a |(x/w|(0.25 window, the comparator algorithm was ~100% efficient, and the digital one was ~92% efficient. Both algorithms were about 100% efficient for |(x/w|(0.5. 
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Fig. 4.8.16:   Probability to measure a muon hit in a plane at the level-one trigger with a residual within |(x/w| window. The result is obtained for muons tracks not compromised by secondaries or (-electrons (Dubna P2 prototype result)


The comparator-based circuitry has been prototyped in hardware and tested in the muon beam with the US P0' Prototype.  The differential efficiency of detecting the correct half-strip (efficiency vs. track coordinate across it) is presented in fig. 4.8.17. No suppression of bad hits was done, and the track position in the plane under the studies was obtained by fitting the track from the other chamber five planes. One can see natural efficiency losses at the edges of a half strip, which are mostly due to electronics noise and channel-to-channel gain variations, and some small coordinate-independent losses, which are presumably due to (-electrons. The overall efficiency was found to be 92% and almost independent of HV, as soon as one operates above the knee of the plateau (fig.4.8.18). The probability of obtaining the correct half-strip or the next nearest half-strip is 98%. 


Trigger electronics imperfection was simulated and applied to the off-line data as well as to the MC-generated data which did not have (-electrons. This allowed us to explicitly analyze contributions of different factors. 


Finding hit positions to within a half-strip is the first step towards finding an LCT (local charged track segment), which is based on searching patterns of half-strip hits in six planes consistent a muon track. Even in presence of electromagnetic debris accompanying high energy muons after passing the iron filter or calorimeter, this is achieved with the 99% probability (more details are given in sub-section 4.8.3). 
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Fig. 4.8.17:  Efficiency of detecting the correct half-strip vs track coordinate across it (US P0' prototype results).
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Fig. 4.8.18:  Overall probability (per plane) of measuring the correct half-strip vs. high voltage (US P0' prototype results).


4.8.3	Wires


As was discussed earlier, the CSC wires serve the dual purpose.  First, they  define muon track stubs, or LCTs (local charged tracks), in the radial view: an LCT pattern must be consistent with a track originating from the IP. Second, the anode signals, being faster than those from the cathode (smaller channel capacitance, larger signal amplitude and no requirements on precise measurement of amplitudes allows for much faster electronics),  will be used to identify at the Lev-1 trigger the bunch crossing number associated with a registered muon.


Due to finite drift velocity in the gas, even for the ME1/1 chambers which have the smallest wire spacing (2.5 mm), the single plane timing is not good enough to allow for reliable bunch-crossing identification. The time spectrum of anode signals from a single plane is shown in Fig.4.8.19: one can see that a noticeable fraction of signals falls out of any given 25 ns window. 
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Fig. 4.8.19:  Time distribution of anode signals from a single plane for the inclined muon tracks in the (-angle range from 10( to 24(. The spectrum width is 34 ns at the level of 99%. Data are taken in the muon beam with the Dubna P2 prototype.
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Fig. 4.8.20:  Time distributions of the 1st, 2nd, etc. signals out of the six planes. Spectra for the 1st and 2nd signals are substantially narrower than a single plane time distribution and provide a reliable bunch-crossing identification. Data are taken in a muon beam with the Dubna P2 prototype.  


However, we take advantage of having multiple plane chambers: time distributions for the earliest, second, third and fourth signals out of the six planes are substantially narrower as shown in Fig.4.8.20. One can see that the earliest, second and even the third signals can be used for bunch crossing identification with efficiency more than 99%.


In operation, the anode trigger electronics logic will be searching for hits in six planes lining up to make a pattern (at least 4 hits in 6 planes) consistent with a muon track coming from IP, as described in the electronics subsection 4.4. For charged particle identification the majority coincidence can be used. Efficiency of the majority coincidence vs. strobe width is shown in Fig.4.8.21 (zero corresponds to the time when the muon passes through the chamber). Measurements with Dubna P2 prototype show that a charged particle can be identified in the time strobe less than two bunch crossings (50 ns) with efficiency close to 100%.
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Fig. 4.8.21:  Efficiency of the majority coincidence vs. strobe width. Majority coincidence of at least four out of six signals provide a reliable charged particle identification within a gate shorter than two bunch crossings. Data is taken in a muon beam with the Dubna P2 prototype.  


The efficiency of finding a muon generated pattern or LCT was measured in the beam tests with the US P0' prototype and found to be around 99.5% above the knee of the operating range plateau is shown in Fig.4.8.22. The same figure shows the probabilities of the correct bunch crossing identification by using the earliest, second, third and fourth hit from the found LCT pattern. The results are obtained with the US P0' prototype (large 3.4 mm wire spacing). As was discussed in subsection 4.1, the requirement for correct tagging of a bunch crossing associated with an LCT in one station is 92% (then, the 4-station based global muon track trigger will be more than 99% efficient by selecting the most frequent bunch crossing among the 4 LCTs linked in a track). One can see that the chamber performance at the nominal operation point (100 fC cathode charge) is safely better than this requirement. The tests of the large US P1 prototype in cosmic rays showed the same high bunch tagging efficiency (Fig.4.8.23).
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Fig. 4.8.22:  Probability of finding a "4 out of 6" wire LCT (inverted triangles) and probability of tagging the correct bunch crossing by triggering on the first, second, third, or fourth hit in the found LCT. The results are obtained in the offline analysis of the data taken in the muon beam with the US P0' prototype (3.4 mm wire spacing). The chamber performance at the nominal operation point (100 fC cathode charge) is safely better than the 92% requirement.
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Fig. 4.8.23:  Probability of tagging the correct bunch crossing vs. high voltage, as measured with the full scale US P1 prototype in cosmic rays. The probability at the nominal high voltage of 4.1 kV is safely above the 92% requirement.


A sensitivity of the bunch tagging efficiency to various factors has been studied in the beam. Fig.4.8.24 shows that the probability does not depend on the track inclination for the range of angles expected in the Endcap Muon System. The effect of the B-field on the timing was also found to be negligible.
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Fig. 4.8.24:  Independence of bunch tagging efficiency on track inclination for the range of angles expected in the Endcap Muon System (US P0' prototype in the muon beam).


It may be appropriate to recall that bunch crossing tagging based on the second earliest hit is the baseline. A simple consideration of backgrounds shows that one cannot use the earliest hit, even if it were the best time estimator (as in the case of the small wire spacing of ME1/1 chambers). Indeed, a random hit overlapping with a muon pattern and preceding the muon by a few bunch crossings would clearly compromise such a measurement (given the signal duration, two hits must be separated by more than 200 ns to be resolved). To compromise the second earliest hit, one needs to have more than one random hits overlapping with an LCT within the 200 ns window. Therefore, the second hit should give much more robust time tags in terms of tolerating random hit backgrounds (see subsections 4.8.4 and 4.8.5) 


4.8.4	Six-plane CSC performance in presence of electromagnetic secondaries


4.8.4.1  Track finding in off-line


The influence of electromagnetic (em) secondaries on the muon track reconstruction was studied with the Dubna P2 prototype with and without the calorimeters in front of it in the Integrated Test of CMS endcap prototypes.


Without any material upstream, a fraction of high energy muon tracks with fatal distortion of clusters in three or more layers due to (-electron production was measured to be around 5%. This value is in agreement with our previous measurements in cosmic rays with Dubna P0 prototype.


In the Integrated Test configuration, high energy muons passing through the calorimeter matter produce a significant number of em secondaries which make muon track reconstruction more difficult. The Integrated Test setup at the H2 beam line of the CERN SPS is shown in Fig.4.8.25. Note that the variation of the magnetic field in the chamber was in the range of 2.5(3.0 Tesla for different layers similar to the realistic B-field.
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Fig. 4.8.25: Endcap Integrated test setup. The Dubna P2 prototype is behind the HCal+ECal and the entire set of the detectors is submerged in magnetic field corresponding to the Muon Endcap System. 


The experimental data have shown that the high energy muons (100 - 300 GeV) produce up to 20-25 % of events with em secondaries hitting the CSC. The track finding algorithm was as follows. First, all wide (overlapped) clusters were split into sub-clusters and hit positions for all clusters and sub-clusters were calculated. Second, we searched for at least four hits within 1 mm wide road (at the angle consistent the muon beam direction within (2() and required that at least four out of possible six hits line up to make a decent track fit ((2/dof<7). If these criteria were satisfied, the event was called a class A event. Among the remaining events, we searched again for at least four hits lining up with much looser cuts (6 mm wide road, (4( angle, no (2 cut). If found, the events were tagged class B. What is left after the two iterations were called class C events. Typical events representing all the three classes are shown in Fig. 4.8.26.
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Fig. 4.8.26:  All events observed in the integrated tests (Dubna P2 prototype) at 300 GeV could be sub-divided in the three classes A, B, C: (a) events with good muon tracks with no or with well separated from the muon background hits (muon hits are reconstructed with the full 45 (m precision, 92% of all events); (b) events with compromised, but still reconstructable muon tracks (precision is deteriorated to about 1 mm, 6% of all events); (c) events where the track finding algorithm failed (less than 2% of all events). 


For 300 GeV muons, the fraction of events of class A was 92% and tracks were reconstructed with almost the ultimate precision of 45 (m (Fig.4.8.27(a)), 6% of events were assigned to class B and they had track fit residuals of the order of 1 mm (Fig.4.8.27(b)). The remaining 2% of class C events represent unrecoverable losses. Fig.4.8.28 shows how the fraction of class A events changes for different number of planes in a chamber.


We also studied how often muon induced secondaries can generate of fake tracks. The probability of such fake tracks (at least 3 hits per track) was measured to be around 3% (10%) for 100 GeV (300 GeV) muons.


�


Fig. 4.8.27:  Residuals for tracks from class A events (a) and from class B events (b). Data is for Dubna P2 prototype.





�


Fig. 4.8.28:  Probability of class A events (events with a muon track reconstructed with the ultimate chamber resolution) as a function of a number of chamber layers (Dubna P2 prototype). Two sets of data correspond to muons of different energies: 100 and 300 GeV.


4.8.4.2  Strip LCT 


To verify the robustness of the strip LCT trigger, the US P0' data taken in 300 GeV muon beam with the prototype placed behind a 30 cm thick iron slab was analysed. The Si beam telescope counters placed upstream from the iron block were used to confirm muon triggers and to predict the coordinates where a muon should hit the chamber (projected precision was about 100 (m). The off-line chamber data were fed into the routine which was simulating half-strip comparator and digital algorithm performance (the simulation routine was consistent with the results obtained with the actual comparator network hardware - see Figures 4.8.17 and 4.8.18). A list of all valid strip LCT patterns was generated in independent MC and a fixed (most probable) coordinate was assigned to each of the generated patterns. Each pattern was also given a priority code based on the relative frequency of appearance. As was discussed in section 4.4.2.3, we envision using two sets of patterns: one based on the half-strips for high pt muons and another one based on double-strips for low momentum muons. Then the valid strip LCT patterns in the order of their priorities (see discussion in section section 4.4.2.3) were searched for in all the events. The results are as follows:


-	For comparators: about 98.9% of events had valid half-strip LCTs and Gaussian sigma of residuals between predicted track position and a coordinate assigned for the found patterns was 0.107((strip width) - see Fig.4.8.29(a). For the digital scheme: 94% and 0.147((strip width).


-	For comparators: about 1.1% of events did not have valid half-strip patterns, but they did have valid double-strip LCTs, and spatial resolution for those few LCTs was 0.732((strip width) - see Fig.4.8.29(b). For the digital scheme: 6% and 0.907(w.


	Less than 0.1% (0.2%) events had no patterns in the comparator (digital) schemes.


��


Fig. 4.8.29:   Residuals between predicted muon track position in the CSC and coordinate assigned for the highest priority found strip LCT: (a) 98.9% of events had valid half-strip patterns; (b) remaining 1.1% of events had no half-strip based LCTs, but had valid double-strip LCTs. Data are taken with US P0' prototype in 300 GeV muon beam behind a 30 cm iron block.


4.8.5	CSC performance in high rate environment


For 1997 beam tests the Dubna P3 ME1/1 was instrumented with new cathode front-end electronics based on 16 channel Minsk ASICs (charge sensitive preamplifier-shapers with 100 ns shaping time and fast shapers with 30 ns shaping time). Total of 96 channels (6 planes ( 16 channels/plane) were used for precise muon position measuring and for triggering. Anode readout was equipped with Laben front-end electronics and MVL discriminators. The test was performed at the H2 beam line in a strong magnetic field corresponding to CMS endcap experimental conditions. The first results showed a high track reconstruction efficiency and good spatial resolution. Timing resolution for both anode and cathode readouts was also measured to be very good. 


New fast cathode electronics make it possible to operate a CSC in a pion beam with a rate up to 500 kHz/strip. Fig. 4.8.31 shows deterioration of a track reconstruction efficiency vs. pion rate. Probability in this figure is normalized to be 100% at zero rate. For chambers behind the calorimeters or iron, the absolute efficiency of reconstruction a muon track was measured to be 92% (see subsection 4.8.3.1). As mentioned above, the expected background hit rates can be as high as 1 kHz/cm2 (at the bottom of the ME1/1) and the total signal rate per strip may reach about 100 kHz. One can see that at this rate the losses in the track reconstruction efficiency are negligible and the chamber spatial resolution per layer remains acceptable (Fig. 4.8.31). 


�


Fig. 4.8.30:   Relative probability of reconstructing a muon with at least 4 out of 6 residuals within (300 (m window as a function of particle rate in Hz/strip. Data are taken with the Dubna P3 prototype in the high rate pion beam (preliminary results). 
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Fig. 4.8.31:   Deterioration of a single plane resolution with the rate in Hz/strip.


Another test was performed with the Dubna P3 prototype in the CERN West Area with muon beam at the Gamma Irradiation Facility (GIF). The GIF provides a muon beam in combination with superimposed very high rate gamma backgrounds, up to 2 MHz/cm2. The photo of the chamber being set at the GIF is shown in Fig. 4.8.32.


�


Fig. 4.8.32: The Dubna P3 prototype being set up for tests at the GIF facilities at CERN, i.e. in a muon beam with superimposed flux of photons from a high intensity gamma source. 


The estimates of background gamma rates at the bottom (top) areas of the ME1/1 chambers at the full LHC luminosity is around 70 (7) kHz/cm2. This rates corresponds to an absorption factor of the GIF source filter of 35. (The unattenuated GIF gamma flux is about 2.3(106 (/cm2/s.) Preliminary result shows adequate efficiency of the bunch crossing identification and a high timing resolution of the first-out-of-six and second-out-of-six hits as a function of random hit rate with as illustrated by Fig. 8.3.33. Data analysis is in progress. 


�


Fig. 4.8.33:   Broadening of the time distribution width of the first-out-of-six and second-out-of-six hits. Data are taken with the Dubna P3 prototype at the GIF facilities at CERN (preliminary results).


4.8.6	Aging


Three small (200 cm2) one gap chambers have been assembled according to the current EMU CSC design and out of exactly the same materials envisioned for the final chambers. The chambers were flushed with one of the plausible gas mixtures (Ar+CO2+CF4 = 40+50+10) at a flow rate of 30 cc/min, and two wires of the first chamber were irradiated with a strong (-source (Figures 4.8.34 and 4.8.35). The second chamber was not irradiated but its gas inlet was connected to the gas outlet of the irradiated chamber. The third chamber was used as a reference. The chambers were operating at the nominal operating point. {Fig- agetest }) During these aging tests, the gas gains (Fig. 4.8.36) {Fig-gainage}) and dark currents (Fig. 4.8.37) {Fig-dcurrage}were measured in a few points of the two test chambers and compared with the reference chamber. One can see that even after accumulation of a total charge in excess of 2 C/cm/wire, neither gas gain nor dark current have changed. This total accumulated charge substantially exceeds the expected value of 0.1 C/cm after 10 years of LHC operation at the full luminosity. The results are very encouraging and not unexpected as we already knew of the aging preventive properties of the CF4 gas [4.38]. More details on the aging test setup and other results, including the ones with no-CF4 gas mixture, can be found  elsewhere [4.39]. The aging test program will be continued.


�  


Fig. 4.8.34:   Sketch showing experimental setup for aging studies. 


�


Fig. 4.8.35:  Sketch showing test points of the chamber which was irradiated during aging studies. Only two points 1 and 2 were irradiated, but all of the shown points were monitored for any possible changes.


�


Fig. 4.8.36:   Gas gain in the aged chamber has not shown any drop after accumulating of total charge in excess of 2 C/cm/wire  


�


Fig. 4.8.37:  No dramatic dark current changes has been observed over the entire period of aging.


4.9	Simulation of CSC detector and electronics Response


CMSIM is a general purpose CMS detector simulation package which is extensively used for optimization of the detector performance and its design. Below we discuss how CSCs are implemented in CMSIM.


4.9.1	Signal generation


When a CSC plane is entered or exited by any charged particle, the particle kinematic parameters, including those particles created in the tracking process, are saved for inclusion in the HITS bank. 


Simulation of chamber hits begins by fetching the chamber hit positions from the HITS bank list. In addition to muon induced hits at this stage, extra hits from the superposition of background processes, such as minimum bias punchthrough and hits originating from neutrons, can be added to the hit list. These hits will have time-of-flight offsets that take their production beam crossing times into account. This allows for the realistic simulation of background hits in time.


As a first step, free electrons are produced in the gas gap and are transported to the anode wire. Free electrons are generated along a line between the gas volume entry and exit points fetched from the hit data banks. Free electron generation uses the atomic structure of the gas molecules in the calculation of the collision cross section. The differential cross section ds/dE is calculated from the complex dielectric constant of a material, which in the simplified model, contains the photoabsorption cross-section of the atom.


Each electron is then transported to the anode wire position independently. The electric and magnetic field vectors found at the electron's position are used to obtain the local drift velocity vector. In this fashion all electrons are transported incrementally to the wire with their different arrival times and Lorentz drift distances taken into account. The portion of the charge induced on the cathodes near the drifting electron's arrival position is determined following the Gatti parameterization (see discussion in section 4.1).


After summing the contributions from all electrons, electronic noise is randomly superimposed onto each strip and wire. It is important to note that the signal might contain contributions from drifting electrons due to background hits from other beam crossings. After simulation of the electronic response, the CSC cathode signal consists of the time profile of charge from all drifting electrons and the superimposed electronic noise for both the DAQ and trigger path signals on all strips. Simulation of the final digitizing step then proceeds.


4.9.2	CSC Precision Signal Digitization (DAQ path)


The CSC front-end cathode readout includes a switched capacitor array (SCA) to store signals from strips. The signal shape is sampled at eight different times (the number is programmable) at 50 ns intervals and stored in capacitor cells in the SCA. Ultimately, after Lev-1 trigger signal arrives, signals of interest will be fetched form the SCA and digitized by 12-bit on-board ADCs. Actual algorithm of selecting which information is to be digitized and stored will depend on luminosity. For example, at very low luminosity all strip signals will be recorded, at very high luminosity only signals associated with LCTs will get to the tape. More complex algorithm are being discussed as well. Currently in the CMSIM, the precise cathode signal sampling is done and information is stored for five strips: the center strip that satisfied the comparator and two strips on both sides. One can mask this information to simulate the ultimate DAQ selection algorithms.


4.9.3	CSC Trigger Primitive Simulation


Trigger primitives in the endcap muon CSCs are charged track segments in a single superlayer, called local charged tracks (LCT). A collection of hits in adjacent gas gaps in a superlayer are matched to hit patterns that are produced by a single muon track. The spatial coordinates of the hits in the chamber give a global position and the matched pattern gives the local bending angle. A track segment hit position and bending angle characterize each endcap muon LCT. CSC volumes have both cathode strip and anode wire group measurements, yielding the precise f coordinate and the coarse radial coordinate respectively. There is a track segment for each coordinate:  a strip LCT and a wire group LCT.


Simulation of the strip LCT segments begins with the DIGI strip data. For each half-strip comparator hit, a 150 ns gate is opened. When a coincidence of four or more layers in a valid road pattern is encountered, the pattern of signals 100 ns later is sampled and checked for a valid LCT road. The collection of road patterns used assumes that tracks are straight lines within the CSC chamber. The patterns accept tracks with local bending angles that cover a range from zero up to five half-strip widths.


4.9.4	Cluster Hit Reconstruction


To recognize clusters of strip hits in a CSC layer, the strip with the greatest ADC count is found. Using this as the central strip, the charges from two strips on both sides are taken; the combination of these five strip charges is defined as a hit cluster. The five strips in a cluster are fit to the Gatti parameterization to determine the precise hit position. This is done by calculating the difference between the digitized charge distribution and the Gatti charge distribution for an assumed position x. A c2 is defined from this difference as


�EMBED Equation���


where strip is the ID of the central strip in the cluster, QGatti is the charge from the Gatti distribution for some position x, and Qdigi is the charge from the digitized CSC data. The position x and total charge are varied until c2 is a minimum. The resulting x value is used as the precise CSC hit position. When tracks pass close to the strip center, a similar amount of the cluster charge is distributed on each of the neighboring strips. The difference between the signals on the neighbors is then dominated by electronic noise, thus undermining the accuracy of the reconstructed hit position. The CSC position resolution thus depends on the distance of the precise hit position x from the strip center. It also depends on strip width and full gas gap. Fig. 4.9.1 summarizes CSC resolutions for different chambers as simulated in CMSIM. 


The CMSIM has been verified against data obtained with prototypes in the muon beam. Since CSC intrinsic resolution is predominantly defined by electronics noise, it can be very well reproduced in simulation when signal and noise are properly taken into account. Fig.4.9.2 shows the agreement between data and simulation explicitly.


�


Fig. 4.9.1:  CSC single layer resolution vs. distance from strip center for each muon station for 100 GeV muons. The x axis is the absolute value of the proportional distance from center, up to 1/2 strip width from center (0).


�


Fig. 4.9.2: Resolution of the US P0 prototype as obtained in the muon beam tests and simulated within the framework of the CMSIM package .


�
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