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ABSTRACT
     We have compared the response of digital and analog readout of an RPC in avalanche mode which has small readout pads. This has been done to characterize the signals, and to determine the response of amplifiers for the digital readout.  We used  three methods of comparing the digital and analog readout of separate pads on the same RPC. These were rates as a function of threshold, rates of nearest neighbors, and rates of second neighbors. These three methods can only be reconciled if we make assumptions about the noise pickup from Noise related to the RPC. These assumptions are supported by visual observation of signals.  We find that Transimpedance amplifiers of 7K Ohms to 20K Ohms and frequency response of 250 to 600 MHz give suitable response, but we The frequency response seems to be the critical parameter for the multi-gap RPC.




INTRODUCTION

     These tests were performed at Argonne with a two-gap RPC with 

64 pads (32 instrumented) of 1 cm sq each.  The RPC was made of 

1.1 mm glass and had gaps of 0.6 mm. The surface resistivity of the

graphite layer was approximately 1.2 MOhms. The RPC was operated at 6600 Volts. The pads were read out either with a charge integrating system (analog readout) or with discriminators (digital readout). In the latter case the signals had 

to be amplified before being sent to the discriminators.

Most of these results are the result of one run of 65K triggers in about 24 hours.
The ADC system had a sensitivity of 1.1 femto-Coulomb per adc count. 

The amplifiers for the digital readout were AD8015 and MAX3760. They were mounted as close to the RPC as possible, about 3 cm above it, inside the EM shielding. The amplified signals were sent by twisted pair cables to MAX436 receiver chips with AC coupling. A Philips 7106 discriminator/camac latch was used for the readout.  

     The goals of these tests were to:

 1) Determine a correlation between the discriminator level 

with a fast amplifier  vs the charge integrated with the ADC system.

 2) Determine what properties of commercially available amplifier 

chips were suited for the RPC readout. We need to know the properties in 

order to design a custom ASIC which will be used eventually for the

readout of the chambers. In particular, the frequency response for the extremely fast signals turns out to be important.
     Limitations:

1) So far we have used gas (TFE:Ar:IB = 62:30:8) more suitable for 

streamer mode than avalanche mode.  Streamers are suppressed by using multiple small gaps.
2) We have only been able to obtain 2 of each of the 2 kinds of

amplifier chips, from Maxim and Analog devices.
3) We do not yet have a cosmic ray tracker to determine which pad 

had the primary hit and which pad sees cross talk.

    One difference in analyzing the digital data compared to ADC data is 

that we do not know if the digital pad hits were the primary hit

or the cross talk. When we took data only with the ADCs, 

we could sort the pulse heights to find the hit pad, assuming it 

had the maximum pulse height. Now, each correlation of two pads 

can have either pad be the primary hit location.

ANALYSIS

   We have used three methods to compare the digital to the analog:

1) Rates as a function of Analog threshold (11 values), compared to digital rates. This has been done mainly for individual pads, but we also have rates from groups of 2 and 4 pads.  Right now we have partial data at one digital threshold (100 mv) and good data at another (30 mv). 
2) Comparison of nearest neighbor rates. We can look at both analog and digital neighbors of a digital pad, and both analog and digital neighbors of an analog pad. 

3) Comparison of second neighbor rates.  In this case, we can look at the ratio of rates of two digital pads compared to two other digital pads separated from the first two by 1 pad width. We can do the same ratio for two pairs of analog pads in the same region of the RPC.

The location of the pads can be seen in the channel map below.
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Channels D1 and D2 are MAX3760, Channels D3 and D4 are AD8015.

Channel 46 was to be an analog comparison channel, but has a 

bad ADC. Channel 33, the first channel in an ADC card, has excessive noise.

    Observations with an Oscilliscope:

    If we trigger on the output of one amplifier of an adjacent pair such as D1 and D2, we see coincidences in the two channels most of the time. However, there are two distinct classes of signal which trigger the scope. Some are negative going with fast rise time and fall time of 10 to 20 ns. Some are oscillatory, going + and - at a frequency of at least a hundred Mhz, with an envelope decay time of hundreds of ns.  

    We can make sense of all our results if we make the following assumptions:

a) The ringing is pickup, not real signal, and furthermore it integrates to near zero in the slow analog ADC system so that we don’t observe it in the analog analysis. This ringing is only present when there is HV on the RPC.
b) The negative pulses are real RPC signals.

c) The ratio of true signal coincidence between two pads to the singles rate is the same for analog and digital if the noise is subtracted and the thresholds are the same.

This coincidence can be called cross talk, but originates in the distribution of the electric fields from avalanches in the RPC.

    Rate Analysis:

    The most complete results are at 30 mv digital threshold.

   The Maxim channels gave 4240 and 4820 hits in the run of 65K events.

The Analog Devices Channels gave 2450 and 3080 hits.

Nearby analog channels gave 14K hits at threshold 7, 9500 hits at threshold 10, 4200 to 5600 this at threshold 15, and 2500 to 3500 at threshold 20.

This simple version of the analysis assumes that all the digital hits are real. 

If we assume that half the hits are noise (see next section), then we get a matchup with the analog rates at a threshold of around 40 ADC counts (44 fC).
    Nearest Neighbor Analysis:

   For a given digital pad, we can look at analog pads on 3 sides 

of it, and a digital pad adjacent to the forth side. For some 

analog pads we can look at digital pads on two sides, and analog 

pads on the two other sides.  Other analog pads are surrounded 

by four analog pads.

   The crude first results (ignoring noise) are that the digital chips with 

discriminator threshold of around 30 mV correspond to around 30 

femto Coulombs. The discriminator threshold of 100 mV is about 

100 femto Coulombs (this correlation is done by eye, and for 

the higher threshold some channels can vary by up to a factor of 2). 

     This analysis has one inconsistent aspect, The coincidences of analog neighbors with digital pads count about a factor of 3 less than the coincidence of digital neighbors of digital pads at analog threshold around 20.
Using only two digital channels:

With f=fraction of true signals in coincidence on two pads.
Use some average number for the raw rate on a pad.

From run 137 we have:
  Singles          OR      COINC

D1      D2

4819     4243     6280      2782

Dave=Dtrue +Noise 
Coinc = Noise +f*Dtrue

OR = Noise +(2-f)*Dtrue

This looks like 3 eqn in 3 unknowns, but OR=(D1+D2)-coinc, so there are only 2 constraints.  So N=2782-3500*f.
We then need the constraint on fraction of coincidences from the analog pads.
The coincidence fraction for analog pads ranges from around 30% at low thresholds (eg 20 on both pads) to around 22% for higher thresholds (eg 200 on both pads)

Plugging in 30% gives Noise=1730, or about 38% of the raw rate on a digital pad.

So we conclude that that 38% of the raw rate is the ringing noise from the RPC.
     Second Neighbor analysis:

    This analysis was initiated because it is sensitive to pickup in the sensitive amplifiers from signals in the trigger photomultiplier tubes or else simultaneous noise pickup in both photomultiplier system and amplifiers.
The discriminator thresholds were adjusted upward until there were no counts from the amplifiers in coincidence with the photomultipliers with no HV on the RPC. It may still be possible for RPC signals to combine with trigger pickup.

We consider pairs of pads.  The or of the two Maxim pads gave 6280 hits. The or of the two AD pads gave 3844 hits. 
The hits of AD in coincidence with MAX pads is 1984. The number of hits of the MAX pads with no AD hit is 4296. The number of AD hits with no MAX hit is 1860.

    These numbers are hard to interpret. To do the analysis properly, we need the fraction of noise counts which are seen simultaneously in MAX and AD channels.

If we do the same analysis with two pairs of analog channels, ignoring the digital noise, we get similar numbers for threshold between 15 and 20 ADC counts (16 to 22 femto Coulomb).

TRANSIMPEDANCE CHIPS
The counts in digital pads with the MAX chips are about 75% higher than with the AD chips. This is in spite of the AD chips nominally having almost a factor of 3 more gain. There is a slope of response rate across the chamber for the analog pads, which would only explain a small part of why the AD chip counts are lower. 
MAX3760 chips have 7K Ohm gain and 500 MHz bandwidth (622 MHz maximum frequency), and the AD8015 chips have 20K Ohm gain and 240 MHz Bandwidth.
The gain of the AD chip is a factor of 2 lower at 200 MhZ, and may be even lower due to the input capacitance.  It may be that the better frequency response of the MAX3760 chip accounts for the higher rates.

     There may be some effect from the way in which the protection diodes were used with the AD8015. It was necessary to AC couple the signal return pin to the RPC ground due to the 1.7 V internal offset.
     The MAX236 Receiver chips have a bandwidth of 200 MHz.  The Phillips 7106 discriminator / latch is sensitive to signals narrower than 5 ns, but it is not clear how much narrower.

     The raw amplitude of 100 MHz pickup is quite similar, about 13 mv for the AD chip and 10 mv for the MAX chip, Which is not consistent with the gains unless the AD chip is somehow lower than nominal.

    There was some confusion about whether the transimpedance was specified with respect to one output voltage or differential output. By looking  at the Eye diagram in the data sheets for differential coupling, one can see the full voltage swing of one pin, so that there really is about a factor of 2.8 difference in gain.

     We made earlier tests with home-made two-transistor amplifiers which had a gain of roughly 5 to 10K Ohms. These had an effective threshold of 600 to 1000 fC instead of 20 to 40 fC because of the poor frequency response. These had about half the response amplitude at 20 MHz.
    These results are in crude agreement with the experience gained

with the STAR detector time of flight prototype, which used the 

MAX3760 chips, and claimed a threshold of around 25 femtoCoulomb.

     A 30 mv threshold and transimpedance of 10K Ohms, corresponds to a peak current of 3 x 10^-6 amp.   For a charge of 20 fempto Coulomb, this corresponds to a pulse time of 6.7 x 10-9 sec.

    With the AD8015 chips, we were able to observe signals on an 

oscilloscope. They had a very fast rise time, and fall time of 

about 15 ns to 1/e. Studies by other groups show a faster fall 

time.  They may have had paint on the glass with much lower 

resistance, but we are not sure if this was the case or the cause.

MORE ABOUT NOISE
There is continuous pickup on all the amplifier chips of around 100 MHz, at 

more than one single frequency. The level is around + 10 to 13 mV on 

all chips. There are spikes of higher amplitude so that thresholds 

of 30 mV were necessary to eliminate noise counts when the HV 

of the RPC was off. This appears to be noise in the building, separate from the ringing signal of similar frequency when the RPC is in operation.
There are some hits in the amplifier/discriminator channels 

which appear to come from the phototubes or the  bases when there is a 

cosmic ray traversing the RPC area. The pickup appears to happen

not just in the vicinity of the digital pad. 

The problem persists after re-wrapping the scintillator of one counter  

with non-conductive material and after grounding the tube shields to 

the bases for all counters. An alternate explanation is that the Scintillator discriminators are picking up the same noise that the RPC discriminators are seeing. 
Most of the class of ringing signals from the amplifiers are not this PMT noise, because they occur with the PMT HV off and RPC HV on.
CONCLUSIONS
   Every indication is that the frequency response of the amplifier is the most important limitation on performance. 600 MHz may be 3 times as sensitive as 200 MHz.  200 MHz may be 10 or 20 times as sensitive as 20 MHz. 

   Other groups seem to have found the same thing:

The  LHCB group at CERN is designing their discriminators for 240 ps rise time (equiv to 660 MHz).  The ATLAS Muon Group has preamplifiers implemented in GaAs dies.  The Alice Experiment at CERN is using the MAX 3670 chip (620 MHz for now) The Star Experiment is using the MAX3760 but discussing a faster amplifier.

    The gain of 7 K Ohms is adequate when combined with adequate frequency response.

    We do not yet understand ringing type of signals from the RPC. These account for almost half the trigger rate.

