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1. General

We describe a  proposed readout which is based on the VA chip series from IDE
Corp. (Oslo, Norway). This chip provides a charge sensitive preamplifier, a shaper,
sample/hold for each channel and is followed by an analog output multiplexer as
shown in Fig. 1. The VA chip series was originally designed and used for silicon
detectors with the per channel circuitry constructed on 42 micron pitch to match the
50 micron pitch of a typical silicon detector. Versions have been constructed with
128, 64, and 32 channels per chip. The chip has also found use in non-silicon
applications such as cathode pad readout in the Cleo3 RICH detector. Hamamatsu is
currently developing a PMT base using the VA chip as well.
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Figure 1 - VA  Chip Architecture (IDE Corp Oslo, No.)

Typically, IDE markets this device by tailoring features to customer needs.
Features which are easily adjusted are gain (preamp feedback capacitor), shaping
time, and number of channels. The ideal match to an M16 PMT is a 16 channel
device. Since a 32 channel VA chip is already quite small, there is no financial
incentive to produce a 16 channel version and so we propose to use the VA32 with
half of the chips channels unused.
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2. Signal size and dynamic range requirements

2.1. Anode signals

PMT gain is considerably higher than required for compatibility with VA chip.
For the moment, we assume that PMTs will operate at nominal gain 1e6 with the low
gain pixels operating at no less than 33% of nominal. The maximum signal is taken as
150 photoelectrons which gives us the following;

Qmax = 150 * 1e6 electrons = 24 pc
Qmin = 33% * 1e6 electrons = 53 fc

Thus ratio Qmax/Qmin = 450 (9 bits) .  Since we require high efficiency at
recognizing single photoelectrons, we demand significantly higher system dynamic
range ~ 13 bits.

When used with PMTs operating at high gain, we do not expect noise levels in the
VA preamplifier (integrator) to dominate its dynamic range. Noise calculations for
the VA result in enc well below 1 fc. VA noise is expected to be dominated by
voltage statistics on its sample / hold capacitor. This is given by;

VC
kT µ100≈

With the VA’s largest signal capability of order 1 Volt, this gives an effective
maximum dynamic range of ~ 1e4 or 14 bits. IDE estimates maximum dynamic range
to be ~ 13 bits.

2.2. Dynode signals

If we assume single dynode gain to be  2 – 4, then minimum single photoelectron
dynode signal will be ~ 25 fc. A variety of choices exist for amplifying and
discriminating these pulses. An equivalent noise charge level of well under 1 fc is not
difficult with shaping times of order 15ns. Various configurations of discriminator
can be used for this purpose as well as a number of wire chamber ASDs now
available. These are not described in this note.

3. Basic Architecture

3.1. Front End Boards (FEB)

The readout we propose is based on a general architecture shown below in Fig. 2.
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Figure 2 - Basic VA Readout

In this scheme, each Mux-Box is associated with a Front End Board which is
mounted onto it in a separate shielding enclosure. The three PMTs of the Mux-Box
are physically decoupled from the FEB as shown in Fig. 3.

PMT

Front end mother board

VA module VA module VA module

Figure 3 - Front End Board (FEB)
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The PMT bases are connected to the FEB by a short ribbon cable thus allowing
independent optical alignment. Front end electronics is thus kept out of the Mux-Box,
which must be independently light tight. In this scheme, triggering is done using the
PMT dynode signal and is, thus, not generated on an individual pixel basis. Each
dynode trigger will be generated by an amplifier/shaper/discriminator with peaking
time of order 15ns.

3.2. Readout Boards

ADCs are located on Readout Boards which are located in mini-crates distributed
along the detector. Their size and location is dictated by cable length considerations.
The Readout Boards receive the triggers from the FEBs and pass them to a controller
FPGA. The controller contains state machines for each ADC channel and are
responsible for toggling out the analog data from the VA chip and controlling the
ADC. Each trigger results in the readout of all 16 active channels in the VA chip at a
rate of 150 ns – 200 ns per channel. The readout time for 16 channels is the total of
the shaper peaking time ( 0.5 - 1 us), readout time of the analog multiplexer ( ~ 3 us),
and some recovery time after the readout during which the preamp and shaper levels
settle back to pedestal ( ~ 2 us) . We thus estimate the total readout time to be ~ 6 us.

After VA readout, the ADC data are stored in fifos and processed by the
Sparsifier (FPGA or DSP). The Sparsifier subtracts pedestals from each channel and
passes on non-zero data for VME readout. Pedestal runs are recommended at
intervals of approximately one per day and data are stored in on-board memory
available to the Sparsifier. This is a typical architecture for VA readout of which
numerous examples exist.

3.3. Cabling

3.3.1. Digital signals

For reasons of minimizing radiated interference from digital signals, these will be
transmitted using the LVDS (Low Voltage Differential Signal). The signals to be
transmitted are the VA control signals of which there are about a half dozen, the
dynode trigger signals, and the Slow Control signals. Digital cables will be flat ribbon
cable on 0.025” pitch.

3.3.2. Analog signals

The VA multiplexer output is a differential current which must be driven via
twisted pair shielded cable to the Readout Board. There is a potential limitation to the
length of this cable due to cable losses and dispersion. Dispersion manifests itself in a
long low level tail in the return to baseline after a large pulse. Measurements of this
were done using various lengths of cable of solid dielectric (RG174) and foam
dielectric types (RG58A). These cable types are not differential but were used to
indicate the effects of dispersion. The results are shown below in Fig 4
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Figure 4 - Tail due to cable dispersion

The top traces correspond to 6' and 12' lengths of solid dielectric cable while the
lower (blue) traces are for expanded dielectrics. In the latter case, residual signals of
order 1e-3 are seen in adjacent mux time slices. Return to baseline at the 1e-4 level,
required of a 14 bit system, occurs within a microsecond. The effects are small and
can be calibrated out off-line. The cable we propose to use is 16’ expanded ptfe to
minimize this effect.

4. Far detector readout

Rates in the far detector are dominated by PMT single photoelectrons. We assume
a worst case rate of ~ 1 kHz per phototube. If we assign one ADC channel to each
VA chip, as indicated in the basic readout scheme of Fig. 2, the total demand we are
placing on the ADC is exceedingly low; the product of  PMT trigger rate and VA
readout time.

6us * 1kHz = 0.6%

Given this low demand, its makes far more sense to utilize one ADC channel for
each Front End Board containing 3 VAs instead of one per ADC. This scheme is
shown in Fig. 5. Since during a VA readout cycle, the remaining two VA chips are
capable of storing a new incoming signal, there is no additional deadtime incurred in
this scheme. A trigger on ch-2, for example, is not lost if the ADC is busy processing
ch-1. The sample/hold of VA-2 is activated and the signal remains stored until the
ADC is free to process it. Thus, the ADC utilization is 1.8% while the “deadtime” for
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each PMT remains at 0.6%. This results in a very compact readout with one Readout
Board servicing 36 PMTs.
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Figure 5  - Far Detector Readout

There is some additional complexity in utilizing a single Readout Board for
twelve FEBs. One issue is cabling. Each Readout board must receive twelve digital
and twelve analog cables. A single width 9U VME board does not have enough panel
space for this and so the cabling must be divided between the Readout card and a
simple mezzanine card which is attached to it. The VA controller must also be more
complex than in the basic scheme. The controller contains one independent state
machine for each front end board. This state machine keeps track of its three VAs in
the manner described. This can be accommodated using high density and high pin
count FPGAs or CPLDs.

5. Near Detector Readout

5.1. Rates

Readout rates in the near detector are such that use of a single VA chip per
photomultiplier would result in excessive dead time. We propose use of multiple VAs
per PMT in this region. The idea is that each PMT pixel anode is tied to two or more
VA chip inputs which are capacitively coupled using a network shown in Fig. Xxx. In
this configuration, charge divides in proportion to the ratio of capacitor C0 to the total
node capacitance. This offers the opportunity to divide charge between VA channels
as well as to achieve overall attenuation. The latter is one means of accommodating
the large PMT signals without the need of a large integrator feedback capacitor. It
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should be noted that IDE has tested this configuration with several channels within a
chip and verified that it works as expected.

A detailed discussion of rates and deadtime is found in section 6.

5.2. Near Detector Readout Board

The architecture for the near detector is shown below in Fig. 6
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Figure 6 - Near Detector Readout

6. Deadtime Issues

6.1. Statistics

It is necessary to use queuing theory formulas to calculate the deadtime correctly.
(Pure Poisson statistics overestimates the deadtime because it does not take into
account that a rejected event does not take any processor time.)  Our problems are
known in queuing theory jargon to be of the form M/G/c/c.  The formula for the loss
rate in these cases was derived by A. K. Erlang in 1917 at the behest of the telephone
company [P. O. Elec. Eng. J. 10, 189 (1917)].

If x = (input rate)(service time), then Erlang’s formula for the reject rate Pc in c
servers with no queue is
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P
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xk / k!
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6.2. Far Detector

We assume for the time being a conservative value of 6 µs for the readout
deadtime of a single PMT for the IDE option.  Then the rejection rate for any pixel is
the PMT rate times the deadtime.  For a nominal 1 kHz rate, dominated by noise and
radioactivity, this gives a rejection rate of 0.6%, an acceptable value.

6.3. Near Detector

6.3.1. Target/Calorimeter Section

For the near detector, real neutrino events (and the muons that come from them)
dominate the rate during the spill.  To calculate deadtime effects, we need a model of
the events.  From NuMI-L-363 (Thomas and Wojcicki), we estimate that the number
of CC neutrino interactions in the target/calorimeter is 1.8/m3/spill and that the
number NC neutrino interactions is 0.6/m3/spill, for the high-energy beam.  In
addition, we assume that there are 1.8 muons/m2/spill coming from interactions
upstream of the detector.

A reliable calculation of deadtime effects requires a detailed Monte Carlo.
However, short of that, we can estimate the size of effects with a simple model.  Take
the shower section of an event to be 5 strips wide and 0.5 m deep and take the muon
to be 2 strips wide and infinitely deep, but straight.

First, we calculate the rejection rate in this model with the discrete electronics
option.  We need only consider the shower portion of events in the target region,
because we only need a time stamp for muon tracking, and that is effectively
deadtime-free in the discrete case.  An event will be compromised if there is an
overlapping event in the 5 µs period prior to the event, since one or more strips will
have a busy ADC.  A target event will be sensitive to events in the region 0.5 m
upstream of the start of the event to events 0.5 m downstream from the start of the
target event, or to 1 m worth of events in the longitudinal direction.  Transversely,
target events will be compromised by events whose “left edge” is 4 strips to the left to
events whose left edge is 4 strips to the right, or a total of 9 strips in each coordinate,
or 72 cm total.  In the direction along the strips, the target event is sensitive to the full
3-m length.  Thus the volume of compromising events is 1 x (0.72 x 3 – 0.362) = 2.0
m3.  Thus, from our earlier assumption on rates, there will be 4.8 compromising
events per spill.  To this we have to add compromising muons from upstream events,
both from outside the detector and from, on average, half the veto region.  By a
similar calculation, this gives an effective area of (0.48 x 3 – 0.242) m2 x 2.25
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muons/m2 = 3.1 muon events, for a total of (3.1 + 4.8) = 7.9 compromising
events/spill.  With a 5 µs deadtime and a 1 ms spill, this gives a 3.8% rejection rate.

If we used only one VA chip per PMT, the deadtime in the IDE option would be
larger than that of the discrete solution because (1) we have estimated the effective
readout time to be 6 µs compared to 5 µs for the discrete option, and (2) a whole
PMT would be dead whenever one pixel had a signal.  The calculation of the latter
effect is somewhat involved, but the average effective dead region is 20.6 strips, or
0.82 m for events, and 20.1 strips, or 0.80 m for muons.  These effects lead to an x
value of [1 x (1.64 x 3 – 0.822) x 2.4 + (1.60 x 3 – 0.802) m2 x 2.25] x 6 µs/1ms =
.117 and a 10.5% rejection rate.

The above value is for a NC event.  A CC event would have additional deadtime
due to the measurement of the muon.  For the muon, an ADC value is relatively
unimportant, as the main information needed is just the binary information of whether
a muon hit a strip or not.  In the discrete option, all of the time stamps are available
unless two events occur within 150 ns, so this issue is not important.  For the IDE
option, however, the time stamp is for the PMT, and which strips share the time
stamp is only determined by reading out the ADC.  Thus, we need to consider the
number of additional events the muons will encounter in the remainder of the
calorimeter section (the spectrometer section will be treated separately below).  A
similar calculation to the one above gives an average width of 17.1 strips and an
average depth of 1.25.  Thus, the additional deadtime x value is 1.25 x (1.37 x 3 –
0.682) x 2.4 x 6 µs/1ms =  0.066, for a total rejection rate in target/spectrometer
region of 15.5%

The above value is clearly too large, and for this reason we are proposing the dual
VA/ADC readout for this region.  With the dual readout, the calculation changes
completely.  A signal one pixel does not cause deadtime does not cause deadtime for
any of its neighbors, since the second VA/ADC channel will be live after a 150 ns
trigger resolving time.  Furthermore, the pixel is not dead for its own readout time,
since any additional signal will be picked up in the second channel.  Thus we should
be able to resolve and get a reasonable ADC measurement on the second pulse within
a few peaking times of the shaper.  If we conservatively estimate the resolving time to
be 2 µs, then the x value is the same as in the discrete case times the ratio of resolving
time to discrete readout time, or 0.4.  This gives a rejection rate of 1.6%.

An additional deadtime will occur if two signals appear in one PMT during the
readout time.  To estimate the size of this effect, we consider the region of the
detector with the highest density of PMT hits, the last plane of the calorimeter, which
from our previous assumptions, has 55 muons and 2 NC events per spill.  Since there
are 4 PMTs in each coordinate per plane, there is an average of 14.3 events per spill
per PMT for an x value of 0.086 and, from the Erlang formula, a rejection rate of
0.3%.
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Adding these two sources of deadtime together, the IDE option has a total
rejection rate in the target/calorimeter region of 1.9% compared to 3.8% for the
discrete option.  It should be noted that time stamps will always be available to
indicate which events had an incomplete readout, thus allowing uncertainties due to
the deadtime to be minimized.

6.3.2. Spectrometer Section

The conditions in the spectrometer section are worse by more than an order of
magnitude since (1) the strips are twice as long, (2) the signals are multiplexed by a
factor of 4, and (3) the number of muons continues to increase.  Each plane is readout
by 1.5 PMTs.  For simplicity, we consider only the region read out by one PMT.  By
our assumptions, there are now 221 muons per spill in each PMT.   This seems too
large, since we have not put any muon attenuation into the model.  Instead, we use the
result of NuMI-L-363, which has 130 muons per spill at the end of the spectrometer,
but, to be conservative, we assume that all are read out by a single PMT.  This gives
0.78 muons per 6 µs readout time.  If we only used dual VA/ADC chips in this
section, then there would be a rejection rate of 15%.  With three VA/ADC chips per
PMT, the rejection rate drops to 3.7%.

While this would work, it is not a completely satisfactory solution.  There are a
number of solutions that we offer for consideration, in order of increasing
desirability:

(1) Increase the number of VA/ADC chips per PMT to four.  Although this would
reduce the rejection rate to 0.7% and be inexpensive, we are already sensitive to the
third power of our assumptions, and we would become sensitive to the fourth
power.

(2) Since we are only really interested in time stamps, just read them out directly and
eliminate the VA chips from this region.  This solution seems ugly and there is
some utility in having ADCs in this region, for example, to measure muon
bremsstrahlung events.

(3) Eliminate the four-fold multiplexing.  This would only add 144 PMTs to the
experiment.  The rejection rate calculation would change to 0.2% for the three
VA/ADC chip configuration or 2.7% for the dual VA/ADC configuration.

Finally, we note the need for good Monte Carlo calculations to verify these back-
of-the-envelope estimates.

7. Cost

Shown in attached spreadsheet



Costing 8/9/99

1 1 $23$23

Last edited 8/5/1999 PMTs MUX Boxes

Front End 
Boards 

including 15% 
spares

Front end 
board cost 

exclusive of IDE 
module

Front end board 
total exclusive of 

IDE modules
Front end board 

test hours
Front end board 

test cost
Far detector 1458 486 559 $220 $123,210 559 $12,855

Near detector forward 480 160 184 $282 $51,892 184 $4,232
Near detector muon spectrometer 48 16 18 $338 $6,227 18 $423

1986 662 761 $181,328$181,328 761 $17,510$17,510

UNIT COSTS ----->UNIT COSTS ----->
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Costing 8/9/99

$96 $96 $60 $60 $20 $20  $      1,800.00  $      1,800.00 $400 $400 33

VA Modules in 
system

VA Modules 
including 15% 

spares VA Module cost

Readout 
cables with 5% 

spares
PMT/Readout 

cable cost

Front end 
board / slo 

control cable 
(5% spares)

12 channel 
Readout 

cards with 
15% spares

Readout card 
cost (9U VME, 
14 bit ADCs)

Readout 
Mezzannine Card 

(Far detector 
only)

Readout 
card test 

hours
1458 1677 $160,963 510 $30,618 510 47 $84,600 $18,800 141
960 1104 $105,984 1008 $60,480 168 92 $165,600 $0 276
144 166 $15,898 151 $9,072 17 14 $25,200 $0 42

2562 2946 $282,845 $282,845 1670 $100,170 $100,170 695 695 153 $275,400 $275,400 $18,800 $18,800 459
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Costing 8/9/99

$23 $23 $1,000 $1,000 $1,000 $1,000 $424,000 $424,000 $134,677 $134,677 

Readout card 
test cost

 half size VME64 
Crates

VME64 Crate 
cost

Crate power 
supply & 
cables Test stand

Total exclusive 
of EDIA Total with EDIA

Total with EDIA 
+ Installation

$3,243 16 $16,000 $16,000 
$6,348 10 $10,000 $10,000 
$966 2 $2,000 $2,000 

$10,557 $10,557 28 $28,000 $28,000 $28,000 $28,000 $23,000 $23,000 $965,610 $965,610 $1,389,610 $1,389,610 $1,524,287 $1,524,287 
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