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The aim of this document is to describe the components and functionalities of the light read-out (LRO) front-end (FE) for the ProtoDUNE-DP prototype to be known by the interested people. We have also included the characteristics of the PMT signals observed on the 3x1x1 prototype as a reference of what we can expect from the ProtoDUNE-DP detector. And finally, some comments to the LRO FE design and a list of proposed tests as a base for discussion of the test to be done for the LRO FE design validation.
1.- System level architecture and LRO FE components

The LRO FE architecture is compatible with the charge readout DAQ. It will be integrated with the charge readout electronics via the common time base and the back-end receiving the data. 

All the DAQ electronics will be synchronized using White Rabbit protocol and dedicated receiver units in the different crates. A dedicated White Rabbit AMC card will act as sync receiver in the LRO-FE crate distributing clocks to the µTCA back-plane.
Each LRO-FE board will take the clock through the µTCA backplane to have all the 36 PMT inputs synchronized. All channels will run synchronously and all the events will be time stamped.
The LRO FE System will be composed by:

· Full NAT µTCA crate.

· 3 LRO-FE boards (AMC cards) with16 input channels each (12 for PMTs + 4 spares).
· 1 MCH controller.

· 1 AMC dedicated card for synchronizing (White Rabbit).
2.- The LRO Front-End board

The LRO FE board is composed by an AMC mother board + mezzanine board providing together the following performances:
• Splitting of 16 PMT analog inputs.
• Anti-aliasing, low pass filter.
• FMC connector / Mother-board Bittware S4-AMC.
• Dedicated ASIC, software controlled.
• Full analog processing.
• Readout from ASIC to FPGA.
• Provide the light trigger to the experiment DAQ.
• ADC to improve measurement of charge.
• Samples are merged and processed in FPGA.
• 4 Spare I/0 signals.
The mezzanine board contains the anti-aliasing filters, the CatiROC ASIC and the AD9249 ADC as main functional blocks. The Stratix IV FPGA is located on the mother-board.
1) Anti-aliasing filters

· 20MHz Low pass filter. 

· Transform the negative PMT signal into a differential signal for the ADC input.

2) CatiROC ASIC
· 16 inputs for negative signals that work in trigger-less mode. Each input auto-triggers according to a common programmable threshold. A signal may be sent from the FPGA to the ASIC acting as an external trigger for all channels. It is also possible to do a software mask by channel. There is no veto signal.
· Each input signal follows two paths: a slow path for charge measurement and a fast path for trigger and timing.
· On the slow path, each input is sent into 2 preamplifiers: high and low gain, both with programmable gain. Each preamplifier is followed by a slow shaper with programmable shaping time (up to 100ns) and two track and hold circuits. In variable gain mode, the chip decides which amplifier (high gain or low gain) output is selected depending on the saturation level (programmable) of the high gain amplifier: when it is saturated, the low gain output is selected. In fixed gain mode, the low gain is used. The  two  track and hold circuits work  in  a  “ping-pong  mode”:  while  the  first  value  is digitized, a second slow shaper signal can be stored in a second capacitor.
· The fast path is composed by the high gain preamplifier followed by a fast shaper (5ns) and a discriminator per channel. The programmable threshold (from 65fC) is common for all the channels. When the output of the fast shaper is higher than the threshold of the discriminator a negative pulse is generated at the output of the discriminator. A slow control parameter (mask) is available for each channel in order to disable the trigger. A NOR of the 16 trigger signals is also available on one CatiROC output pin.
· The ASIC provides the signal “time of arrival” operating in self-triggered mode with a time resolution of 200 ps RMS. The time measurement is given by the combination of a “coarse time” from a 26 bit counter at 40 MHz plus a “fine time” obtained by two TACs (Time to Amplitude Converters) per channel. For the “coarse time” an external signal starts the counter and its value is saved in a 26-bit register when the channel has a trigger indicating a detected signal. Inside the 25 ns resolution of the coarse time the TACs ramps allows to indicate precisely the time value. The trigger signal starts the TAC ramp and an internal signal synchronized with both clocks (160 MHz and 40 MHz) stops the ramp. The maximum value of this ramp is saved in an analog memory and converted by a 10-bit ADC.
· All the channels are handled independently by the digital part and only channels that have created triggers are digitized and then sent-out. Two 10-bit Wilkinson ADCs convert the charge and the TAC ramp fine time values into two serial data-out lines (8 channels each) at 80 MHz. For the charge, the duration of the conversion (dead time) depends on the input signal magnitude: small input signal gives short time conversion while the conversion of large input signal could take up 6.4 µs, the average conversion time is 3.2 µs.

3) ADC AD9249
It contains 16 channels with 14 bits resolution and sampling frequency up to 65MHz (40 MHz on FE). The inputs are differential with 2Vpp voltage range and common mode voltage at 1V.
4) FPGA Stratix IV functions:
· Communication with the DAQ.

· Trigger communication between boards and LRO trigger decision based on the trigger outputs from the three FE boards.
· Send acquired samples from the PMT inputs to the DAQ. Programmable: Continuously or only when a trigger is detected.
· Programmable down sampling from 15ns to 400ns
· Time measurements between Catiroc local output triggers.
Other functions that could be implemented:

• Computing falling tail, averaging, windowing, etc.

• Event rejection, pile up handling, etc.
3.- LRO FE operation modes
Three operation modes had been foreseen for the LRO FE:
· Light trigger: a trigger output will be provided to the DAQ for not beam events.
· Beam:  an external trigger via White-Rabbit will be received on the LRO FE.
· Calibration:  an external trigger signal will be received during calibration time.
3.1.- Light trigger mode

As no beam is expected during the detector operation, the LRO FE will be working, by default, on the light trigger mode.

Inside each LRO FE board locally generated triggers from the CatiROC ASIC will be collected on the FPGA where the ‘local trigger’ decision will be taken.
A ‘local trigger’ per board will be generated by the coincidence of trigger signals on the selected input channels during the coincidence time window. The ‘local trigger’ signal will be propagated to the other FE boards through spare digital outputs.

A LRO trigger will be generated by the coincidence of the selected inputs from different boards on the crate (during the coincidence time window). The LRO trigger signal will be sent to the DAQ by a LVTTL electrical signal.
4.- Man-Machine interface with the LRO FE boards

There will be a software interface to program on-line the different operation parameters of the LRO FE boards:
· Operation mode: light trigger, beam or calibration.
· Sampling frequency: from 15ns to 400ns.

· Data output mode: continuous or only after a trigger (during a time window to be defined).
· The concrete PMTs that contribute to the trigger on each board.
· The signal threshold level for the trigger decision

· The length of the coincidence time window.

5.- LRO FE requirements


5.1.- Light trigger or beam operation modes
During normal operation the LRO FE should be able to measure from the PMT signals: 
· S1 fast component shape, charge and timing

· S1 slow component length

· S2 shape, charge and timing


5.2.- Calibration mode
The aim of the PMTs calibration system is to track the time evolution of the PMTs gain. The calibration system is composed by a light source (including a SiPM reference sensor) and a light distribution system based on optical fibres that carry the light from the source to each single PMT in the detector.

During calibration time the LRO FE should be able to measure the single photo-electron (SPE) charge for PMT gains from 10^6 to 10^9. 

The LRO FE has to transfer the acquired data to the DAQ for storage.
A specific trigger input is needed on the LRO FE boards for synchronization with the light pulse emission. This digital signal will be send from the PMTs calibration system.
One of the spare LRO FE analog input channels is also required to acquire the signal from the SiPM reference sensor. This data will be stored together with the PMTs data for monitoring of the calibration light power.
6.- Data obtained from the 3x1x1 prototype 
This information is relevant for the tuning of the ProtoDUNE-DP LRO FE as both detectors are based on same Ar dual phase technology and the PMTs used on both are the same (Hamamatsu R5912-02 MOD). 
6.1.- SPE waveform

The SPE full width at half maximum (FWHM) is about 3.5ns. As the voltage increases the SPE shape increases in amplitude but not in time length.
Figures 1 and 2 show, respectively, the SPE average waveform and the SPE amplitude for different voltages. This data was obtained at room temperature during the PMTs calibration, before the installation in the 3x1x1 prototype.
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Fig. 1. Average SPE waveform for different voltages. The amplitude has been normalized to be able to compare the shape of the signals.
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Fig. 2. SPE amplitude for different voltages and gains (between brackets)

6.2.- Signals with drift field OFF
Without drift field the light signal observed is only S1. Figure 3 shows an average of S1 signals with the fast (peak) and the slow components with duration of several µs. Figure 4 shows a zoom over the S1 fast component with an average FWHM of 25ns. The ADC used has 12 bits and 2V of dynamic range so each ADC count is equivalent to ̴ 0.5mV
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Fig. 3. Typical waveform without drif-field (S1 signal only).
Plot is an average of 7710000 events
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Fig. 4. Zoom over the S1 fast component signal.
6.3.- Signals with drift field ON
When the drift field is connected, for each interaction, after the S1 a second light signal (S2) is produced when the drifted electrons arrive to the liquid Ar surface. Figure 5 shows example signals wih the different times between S1 and S2 depending on the distance from the interaction to the LAr surface.
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Fig.5. Signals with drift-field: S1 and S2
6.4.- Events rate
During the characterization tests of the PMTs on the lab we have found that the light pulsed at high rate can affect the PMT gain even with low level of light. In addition, the effect persists on time at cryogenic temperature. 

Knowing this issue we have measured the light rate at different thresholds on the 3x1x1 to evaluate if the rate of the light events could be affecting the PMTs gain. Figure 6 shows the results of these measurements for the five 3x1x1 PMTs at the same voltage. From our lab tests, we know that the light pulses seen on the 3x1x1 at 1KHz with more than 100PEs and also the events (at few Hz) up to around 1000 PEs in a single pulse (̴ 2V peak) could be affecting the PMTs gain. For this reason it is important for the ProtoDUNE-DP to keep track of the PMTs gain evolution by means of the calibration system.
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Fig. 6. Light pulses rate as a function of the light pulses level (number of Pes) 

Figure 7 shows also the light pulses rate for different thresholds, but, in this case, for a single PMT at different power supply voltages. The thresholds are also in volts to show the dynamic range of the PMT output signals for the different powering voltages. It is observed that, even for gains of the order of 10^6, there are signals over 1V.
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Fig. 7. Events rate as a function of the PMT output peak voltage. 
7.- Comments to the LRO-FE design
· The CatiROC charge dynamic range goes from 160fC up to 100pC (62 SPEs with PMT gain of 10e7), depending on the gain of the preamplifiers. In addition, there is a voltage limit at the CatiROC input around 800mV due to crosstalk between channels. Dynamic ranges of charge and voltage are below the PMT signals dynamic range. So, the CatiROC cannot be used for charge acquisition during normal operation, but, it can be used for the precise SPE charge measurement during the PMTs calibration. 
· The CatiROC input channels are handled independently, so, the CatiROC does not provide the coincidence window needed for the trigger generation. Every input channel that goes over the programmed threshold produces an event that is transmitted by the digital part. It only sends the information from the channels that go over the threshold during the integration window (max 100ns).
· The CatiROC trigger outputs are the analog output signals from the internal discriminators. They are connected on the FE board to digital inputs of the FPGA (2.5V bank). The FPGA will only detect a change at the input if the trigger outputs crosses the ‘0’ to ‘1’ or ‘1’ to ‘0’ voltage thresholds. As the discriminator output depends on the PMT input signal, the minimum signal variation required to produce a change of state at the FPGA inputs has to be determined.
· The conversion time on the Wilkinson ADCs, needed for the charge and the high resolution time measurements is variable, depending on the amplitude of the input signal (3.2 µs on average). This dead time limit the hit rate to 100KHz per channel. So the CatiROC cannot be used to measure times on signals with rate higher than 100KHz. The CatiROC trigger outputs are not affected by this dead time, so, the FPGA can do the time measurements between the events received from these trigger outputs.
· The PMT output is a unipolar and negative signal while the ADC is designed for differential signals (½ of the ADC dynamic range is lost). For the light signals expected on the detector the PMTs signals dynamic range will be higher than the 1V ADC dynamic range.
· On each AMC board there are 4 spare signals (3 inputs and 1 output). One input can be used for the external trigger from the PMTs calibration system. The other two inputs and one output per board can be used for the local trigger distribution between AMC boards.
8.- Proposed tests
The following tests are proposed to check the LRO FE performance for the signals expected from the ProtoDUNE-DP detector (based on what we have seen on the 3x1x1 prototype).
· Check if the Catiroc shaping time works also as a coincidence window. For that, the output of each discriminator output must be kept during the shaping time duration. This will allow making a logical AND function on the discriminator outputs to know if there has been a coincidence on several channels during the shaping time.

· Determine the signal variation at the CatiROC signal input that produce a change of level detectable by the FPGA on the trigger lines.
· Determine the maximum programmable threshold for the CatiROC discriminators.

· Check the response of the CatiROC trigger outputs with input signals of several volts (up to 10V if possible).
· Measure the delay from the CatiROC signal input to the LRO trigger output.

· Check if it’s possible to reduce the amplitude of the PMT input signals by changing the amplification factor on the anti-aliasing filters.
· Check if it’s possible to add a capacitor (̴100nF) in series with the 50ohm termination resistor on the FE boards to compensate the overshoot due to the capacitive coupling between the PMT and the FE.

· Mount a test setup with the final electronics and cables for one channel: PMT with WA105 base, cold cable, SHV feedthrough, warm cable, splitter, RG58 with SMA, FE cable bundle, FE card, PMT HV power supply.

· Obtain the gain vs voltage calibration for the PTM with the previous setup. Compare the results of the calibration using the Catiroc and the ADC of the FE card.
FWHM ≈ 25ns








