2.1. Single- and multi-channel FADC

3. Timing algorithms

The eight-bit single-channel FADC prototype has been implemented as a PCI card so that it can be tested using a standard
personal computer. The FADC digitizer samples the input signal at
4 ns intervals, and the samples are continuously written into a
dual-port ring-buffer. This enables the extraction of the samples
without interrupting the digitizer. The data are read out over the
PCI bus. The three processes, digitization, extraction and read out,
are independent of each other and can happen simultaneously,
which allows the device to have zero dead-time. The analog input
saturates for voltages above ! 1:15 V.
The 12-bit 250 MHz FADC is based on the MAX1215 chip with
a 1.45 V dynamic range. Like the eight-bit board, this device is also
a zero dead-time device. It has the ability to read signals
simultaneously from up to eight PMTs, with the digitization of
all channels synchronized to the same clock. The board is based
on the VME64x platform. More details on the operation and
characteristics can be found in Ref. [2].

We explored two methods to obtain the characteristic time of
a pulse that both rely on two FADC samples on the rising edge of
the pulse. Other methods have been used, e.g., using the first
algebraic moment [4]; however, we have obtained the most
precise results using the methods outlined below. In the
discussion that follows we assume that all FADC measurements
have been adjusted to remove the portion of the signal due to the
DC offset, i.e., all FADC samples are ‘‘pedestal subtracted.’’

2.2. Characteristics of the FEU 84-3 PMT pulse

where Sp is the peak sample, while Sui is the transformed sample
obtained from an original sample Si at the time ti.
The transformed rising edge samples are now a linear function
of time

FCAL

•

3.1. Gaussian transformation
This method takes advantage of the fact that the rising edge of
the pulse from the PMT is Gaussian in shape. Initially proposed by
Teige et al. [5] it is based on the transformation that turns a
Gaussian edge into a straight line:
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Fig. 1 shows a typical pulse from an FEU 84-3 PMT obtained by
digitizing the signal every 0.2 ns with a digital oscilloscope. The
line in Fig. 1 represents the fit obtained by using a sum of a
bifurcated Gaussian and a constant B,
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where A represents the amplitude of the signal, tp is the peak
arrival time and s1,2 are the Gaussian widths that model the
duration of the rising and falling edges, respectively. It is evident
that the rising edge is well reproduced by a Gaussian line-shape,
and this feature will be employed by one algorithm for the online
extraction of the pulse arrival time. In addition, pulse
characteristics are given by the parameters of the bifurcated
Gaussian fit. We found that the characteristic leading-edge time
(s1 ) is about 9 ns independent of the pulse amplitude.
Since the pulse varies slowly around the peak, the peak sample
time is a poor choice to characterize the arrival time of the pulse.
We choose a characteristic signal time corresponding to the time
at which the pulse has reached half of the signal maximum. We
call this time t0 and discuss below two algorithms to measure t0.
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with the slope, aG, and the intercept, bG, related to the parameters
of the rising-edge Gaussian, Eq. (1). The parameters of the straight
line can be calculated using any two samples from the rising edge.
The line, in turn, determines the time when the pulse reached any
given fraction of its peak value. In particular, t0, is given by
qffiffiffiffiffiffiffiffiffiffiffiffiffi
%lnð12Þ%bG
t0 ¼
:
ð4Þ
aG

PMT HV is used to make
hardware adjustments to gain
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It was found that the two samples immediately preceding the
peak sample give the best measure of t0 in this approach [5].

3.2. Linear interpolation

Lead Glass Modules
(shown partially stacked)

It was desirable to test a different algorithm which did not
involve mathematical operations such as a square-root and a
logarithm in order to facilitate adaptation of the algorithm to the
FADC field-programmable gate-array (FPGA). For that reason we
considered another method that assumes that the rising edge is a
linear function of time in the vicinity of t0. A similar technique has
been utilized with success by the VERITAS Collaboration [6]. This
assumption allows one to define the line by one sample preceding
and the other one following half of the peak sample Sp. These
samples are labeled S % and S + , respectively. In this approach, the
slope and intercept are given by
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respectively, where the time t + corresponds to the time of sample
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S + and T is the sampling period, which is 4 ns for the two FADCs
studied. The characteristic time is now determined by
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Fig. 1. A typical pulse from FEU 84-3 PMT obtained from a digital oscilloscope.
(The pulse has been inverted for comparison with FADC data.) The solid line
represents a fit to a bifurcated Gaussian with a constant offset.
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In both approaches, we desire an algorithm that will provide a
stable measurement of the characteristic pulse time independent
of the pulse amplitude and other random variations in the pulse
shape. In all cases the timing information will be used compara-
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FCAL Calibration and Monitoring
•
•
•

Types of calibrations:

•
•

Block level: convert electronics signals into physics signals
Shower level: calibrates detector response to photons as a function
of their energy or position

Calibration inputs:

•

Physics events: π0 decays are particularly useful

Monitoring inputs (provides online diagnostic tool; time independent
signal):

•
•
•

PMT base voltage and temperature
Response to (electronic only) PMT base pulser
Response to LED monitoring pulses (adjustable wavelength)
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FCAL Block Calibration Strategy
Reconstruction Input

Measure

•
•

PMT pulse integral

•

Block location

relative PMT pulse
arrival time at fADC

•
•

Energy deposition in block

•

Position of block relative to beam

absolute time of energy deposition
in bar

Calibration and Alignment
•
•
•

2800 multiplicative gain constants
2800 timing offsets
3-5 numbers to specify position of array (survey
sufficient)
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•
•
•
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for all adjacent module combinations. Fits to each distribution
were done with Gaussian functions, such as those shown in Fig. 9,
to characterize each Δt 0;ij , which yield the resolution in timing
difference sij with statistical error δsij . Fig. 10 shows how the sij
between a given module and four of its adjacent modules changes
with Sp. Clearly the timing resolution improves with larger pulse
amplitude.
The value sij is the resolution on the difference in absolute time
between two modules and is therefore worse than the time
resolution for a single module. We assumed that the resolution
of each single module si contributes in quadrature to the observed
timing difference resolution so that s2ij ¼ s2i þ s2j , and determined

Block Timing Offsets
Compare time of near-neighbor
blocks: elements populated by the
same physical photon at the same
time

•
•
•
•
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rms: time resolution of two
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Fig. 9. Distribution of Δt 0;ij for a single module and four of its adjacent modules
when all modules had 1000 o Sp o 2000 ADC counts, together with Gaussian ﬁt
curves.

From FCAL Beam Test Results
K. Moriya et al., NIM A 726, 60 (2013)
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PMT Transit Time Variation
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(of course the gain factors also must have a strong dependence on PMT HV)
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FCAL Cluster Calibration
Non Linear Correc0o
Attenuation length of glass causes nonlinearity in response

•
•
•
•

higher energy incident photons generate
more light closer to the PMT

Dependence is on cluster (photon) energy
not block energy
“Global Property”: only a few numbers
needed to describe the effect

•
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•
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FCAL Startup
•

Dead-reckon relative gains and PMT HV set points using cataloged PMT
test data

•

Use pulsed LED system to

•
•

•

improve relative gains: ensure “smoothness” of response even if it is
not uniform

•

make first pass at timing offsets between channels

Use first data to

•
•

block level gain calibration using π0’s
precise relative time offsets for blocks

Use calibrated block data to

•

develop nonlinear corrections to photon energy
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FCAL Simulation
•

May need additional constants/calibration for accurate simulation
of FCAL

•

Gain variation and variation of pedestal width has the effect of
producing a different energy threshold for each block

•

•

Need to translate hardware zero-suppression threshold to
energy using calibrated gain constant

•

Can also be used as a dead channel mask

May require replication/access to configuration of the fADC
(which is presumably stored in a database)
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Monitoring the Calibration
•

Precision calculation should be achievable with less than a shifts
worth of data

•

It would be useful to have a nearly continuous calibration process
running

•
•
•

supplement the monitoring system
requires a calibration algorithm that can work with
uncalibrated inputs from other systems (seems possible)

Any limits to frequency or size of data envisioned by calibration
system?

•
•

Single FCAL block level calibration: 5600 numbers
Can we repeat this 3-4 times a day?
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