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FCAL
• PMT pulses are digitized with a 

flash ADC

• For those channels above some 
programmed threshold provide 
energy and time

• PMT HV is used to make 
hardware adjustments to gain
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2.1. Single- and multi-channel FADC

The eight-bit single-channel FADC prototype has been im-
plemented 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].

2.2. Characteristics of the FEU 84-3 PMT pulse

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.

3. Timing algorithms

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.’’

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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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

Sui $ aGti&bG "3#

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
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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

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
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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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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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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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
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Measure

• PMT pulse integral

• relative PMT pulse 
arrival time at fADC

• Block location

Reconstruction Input

• Energy deposition in block

• absolute time of energy deposition 
in bar

• Position of block relative to beam

Calibration and Alignment
• 2800 multiplicative gain constants

• 2800 timing offsets

• 3-5 numbers to specify position of array (survey 
sufficient)



M. R. Shepherd
GlueX Calorimetry Meeting

October 7, 2013

FCAL Block Gain Calibration

• Use recipe outline by R. T. Jones et al. 
in NIM A 566, 366 (2006) developed 
for RadPhi

• Adjust block scale factor to minimize 
width and set scale of γγ invariant 
mass for π0 decay candidates 

• Iterative process; minor technical 
bumps in implementation

• inversion of 2800 element matrix 
is slow
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Doing a calibra0on…. 

1/30/09  Claire Tarbert                     Indiana University  24 

•  For each itera0on, recalculate gains. 

•  Ader 8 itera0ons gains are shiding < 

0.1% between itera0ons. 

•  Spread in reconstructed gains is ~ 0.1 

% i.e. this will not reduce the es0mated 

FCAL energy resolu0on. 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σ  = 6.9 MeV/c2 

Procedure tested by Claire Tarbert 
using ~3 hours of beam at 107 γ/s

GlueX-doc-1615
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Block Timing Offsets

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

• mean:  time difference

• rms:  time resolution of two 
channels added in quadrature

• Shift all elements to align time; e.g. 
set t=0 for blocks around the 
beamline

• No expected “time walk” with 
energy; simple fit is sufficient
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we restricted ourselves to measurements of differences between
adjacent modules, modules that are either side by side or diag-
onally aligned with the corners touching. Fig. 9 shows the
distribution of the timing difference Δt0;ij for a single module
and four of its adjacent modules. Previous studies showed that the
timing resolution depends strongly on the maximum pulse ampli-
tude Sp, so the data were binned by requiring that for a given
event, Sp for both modules were within the same range. For
example in Fig. 9, the range of Sp was restricted to be between
1000 and 2000 ADC counts for the two modules.

4.2. Determination of timing resolution

For each range of Sp, the distribution of Δt0;ij was determined
for all adjacent module combinations. Fits to each distribution
were done with Gaussian functions, such as those shown in Fig. 9,
to characterize each Δt0;ij, which yield the resolution in timing
difference sij with statistical error !sij. 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 ! s2i " s2j , and determined

each module's resolution from all of the different combinations
measured. To do this, we divided our modules into 2#2 clusters
where all modules within the cluster were adjacent to each other.
Within a single cluster there are six possible separate measure-
ments of timing differences. If all six combinations each had
sufficient statistics to yield a fit result, we did a fit to minimize
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where the fit variables si gave the intrinsic timing resolution of
module i. This allowed a determination of the resolution of each
module within that cluster.

Fig. 11 shows the resolution of a single module. Because each
module can be contained in up to four separate clusters, the timing
resolution in a given bin of Sp can be determined up to four times.
When there were multiple measurements coming from different
clusters at a given range of Sp, the different measurements were
merged by a weighted average, with the standard deviation taken
as the error. We parametrized the results with fits of the form

s$Sp% !
a
Sp

" b; $3%

where a $ns ADCcounts% and b (ns) are fit parameters. Fits were
also tried with other forms, such as a=

!!!!!
Sp

p
" b and a=Sp!b, where

in the latter form the two terms were added in quadrature, but
neither of these fit the data better than Eq. (3).

By fitting the timing resolution as a function of Sp, we
determined the parameters a and b for each module. Table 2
shows the results of the parameters a and b for the six modules we
used. By taking the average and standard deviation, our final
results were a!72.975.3 $ns ADCcounts%, b!0.2970.02 (ns). We
can convert the ADC counts into pulse heights in mV: the fADCs
used 12 bits to digitize the 0.5 V fADC full scale. With this
conversion, the fit parameter a becomes a! 8:9070:65 ns mV.
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Fig. 9. Distribution of Δt0;ij for a single module and four of its adjacent modules
when all modules had 1000oSpo2000 ADC counts, together with Gaussian fit
curves.
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Fig. 10. sij between an example module and four of its adjacent modules,
determined by fits such as those shown in Fig. 9. The four different colors and
symbols represent different combinations of modules. Note the log scale on the x-
axis. (For interpretation of the references to color in this figure caption, the reader
is referred to the web version of this article.)
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Fig. 11. Final timing resolution for one module. The solid magenta points are the
weighted averages and standard deviations of up to four separate clusters that
determined the resolution for this module. The solid curve shows the fit result,
while the dotted curve is from Ref. [13]. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this article.)

Table 2
Measurements of timing resolution parameters a and b from Eq. (3). The final row
shows the average values and standard deviations of the six modules used.

Module number a$ns ADC counts% b (ns)

7 77.978.5 0.2770.02
8 65.676.7 0.3270.02
9 78.978.1 0.3170.02

12 68.176.8 0.3170.02
13 72.577.7 0.2870.02
14 74.677.8 0.2870.02

Average 72.9 75.3 0.2970.02

K. Moriya et al. / Nuclear Instruments and Methods in Physics Research A 726 (2013) 60–66 65

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

• Attenuation length of glass causes non-
linearity 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

• analysis time correction

• Variations in incident angle may necessitate 
position and energy corrections (need 
investigation)

• GlueX incident angles are small
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Non Linear Correc0ons with RHG 

5 

Fits 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simulated data 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•  Begin by changing the a@enua0on length of all 2800 FCAL elements and 

looking at non linear photon energy correc0on. 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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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