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Abstract: The High Altitude Water Cherenkov (HAWC) Observatory is a gamma-ray experiment being built in
Mexico. It will be an array consisting of 300 water Cherenkov detectors (WCDs). Four photomultiplier tubes
(PMTs) will be deployed on the bottom of each WCD to detect the Cherenkov light produced by the secondary
particles in air showers caused by the interaction of cosmic particles and high-energy gamma rays with the
atmosphere. The relative times between the PMT channels are crucial for reconstructing the direction of the
primary particle. The response time of a PMT and electronics depends on the light intensity striking on the PMT.
A laser calibration system was designed to accurately measure the relative timing among the PMT channels. Laser
pulses with varying intensities are sent to each WCD through optical splitters, switches, and fibers. The time
between the laser shot and the PMT signal is recorded to correct for the dependence on the light intensity. A
time residual study is also performed to improve the angular reconstruction. The time residual is the difference
between a fitted air shower front and the PMT readout time. This systematic time offset is then accounted for in an
iterative shower reconstruction procedure to improve the determination of the incoming direction of the primary
particle. A partial array of 30 WCDs began operation in Fall 2012. In this contribution, the first results of the
timing calibration curves and time residual studies are presented.
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1 Introduction
The High Altitude Water Cherenkov (HAWC) Observatory
is a gamma-ray experiment being built in Mexico. It is
located at 4100 m above sea level on the flanks of the
volcano Sierra Negra in the state of Puebla, Mexico. It will
be an array consisting of 300 water Cherenkov Detectors
(WCDs) covering an area of ∼22,000 m2. Each tank is 7.3
m in diameter and 4.5 m deep and it is filled with ∼200,000
L of purified water. Four photomultiplier tubes (PMTs)
will be deployed on the bottom of each WCD to detect the
Cherenkov light produced by the secondary particles in air
showers caused by the interaction of cosmic particles and
high-energy gamma rays with the atmosphere. With a duty
cycle of >90% and an instantaneous field of view of 2 sr,
HAWC will be the most sensitive detector in the gamma-
ray energy range of 0.1 TeV and 100 TeV. (See [1] for more
details).

Reconstructing the direction of the primary particles
does not require the exact absolute time when a PMT is
hit by the front of an extensive air shower, but the accurate
relative times between the PMT channels are crucial. A
timing calibration on each PMT in the array is essential to
reach the goal of an angular resolution 0.35 °- 0.1 °[2]. In
this proceeding a description of different timing calibration
measurements will be given.

The first of these calibrations is the slewing time, namely,
the response time of a PMT and electronics. To obtain the
real PMT hit time for angular reconstruction, the slewing
time, which depends on the light intensity striking on the
PMT, needs to be subtracted from the measured PMT hit
time. A laser calibration system was designed to accurately
measure the slewing time and correct it from the air shower
data. A description of the laser calibration system and the

first results on a subset of 30 WCDs of the array will be
given in section 2.

The second time measurement is a time residual defined
as the difference between a fitted air shower front expected
time and the PMT readout time. This systematic time offset
is then accounted for in an iterative shower reconstruction
procedure to improve the determination of the incoming
direction of the primary particle. In section 3 we will talk
about these time residuals and we will show some of the
results that we already have with a subset of 30 WCDs of
the array that are already installed.

In section 4 we will give our conclusions.

2 Slewing Time
In HAWC, two thresholds (low and high thresholds) are
used to sample both small and large PMT pulses accurately.
Each time a PMT pulse crosses any of the two thresholds,
a time stamp is given and recorded as an edge by a time-
to-digital converter (TDC) with a precision of 0.1 ns. The
width and ultimately the size of the pulse can be inferred
from the time-over-threshold (ToT) for the low and/or high
thresholds.

The time of the first edge (i.e. the time of the pulse
crossing the low threshold) is considered as the time of
the pulse. However, the rising edge of a larger pulse will
cross the thresholds earlier, yielding an earlier signal and a
shorter response time. The slewing time, which is the gap
between the PMT hit time and the first edge recorded by
the TDC, depends on the size of the pulse thus needs to be
corrected in order to obtain the real hit time for resolution
[3].
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Fig. 1: Example of slewing curves of four PMTs in WCD
E18. E18C is HQE 10-inch PMT and the other three are
8-inch PMT. Upper four curves (dashed) - high threshold.
Lower four curves (solid) - low threshold. The x axis is ToT
(ns) and the y axis is the time (ns) between the start signal
to the PMT signal crossing the threshold (an offset of 1782
ns subtracted).

2.1 Laser Calibration System
A laser calibration system was designed to measure the
dependence of the slewing time on the pulse size (ToT). A
series of laser pulses are attenuated by a set of different
neutral density filters to provide a wide range of laser
intensities over 6 orders of magnitude. The pulses are
delivered into 300 WCDs through a set of optical splitters,
switches and fibers [2]. In addition to the light paths to the
WCDs, one of the light paths will send laser to a Thorlab
photo sensor to produce a start signal. The time from the
start signal to the pulse crossing the low/high threshold in
each PMT channel is measured as slewing time for low/high
threshold.

2.2 Results and Discussion
The laser calibration system was installed at the site in last
December and the first tests and results on a subset of 30
WCDs have been obtained. Figure 1 shows an example of
slewing curves of four PMTs in WCD E18. The central
PMT E18C is a high quantum efficiency 10-inch PMT
while the other three are 8-inch PMTs. The upper four
curves (dashed) are slewing curves for high threshold, and
the lower four curves (solid) are slewing curves for low
threshold. The distribution of slewing time vs. ToT is binned
by ToT with 10 ns bin width, and the gaussian mean and
sigma of slewing time in each ToT bin are the data point
and error bar in the plot. A dedicated function (equation 1)
is fit to the slewing curves for both low and high thresholds.

SlewingTime = e
−ToT−p0

p1 − e
ToT−p2

p3 + p4− p5∗ToT (1)

Figure 2 shows the average slewing curves in 30 WCDs
for 8-inch and 10-inch PMTs, respectively. The lighter
curves on both side of the average curves show the one
sigma error of the curves for different PMTs and the lightest
curves show the minimum and maximum values among
the curves. To compare the shape of the slewing curves for
different PMTs, the time offsets, which can be corrected by
the time residuals (see section 3), are removed by shifting
the curves. The variation among the curves is less than a few
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Fig. 2: Average, one-sigma, min/max slewing curves for 8-
inch and 10-inch PMTs. The individual curves are shifted
to a reference point at 200 ns of high ToT.

ns at any ToT value after shifting the curves to a reference
point at 200 ns of high ToT.

The performance of the slewing calibration applying to
the air shower data will be shown in section 3.1.1.

3 Time offset from the air shower front:
Time Residuals

3.1 Time Residual Definition
In order to understand the time offset from the air shower
front we need to describe how HAWC does the reconstruc-
tion process. The reconstruction process has as one of its
objectives to obtain the position of the shower core as well
as the direction of the primary gamma ray. With HAWC,
the procedure is as follows:

First the core position of the shower is located. The core
position of an extensive air shower is defined as the point
in the ground where the gamma ray would hit if it did not
interact with the atmosphere. The core contains the highest
energy particles in the shower and this will be detected by
the charge in the PMTs [4].

The second part of the reconstruction process is to
determine the direction of the incoming gamma ray. The
procedure consists on finding the air shower front. In
general the shower front is approximately spheric. In order
to get the direction, the shower front is transformed into
a plane, so that the normal of this plane points where the
primary particle comes from [4]. To modify the shower
front, we use the location of the PMTs with respect to the
core position and the charge in the PMTs (See [6]).

The time residuals (TR) are a systematic time offset
which is defined as the difference between the fitted air
shower front expected time and the PMT readout time. A di-
agram showing the curvature correction and the time offset
is in figure 3. This systematic time offset is then accounted
for in an iterative shower reconstruction procedure to im-
prove the determination of the incoming direction of the
primary particle.

T R = PMT Time−ExpectedTime (2)

A histogram for each PMT is obtained from the data. An
example is shown in figure 4. If the peak of the histogram
is positive, then the hits were late for that channel. If the
peak is negative, then hits were early. During the iterative



HAWC Timing Calibration
33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Fig. 3: The black line represents the true shower front of an
extensive air shower. The green line represents the plane
shower front after the curvature correction. This is use for
the expected arrival time, which is then compared to the
readout times of the PMTs

procedure, we need to make the hits earlier in the first case
and later in the second case and to do so we just add the time
residuals to the calibrated time. In the next subsection we
will talk more about the fitting procedure and the iteration
process. [5]

3.2 Results and Discussion
In order to get the histograms for each PMT, we require
certain cuts in the data:

• The events need to succeed the shower plane fit
procedure so that we can have the expected time from
the shower front

• More than 40 hits in an event to use larger showers
which will trigger more PMTs.

• More than 10 Photo-electrons in a hit. This will
decouple the dependence of the electronic response
time described in section 2 to the time residuals.

The peak of the histograms are obtained by fitting a gaussian
function (Figure 4).

Fig. 4: A fit of a histogram of a specific channel.

For the iterative process, there is no specific number of
iterations. We can see in figures 5 and 6 that 3 iterations do
the work of reducing the time residuals.

Fig. 5: Mean time residuals before the correction. A gaus-
sian fit is performed to give an idea of the spread of the
mean time residuals.

Fig. 6: Mean time residuals after a 3 iteration process. A
gaussian fit is performed to see how the spread is of the
mean time residuals is reduced after the iteration process.

Also the time residuals after the iteration process should
have an accuracy of ∼0.1 ns. An example of a fit after the
applying the time residuals is shown in figure 7. The perfor-
mance of the data analysis using the timing calibrations can
be seen in [6], specifically figure 2c of that proceeding.
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Fig. 7: Fit of time residual histogram after the correction.
The accuracy of the mean time residual needs to be around
∼0.1 ns which is the resolution of the TDCs.

3.3 Timing Calibration on Air Shower Data
Both slewing calibration and time residual correction are
applied to the PMT readout times before shower reconstruc-
tion. Figure 8 shows the remaining time residual vs. low
ToT after shower reconstruction. Without timing calibra-
tion, time residuals are highly dependent on ToTs due to
slewing effect. Large error bars are contributed from offsets
between PMT channels and from shower thickness.

With slewing calibration, the dependence of time resid-
uals on ToTs has been mostly removed, resulting in a flat
curve. The offsets between PMT channels are removed by
time residual correction, resulting in smaller error bars.
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Fig. 8: Correlation between the time residual and low ToT
without (black) and with (red) timing calibration. The x axis
is low ToT (ns) and the y axis is the time residual (ns). Data
point - gaussian mean. Error bar - one sigma.

4 Conclusions
The timing calibration of HAWC is one of the crucial
tasks since the relative times between the PMTs are used
for the angular reconstruction of the air shower events. A
description and task of the different times associated with
the timing calibration was given in this proceeding.

With slewing calibration, the dependence of the slew-
ing time on the pulse size (ToT) is significantly reduced,
resulting in more accurate PMT hit times and more reliable
angular reconstruction.

Taking into consideration the systematic offset from
the difference of the fitted shower front and the readout

time of the PMTs is important since this will improve the
reconstruction of the direction of the extensive air shower.
To do so, an accuracy of ∼0.1 ns is necessary. As it was
shown, an iterative procedure is used in order to get the
accuracy mentioned for each PMT.

Acknowledgment:We acknowledge the support from: US Na-
tional Science Foundation (NSF); US Department of Energy Of-
fice of High-Energy Physics; The Laboratory Directed Research
and Development (LDRD) program of Los Alamos National
Laboratory; Consejo Nacional de Ciencia y Tecnologı́a (CONA-
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