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Chapter 4

Calibration

The accurate calibration of all detectors is crucial for the subsequent data
analysis. The stability of the gain and offset for energy and time calibra-

tion of all detectors involved in the measurements has to be monitored. In this
chapter the calibration of TAPS, Crystal Barrel and the Tagger are presented in
detail.

4.1 TAPS

The TAPS detector needs four kinds of calibrations, i.e. pulse-shape calibration,
energy calibration, time calibration and trigger threshold calibrations. These
calibrations are roughly adjusted using cosmic-ray data obtained before each
data taking period. All these calibrations are discussed in the following sections.

4.1.1 Energy calibration

The TAPS energy calibration is done in three stages. First, before data taking,
a rough calibration is performed with cosmic muons providing a relative gain
adjustment. During the data taking the energy calibration is monitored and the
π0 peak position is used to further improve the energy calibration of all detectors
of TAPS. As a last check, the η invariant-mass peak is analyzed for determining
the energy dependence of the calibration.
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Figure 4.1: Example of a cosmic-ray energy spectrum for a single TAPS module.

Calibration based on cosmic muons

At the beginning of each data taking period cosmic-ray data are taken with the
TAPS detector. Since all the TAPS modules have the same shape and orientation,
the average energy deposition by minimum-ionizing particles (cosmic muons) is
always the same i.e. 38.5 MeV. An example of a raw cosmic-ray spectrum for one
of the TAPS detector modules is shown in figure 4.1. In this figure one can clearly
identify the pedestal produced by a pulser (see section 3.2.4), the CFD threshold
and the minimum ionizing peak. Using the pedestal value, which correspond to
Eγ = 0 MeV, and the minimum-ionizing peak, which correspond to Eγ = 38.5
MeV, the energy offset and gains are calculated using the following formula:

gain =
38.5 MeV

cosmic peak [ch nr]− pedestal [ch nr]
(4.1)

and

offset = gain · pedestal [ch nr] (4.2)

This calibration is used to monitor the TAPS detector during the measurement.
This is done for the narrow- and wide-gate integration.
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Calibration based on the π0 invariant-mass peak

Even though the cosmic calibration is good enough to monitor the detector be-
havior online, for the actual data analysis a more precise energy calibration is
needed, which is obtained by using the π0 invariant-mass peak position. Because
of the decay π0 → γγ, the events with at least two neutral hits in the TAPS de-
tector are selected. The 2γ invariant-mass spectrum is produced for all possible
pairs of neutral hits. The invariant mass is given by:

Mγ1γ2 =
√

2Eγ1Eγ2(1− cosθ1,2) (4.3)

where, Eγ1 and Eγ2 are the measured energies of photon 1 and 2, respectively,
and θ1,2 is the opening angle between them. From this invariant-mass spectrum
an overall correction factor for the gain of all detectors was determined that
shifts the neutral pion peak to the correct mass of 138.98 MeV. For a more precise
fine tuning, an invariant mass for each possible pair of detectors is calculated
and that mass is entered into two histograms, corresponding to two detectors
of two neutral hits. The exact position of the π0 peak position is determined
by plotting the invariant-mass squared spectrum and fitting the resulting peak
with a Gaussian function. Since the pedestals are adjusted accurately during the
cosmic calibration and are continuously monitored, only the gain has newly been
determined for each detector module. This procedure is repeated iteratively until
the 2γ invariant-mass peak converges to the π0 mass for each of the 528 detector
modules. It takes about 3 to 4 iterations. The final result is depicted in figure 4.2
(left) showing the 2γ invariant-mass squared spectrum and (right) the alignment
of the different detectors. This calibration is repeated for each day of data taking,
in order to control the effect induced by day-night temperature variations and
long-term energy shifts. The final result for overall π0 peak position is shown in
figure 4.3 with a resolution of 8 MeV (σ).

Calibration based on η − π0 mass

After the calibration using the π0 peak position for each individual detector mod-
ule is performed, a second calibration point is used for extra fine tuning and cor-
recting possible non-linearities. This point is the invariant mass of the η → γγ

decay. The η peak is observed consistently 1.5% higher than the true η mass
would allow. This effect occurs due to leakage on to detectors outside the cluster
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Figure 4.2: The 2γ invariant-mass spectrum for TAPS after the π0 calibration. Left: the
2γ invariant-mass squared spectrum for one of the TAPS detector modules fitted by a
Gaussian function plus a polynomial. The line shown is the correct value for π0-mass
squared. Right : The π0 peak position in individual TAPS detector modules.

Figure 4.3: The 2γ invariant-mass spectrum for TAPS after the π0 calibration. Left: The
overall π0 spectrum (all detector modules together). The correct π0 mass is shown by
a line at 134.9 MeV. Right: The η peak position is at higher mass (dashed curve) than
the correct value (vertical line) after the π0 calibration. After the energy dependent
correction the η peak shows the correct mass (solid curve).
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Beam time b c
Jan 2003 0.99482 -1.7567e-5
Feb 2003 1.01482 -1.0200e-5
Jul 2003 1.00071 -3.4097e-5
Aug 2003 1.01008 -4.1680e-5

Table 4.1: Energy dependent correction factors for different data taking periods.

as stated by [59] and [15]. This non-linearity in the peak position is corrected by
measuring the position of two invariant-mass peaks (π0 and η) and determining
the new values for the energy of the photons using the following equation:

Enew = a+ b · Eold + c · E2
old (4.4)

where,

c =
1− 547.3

Mη

134.98− 547.3
(4.5)

b = 1− (134.98 · c) (4.6)

Mη is the η peak position in the 2γ invariant-mass spectrum. The parameter a

= 0 because the zero-point of the energy calibration function is determined by
the pedestal and may not move. The parameters b and c are fixed by using the
π0 → γγ and η → γγ invariant-mass peaks and the formula for the invariant
mass of two particles (equation 4.3). These correction factors (b and c) have
been determined for each data taking period and are shown in table 4.1.

4.1.2 Pulse-shape calibration

The BaF2 scintillators of the TAPS detector have the intrinsic property that the
shape of the pulse differs for protons and photons. This feature allows to distin-
guish between these two particles. The signals from photons and protons have
two scintillation light components, narrow and wide. These two components are
extracted by integrating the signal twice, one for a narrow time window Eshort

(50 ns) and another for a wide time window Elong (2 µs). The integration for
the narrow time window contains the information about the fast light compo-
nent and that for the wide time window contains the information about both the
fast and slow components. For protons and photons the ratio of fast and slow
component is markedly different. The pulse shape is usually plotted in terms of
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Figure 4.4: The pulse-shape spectrum in polar coordinates after calibration. The line
shows the cut used to differentiate between photons and protons.

the variables RPS and θPS, defined in polar coordinates as:

RPS =
√
E2

long + E2
short (4.7)

θPS = arctan(
Elong

Eshort

) (4.8)

To identify the protons and photons from pulse-shape spectra, the photon
band has to be separated from the proton band. As a first step the cosmic cal-
ibrations are used for both wide-gate energy (Elong) and narrow-gate energy
(Eshort). As Elong measures the complete energy and Eshort measures only part
of the energy, a calibration for Eshort is needed. The narrow-gate energy has to
be adjusted such that for photons θPS = 45◦. From the above equations, this
condition will be true if Elong and Eshort are equal. The pulse-shape spectrum is
produced for each detector module. If the photon band deviates from the de-
sired θPS = 45◦ line at low values of RPS, the narrow-gate pedestal is adjusted
and at high values for RPS, the narrow-gate gain is corrected. The procedure is
repeated until the position of the photon band converges to 45◦. The pulse-shape
spectrum after calibration is shown in figure 4.4. The photon band around 45◦
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Figure 4.5: The projection of figure 4.4 on the x-axis for different values of RPS . The
line at θPS = 45◦ shows the photon peak position. The line left side of 45◦ is the cut
applied to separate protons from the photons.
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and proton band left to the photon band are clearly visible. To define a separa-
tion between protons and photons, the y-axis in figure 4.4 was divided in several
RPS bins. Each bin was then projected onto the x-axis. The projections are
shown in figure 4.5. In all these graphs the photon peak is at θPS = 45◦ and the
proton peak is on the left-side of the photon peak. The photon peak was fitted
by a Gaussian function. The cut that separates photons from protons is placed at
3σ away from the mean of the photon peak. The cut is shown by the line next to
the line at 45◦ in figure 4.5. The corresponding cuts applied for different values
of RPS are also shown in figure 4.4 by a smooth line. This procedure has been
followed for each of the 528 detector modules separately.

4.1.3 Time calibration

The time calibration for the TAPS detector involves the determination of gain and
offset for TDC’s. A series of pulses of different but known frequencies has been
fed to the TDC’s. This gives a pattern of sharp peaks in each time spectrum from
which the gain is calculated. To determine offsets, the events with two or more
neutral hits have been selected by using the cut on π0 mass (for π0 calibration
refer sec. 4.1.1). The time difference between these two hits has been analyzed.
Corresponding spectra have been made for all the possible combinations for each
detector module. The offset is adjusted so that the peak in these spectra aligns
at zero, which means that photons arrive at these detector modules at the same
time. The new constants for the offset have been determined for each day of data
taking. Figure 4.6 (left) shows the time difference between two photons after
the calibration. The peak is fitted by a Gaussian function. A width (FWHM)
of 0.65 ns is observed, while the mean is located at 0 ns. Figure 4.6 (right)
shows the alignment of each detector module after the calibration. About 10%
of the detectors are found with bad time information. These detectors can not
be calibrated because they have either very broad time spectra or more than one
peak in the spectra. Such detectors are marked as bad in a defect table. If any of
these detectors occurs at the center of the cluster, its TDC information is ignored.
Instead, the TDC information from its neighbouring detector (which is a part of
the cluster) has been used. If this neighbouring detector is also marked as bad,
another neighbouring detector has been checked for a valid TDC information.
This check has been carried out until a good TDC is found in a cluster.

During the measurement there is the possibility that the coincident signals
might cross the threshold at different times if their amplitudes differ. Because
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Figure 4.6: The difference in the timing signals between two photons in TAPS, after
calibration. Left: All detectors together. Right: For individual detector modules.

Beam time a b c
Jan 2003 -0.1593 0.11160e-2 -0.11082e-5
Feb 2003 -0.10249 0.07818e-2 -0.63905e-6
Jul 2003 -0.48668 0.88268e-3 -0.75603e-6
Aug 2003 -0.44120 0.69529e-3 -0.50863e-6

Table 4.2: Time-walk correction factors for different data taking periods.

of this effect a small deviation in the time is seen for photons of low energies;
this is called the time-walk. To take care of this time-walk a correction function
is determined from histograms of the photon-photon time in TAPS versus the
photon energy. These histograms are fitted with the energy-dependent formula:

Estart =
−b
2c

(4.9)

tcorr = a− b2

4c
forE ≤ Estart (4.10)

tcorr = a+ bE + cE2 forE ≥ Estart (4.11)

This calibration is performed as an overall correction for all modules and is done
for every data taking period separately. In table 4.2, the time-walk correction
factors are given for different data taking periods.
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Figure 4.7: TAPS LED threshold determination. Left: Example of an energy spectrum
without any conditions is superimposed by the energy spectrum after the LED threshold
has been applied. Right: The ratio of the two spectra from the left side of the graph.
The vertical line shown in this picture is a cut used to determine the LED threshold.

4.2 LED threshold calibration

The LED’s are used to discriminate the events below a certain energy. They
decide whether the event will be recorded or not. Therefore a proper LED cali-
bration has to be done at the beginning of data taking. This calibration is based
on cosmic rays. Three measurements were taken with three different thresh-
old settings (mV) of LED’s. These three points in combination with the cosmic
calibration give the calibration function for the LED thresholds. It determines
the correlation between the threshold voltage setting (mV) and the threshold
energy (MeV) of the LED module. The LED-high and LED-low thresholds have
been applied to each detector unit.

During the offline analysis more precise LED thresholds have been deter-
mined. For this calibration, the energy spectrum without LED thresholds and
with LED thresholds has been produced for each TAPS detector module. The
ratio of both spectra indicates the threshold value (figure 4.7). The thresholds
are determined using the point where the ratio = 0.9. This procedure is applied
for both LED values, high and low. Since during the data taking only one type
of LED’s are used in the bit pattern, only one type of LED value is determined at
one time. This procedure is repeated for each beam time, once to determine the
LED-high and once for the LED-low thresholds for each detector module.
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Figure 4.8: The 2γ invariant-mass squared spectrum for one of the Crystal Barrel mod-
ules at different stpdf of the iteration procedure for gain adjustment.

4.3 Crystal Barrel

The procedure to calibrate the Crystal Barrel is very similar to the procedure to
calibrate TAPS. The main difference is that the cosmic calibration for the Crystal
Barrel is not practical. This is because the Crystal Barrel modules have differ-
ent sizes and orientations and the energy deposited in each module is not the
same. Since QDC’s of the Crystal Barrel have two ranges, two types of calibration
have to be done. The calibration for the low-energy part has been done using
the π0 calibration method as discussed to calibrate TAPS modules. Because the
pedestals are determined and subtracted online, only the gains need to be de-
termined. For the calibration of the high-energy range a certain amount of laser
light corresponding to different known energies has been injected into each crys-
tal. Then the gains have been calculated for each crystal. Similar to TAPS, for the
final analysis a more precise energy calibration has been done based on the π0

invariant mass. The π0 invariant mass has been studied for each crystal module.
The π0 peak position of a cluster of modules has been adjusted to 134.9 MeV by
correcting the gain of the individual module. This procedure is repeated until
the module reaches a stable value. The position of the π0 peak after different
iterations is shown in figure 4.8. In this picture the 2γ invariant-mass squared is
plotted. More details on the Crystal Barrel calibration can be found in [60].
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Figure 4.9: TAPS-Tagger time difference for all Tagger fibers.

4.4 Tagger

The energy of the photons created by the bremsstrahlung process was measured
by the tagger. The electron beam deflected by the dipole magnet hits scintillating
fibers in the tagger. Two type of calibrations are necessary for the tagger. One is
an energy calibration in which the photon energy corresponding to the position
of each fiber is determined. The other is a time calibration. The time information
from the tagger is very useful to reduce the random background.

4.4.1 Time Calibration

The TDC’s of each scintillating fiber are calibrated using the events with at least
one neutral hit occurring in TAPS. Prior to this calibration the TAPS TDC’s are
calibrated. The time difference between each fiber and TAPS is plotted. The new
offset for the fiber TDC is determined so that the prompt peak shifts to zero.
In figure (4.9) the TAPS-Tagger time difference for each tagger fiber is shown.
The time resolution for all fibers together is found to be 2 ns (FWHM), which is
worse than the TAPS resolution.



4.4.2 Energy Calibration

The energy of the photon is determined by tracking the position of the corre-
sponding electron on the fiber. The radius of the circular path traveled by the
electron is given by:

ρ =
p

Bq
(4.12)

where, ρ = bending radius, p = electron momentum, B = magnetic field, q=
charge. From this formula the radius is directly proportional to the momentum
of the electron if the magnetic field and charge are constant. Since before the
bremsstrahlung process all the electrons have the same energy, it is easy to calcu-
late the energy of the photon. A fourth order polynomial function was calculated
by using the measured field map of the bending magnet and the known positions
of the fibers. The electron beam of 3.2 GeV is used to calculate the correspond-
ing energy of each fiber. The check of this calibration was carried out by keeping
the magnetic field constant and changing the electron beam energy. Such a pro-
cedure takes a lot of time, since it involves the fine tuning of the beam at the
accelerator. Therefore the measurements have been taken only at four points for
the magnetic field for a beam energy of 3.2 GeV. The four points are shown in
figure 4.10. A discrepancy up to 30 MeV for lower photon beam energies and a
few MeV for higher photon beam energies has been observed. So one more cali-
bration procedure was carried out. It makes use of the polarization of the beam.
The linearly polarized beam was obtained by replacing the amorphous radiator
by a crystalline radiator. When the beam is properly aligned and the angle of
the crystal is known, the exact energy of the coherent peak can be calculated
[61]. The second order polynomial is calculated from the last two methods. This
polynomial is applied to the fourth-order polynomial calculated from the first
method. More details about the Tagger calibration can be found in [62].
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Figure 4.10: Tagger energy correction.
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