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4

Calibration

Before the data is analyzed and any reaction is reconstructed, all detectors
need to be calibrated. Because there are many different measurements,
e.g. time, energy, and pulse-shape, there are many different calibrations.
Moreover, the stability of the calibrations has to be monitored, as mea-
surements take place over a long period and effects such as a change in
the room temperature may have a serious impact on the calibration. The
methods used for calibration and the calibration results are discussed in
this chapter, for each detector separately.

4.1 TAPS

The TAPS detector requires four different calibrations: an energy calibra-
tion, a time calibration, the pulse-shape signal calibration, and the calibra-
tion of trigger thresholds. Before data taking most of these components are
roughly calibrated so that the measurement can be monitored. Afterward,
before any further analysis is done, an exact calibration is performed.

4.1.1 Time calibration

Two quantities must be determined for each channel, the gain of the TDC
and the offset for each individual channel. These offsets are due to the fact
that cable lengths are not exactly equal for all detectors. To measure the
gain a series of pulses of different but well known frequencies have been
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Figure 4.1: Left: The spectrum of the difference in the timing signals between two
photons in TAPS, after calibration. The signals are summed over all detectors and
compared to a Gaussian fit. The time resolution is 0.35 ns (sigma), the mean is 0 ns
(within measurement precision). Right: The spectrum of the difference in the tim-
ing signals between two photons in TAPS versus the detector number. The black
data points represent the peaks of distributions. Empty channels correspond to
detectors with a bad timing signal (see text).

fed to the TDC’s via the pedestal pulser input of the splitters (see 3.3.3).
This gives a pattern of sharp peaks in each time spectrum from which the
gain is calculated.

The determination of the offsets in each channel is performed by selecting
events in which two or more neutral hits have been found in the TAPS
detector by means of the charged-particle veto detectors. The time of the
central detector in each cluster (the detector in which the largest fraction
of the cluster energy was deposited) is taken as the time for the particle.

The time difference between all possible pairs of two neutral hits is then
entered into two histograms, one for each of the participants. If the peak
of the resulting time spectrum is not at zero, the offset for the correspond-
ing channel is modified until all peaks are centered at zero, as shown in
figure 4.1 (right). The time signal summed over all detectors is shown in
figure 4.1 (left). The overall time resolution is 0.35 ns (sigma). Since these
offsets vary with time (the variation is roughly 100 ps per beam period),
such a calibration has been done at intervals of 48 hours.

It is important to note that this calibration procedure forces the time mea-
sured for all photons to zero, regardless of the length of their flight path to
the detector.

About 10% of all detectors did not produce a useable timing signal (al-
though the energy signal was okay). In those cases due to electronic prob-
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a b c
-0.33240 0.96948e-3 -0.74859e-6

Table 4.1: Time-walk correction factors.

lems a broad distribution was observed instead of a clear peak. These
detectors could therefore not be calibrated and during data analysis mea-
sures needed to be taken to solve the problem of these malfunctioning
detectors (see section 5.2.3).

Time walk calibration

Even though CFD’s are used to generate the logic pulses for timing pur-
poses, a small amount of walk is still present in the spectra. Walk is caused
by the fact that coincident signals might cross the threshold at different
times if their amplitudes differ. Because of this effect a small deviation in
the time is seen for photons of low energies. A correction function is de-
termined from histograms of the photon-photon time in TAPS versus the
photon energy. These histograms are fitted with the energy-dependent
form:

Estart = −b
2c

(4.1)

tcorr = a − b2

4c
for E ≤ Estart

tcorr = a + bE + cE2 for E ≥ Estart

(4.2)

where E is in MeV.

This calibration is performed as an overall correction for all modules and
is done for every beam period separately. The obtained parameters are
tabulated in table 4.1.

4.1.2 Energy calibration

The energy calibration is done in three stages, each correcting more and
more details. They are, in order: a preliminary calibration based on the
signal from cosmic muons, an exact calibration using the π0 peak in the
invariant-mass spectra, and a check on the energy dependence of the cali-
bration using the η invariant-mass peak in TAPS.
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Figure 4.2: An example of a cosmic-ray energy spectrum for a TAPS module,
showing the pedestal from the pulser, the CFD threshold, and the minimum ion-
izing peak.

Calibration on the cosmic peak

Before any measurement using the photon beam was performed, high
voltages applied to each of the 528 channels of TAPS were tuned until
the gains of these channels were all equal and the endpoint (the highest
energy the QDC is able to measure)) of each channel is equal to 3.0 ± 0.3
GeV. For this purpose cosmic radiation was used.

Since each TAPS crystal has exactly the same shape and orientation, the av-
erage energy deposition by minimum ionizing cosmic radiation (muons)
is always 38.5 MeV. This peak in the cosmic radiation energy spectrum is
used to obtain a preliminary calibration of all detectors for the wide- and
narrow-gate energy signals. In figure 4.2 a typical cosmic-ray spectrum
is shown. The cosmic ray data are taken with the TAPS detector in stand
alone mode, using the CFD-OR and the pedestal pulser as a trigger.

The peak caused by the pedestal pulser is clearly visible, as is the peak of
the minimum ionizing particles. The gap between the pedestal and the
rest of the signal is caused by the CFD threshold.

Some data were taken without the pedestal pulser. In this case the cross
talk between the electronics connected to the detectors still generated a
pedestal peak in the spectra, which was much less intense but sharper. The
cosmic peak was then fitted with a function, which takes the line shape
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Figure 4.3: Left: The two-photon invariant mass spectrum showing the π0 peak,
where the two photons were detected in TAPS, after calibration, summed over all
detectors and compared to a Gaussian fit. The invariant-mass resolution is 7.85
MeV (sigma). Right: The spectrum of the two-photon invariant mass squared
(in MeV 2) where the two photons were again required to be detected by TAPS,
versus the detector number. The data points show the peaks of the invariant-mass
distributions. Empty channels are on the outer edge of the TAPS array and are
calibrated using a different method (see text).

into account([42]) as follows:

y = NG for E ≤ Epeak, (4.3)

y = N
(
G + exp

{
E−Epeak

λ

}
· (1 − G)

)
for E ≥ Epeak,

with: G = exp
(
−4·ln(2)·(E−Epeak)2

Γ2

)

By combining the position of the pedestal and the cosmic peak a simple
linear calibration function can be easily obtained. With this calibration the
energy corresponding to the last channel of the QDC can be calculated.
Whenever the last channel did not correspond to 3.0 ± 0.3 GeV the high
voltage on the detector connected to that QDC was changed.

After all gains are matched, a final calibration using cosmic radiation is
made. One such calibration was made just prior to each beam period, to
provide a preliminary calibration to enable monitoring of the TAPS detec-
tor during the measurement. The calibration for the wide-gate energies is
also used for the pulse-shape analysis (see section 4.1.3).
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Calibration on the π0 peak

Although the cosmic calibration is good enough for on-line monitoring, an
exact calibration needs to be available before the final analysis can be done.
The reason is that the cosmic muon peak only provides one calibration
point all the way at the lower end of the energy range covered by the
QDC’s. Secondly, there are systematic errors in the calibration caused by
the CFD thresholds. Since a detector is only read whenever its energy is
higher than the CFD threshold, there are detectors at the fringes of each
cluster whose energy remains undetected. This means that the measured
energy for a particle is too low on average. Further systematic errors are
caused by the fact that the cosmic calibration is made using muons, which
have a different mechanism for depositing energy than photons.
To correct for these effects a second, more precise calibration is made by
using the neutral pions in the data. As the pedestal was already exactly
determined in the first step (the cosmic calibration), only the gain remains
to be more accurately determined. For this purpose, those events which
contain at least two neutral hits in the TAPS detector are selected, analo-
gous to the method used for time calibration. In the first pass an invariant-
mass spectrum is produced of all possible pairs of neutral hits, where the
invariant-mass is given by:

Mγ1γ2
=

√
2Eγ1

Eγ2
(1 − cos θ1,2) (4.4)

Here, Eγ1
and Eγ2

are the measured energies of the photons and θ1,2 is the
opening angle between them. From this invariant-mass spectrum an over-
all correction factor for the gain of all detectors was determined that shifts
the neutral pion peak to the correct mass of 134.98 MeV. In the second
pass the resolution was improved by making sure that the π0 invariant-
mass peaks for the individual detectors were all at the proper mass value.
On average the π0 invariant mass peaks needed to be shifted by about 5
MeV during this second pass.
For this procedure the invariant-mass of each possible pair is calculated,
and that mass is entered into two histograms, corresponding to the two
central detectors of the two participating clusters. In this way an invariant-
mass spectrum with a π0 peak is updated for each detector whenever it
appears as a central detector in a cluster. If such a peak is displaced from
the correct mass (134.98 MeV), the largest contributing factor must be the
gain of the central detector as the effect of all other detectors combined
must average out. Consequently a correction to the gain of that central
detector can be calculated. The exact position of the π0 peak is determined
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by plotting the spectra as a function of the invariant-mass squared and
fitting the resulting peak with a Gaussian.
It would be more realistic to use an asymmetric Gaussian (the exact form is
given in [42], see equation 4.3) to fit the invariant-mass peak. Such a form
takes the low energy tail of the invariant-mass distribution into account
and the peak position can therefore be determined with higher accuracy.
To keep the calibration procedure similar to the established Crystal Barrel
procedures a symmetric Gaussian was used here.
Although the gain of the central detector governs the largest contribution
to the measured particle energy, the small contributions of its neighbors
cannot be neglected. Therefore this procedure must be repeated with the
newly calculated gains until all calibration constants have converged (nor-
mally within three iterations).
A second complication is posed by the detectors on the edge of TAPS,
which are partly or completely outside the 30° opening cone of the Crys-
tal Barrel, and are not hit by enough π0’s to allow for such a calibration
procedure. For those detectors, only an overall correction factor, which is
an average of all detectors, is applied and they are not individually cal-
ibrated. As the event selection (see chapter 3) will anyway reject events
containing clusters with a central detector on the outermost ring of TAPS,
this will not pose any problems.
The final result is depicted in figure 4.3 (right) showing the alignment of
the different detectors, and figure 4.3 (left) showing the overall π0 peak
with a resolution of 7.85 MeV (sigma). This calibration was also repeated
every 48 hours, to keep effects stemming from variations in the tempera-
ture of the electronics hut down to 1%, which is the amount of variation
induced by day-night temperature variations.

Calibration on the η-π0 mass difference

Even after the second step of calibration, small deviations exist. They be-
come visible if we look at the invariant-mass peak coming from the decay
of the η-meson:

η → γγ (4.5)

where both photons are detected in TAPS. The statistics for this decay pro-
cess are low, because the higher invariant mass of the η results in a higher
opening angle. Therefore it becomes less probable that both photons are
detected by TAPS. For this reason it is only possible to investigate the to-
tal η invariant-mass peak from all modules added together. The result is
shown in figure 4.4 and it can be seen that the η peak at 555.59 MeV is
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Figure 4.4: The two-photon invariant mass spectra showing the π0 and η peak
before and after the correction. Before, the peaks are at 135.00 MeV and 555.59
MeV, respectively (gray line). After correction they are at 135.02 MeV and 547.59
MeV (black line). The true masses are 134.98 MeV and 547.30 MeV.

too high by 1.5%, although the π0 peak is at the proper mass after the last
calibration step.

It has been verified by using simulations that the small uncertainty in the
position of the TAPS detector cannot explain this mass shift, as it would
influence the η and π0 masses in the same way. Instead the mass shift, as
is stated in [50], is caused by the detectors on the outside of a cluster.

The energy deposited by the electromagnetic shower in the crystals drops
off as a function of the distance between the center of of the shower and
the crystal. If a crystal is sufficiently far away from the center, the height
of the energy signal it produces will fall below the CFD threshold. When
the signal height of a detector does not surpass CFD threshold, the energy
measured by that specific detector will not be read out and is lost. Because
the fraction of energy of the cluster which is lost depends on the energy of
the photon that generated the shower, a small non-linearity is introduced
in the energy response of the detector.

Because photons from an η → γγ decay generally have an energy higher
than those from a π0 → γγ decay, a small shift in the η invariant-mass
is introduced. By using the measured position of the two invariant-mass
peaks and assuming the two photons have equal energies we can calculate
a correction to the calibration function to correct for the non-linearity in the
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Period b c
23-08-2002 to 09-09-2002 1.012 -2.47e-5
31-10-2002 to 15-11-2002 1.001 -1.09e-5
03-12-2002 to 19-12-2002 1.010 -1.11e-5
06-03-2003 to 21-03-2003 1.001 -0.88e-5
23-05-2003 to 04-06-2003 1.013 -3.05e-5
29-10-2003 to 19-12-2003 1.013 -3.05e-5

Table 4.2: The parameters for the correction functions for all beam periods.

following way:

Enew = a + b · Eold + c · E2
old (4.6)

where the energies are in MeV.
The parameter a must be equal to 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 → 2γ and the η → 2γ invariant
mass peaks and the formula for the invariant mass of two particles 4.4.
Applying this formula to the data yields two data points with which both
parameters b and c can be fixed.
Because the assumptions mentioned above are not entirely correct, the cor-
rection is not exact after the first iteration. To arrive at the exact correction
function three iterations were needed, after which the invariant masses
of both η → γγ and π0 → γγ were at their correct values. Because the
thresholds on which the effect depends have been set anew for each beam
period, this procedure has been repeated for each beam period as well. In
table 4.2 the values for each of the beam periods can be found.

4.1.3 Pulse-shape

It is possible discern between protons and photons detected in TAPS, by
making use of the fact that the shape of the pulse they produce is different.
A photon creates an electromagnetic shower while a proton ionizes many
atoms along its path. This difference in interaction gives rise to different
processes of crystal excitation and therefore different decay processes and
decay times.
In general, the signals produced by the two types of particles both contain
two components, one with a short decay time (on the order of ns) and one
with a long decay time (on the order of µs), but in the case of the proton,
the ratio of the “long” to the “short” component is higher than that for the
photon. This is illustrated in figure 3.7.
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Figure 4.5: Left: The pulse-shape spectrum in polar coordinates after calibration.
The band at θPS = 45◦ (see equation 4.8 for a definition of this angle) are photons,
the band to the left of it are protons. The gray line is at 3 σ from the photon peak,
and is used to separate protons from photons. Right: The pulse-shape spectrum
of protons. The band on the left is still visible, but the higher energy protons that
have punched through the detector appear on the position of the photon band
making a complete separation impossible.

In order to exploit this difference to differentiate between photons and
protons, the energy signal is integrated twice. Once within a gate from the
start of the signal up to 50 ns and once within a gate from the start up to
2µ s. The number obtained from the first integration carries more infor-
mation about the short-lived component while the number obtained from
the second carries primarily information about the long-lived component.
The pulse-shape is usually plotted in terms of the variables RPS and θPS ,
defined as:

RPS =
√

E2
long + E2

short (4.7)

θPS = arctan(
Elong

Eshort

)

which makes the separation at low energies more clear.

Pulse-shape calibration

In order to align the pulse-shape spectra of all the detectors, a calibration
has to be applied. As the energy signal integrated under the wide gate
is already calibrated (see sect. 4.1.2), the calibration procedure needs to
determine a calibration for the signals obtained with the integration under
a narrow-gate such that for the photons θPS = 45◦. As can be seen from
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the equation above, this will be the case if the energies measured with the
wide (Elong) and the narrow gate (Eshort) are always equal for the photon.
To achieve such a calibration a pulse-shape spectrum is produced for each
detector separately. The two values to be determined are the pedestal and
the gain to be used for the calibration of Eshort. As a starting point, the
gains and pedestals are taken from the measurement of cosmic radiation,
as was described in section 4.1.2. Because a wrongly measured pedestal
has a large effect when small energies are measured, and a small effect at
large energies, such pedestal related problems show up for small values of
RPS , which is defined as the sum of Eshort and Elong, added in quadrature.
A wrongly measured gain should have the opposite effect, and is therefore
visible at high values of RPS .
If the photon band deviates from the desired θPS = 45◦ line at low values
of RPS , the narrow pedestal is adjusted. To correct deviations at high val-
ues of RPS the narrow gain is corrected. Because both changes influence
each other, the procedure is repeated until the position of the photon band
converges to 45°.
The result is illustrated in figure 4.5 (left). The graph containing calibrated
data clearly shows the photon band at 45° and the proton band to the left
of it.
However, the pulse-shape analysis (PSA) has shortcomings for the selec-
tion of protons. In figure 4.5 (right) the pulse-shape graph for protons is
shown after selecting hits for which the charged-particle veto has fired.
The cluster size is required to be smaller or equal to 2. From this figure it
is clear that minimum ionizing protons punching through the detector are
hidden underneath the photon band.

Determination of the pulse-shape cut

As is clear from figure 4.5 the cut to separate protons from photons should
be energy dependent. Therefore the position and width (σ) of the photon
band at 45°has been determined as a function of R. The cut that separates
photons from protons is placed at 3 · σ away from the mean of the photon
peak, as is indicated by the white dots in figure 4.5. This procedure has
been followed for each of the 528 detectors separately.

4.1.4 Threshold calibration and determination

Before taking data the thresholds of all LED discriminator modules must
be calibrated in order to adjust those thresholds to the same energy value
for each beam period. The thresholds were set to high values on the rings
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of TAPS closest to the beam, where the highest rate was measured due
to e+e− pairs. For the offline data analysis the position of the thresholds
during the experiment is determined again in order to be able to calculate
the trigger acceptance with the help of a Monte Carlo simulation.

Calibration

At the start of each beam period, three measurements were taken at dif-
ferent settings of the LED modules. Since for every detector the read out
electronics register whenever the LED threshold is surpassed by the sig-
nal (see sect 3.3.3), it is possible to generate two energy spectra for each
detector: one without any condition, and one under the condition that the
LED threshold was crossed. The ratio of both spectra (figure 4.6) indicates
the threshold value, calibrated in MeV. From the energy dependence in the
three measurements a calibration function is determined to set the LED’s
at properly calibrated positions.

Exact determination

In the offline analysis a more exact determination of all the thresholds is
carried out. Due to the difference in the pulse shape between photons and
protons, signals of the same height (in V) contain a different amount of
energy depending on the type of particle generating the signal. In other
words: the energy measured by the detector is determined by integrating
the total charge in the signal, and the threshold is concerned with the sig-
nal height. Therefore the threshold for photons and protons differs when
expressed in energy units, although it is the same when expressed in mV.

Therefore, two samples have been prepared: TAPS hits that were classified
as protons based on the pulse-shape discrimination, and those that were
classified as photons. For both types the LED thresholds are determined
separately, using the point where the percentage of hits that fire their LED
crosses the 50% level as the definition of the threshold. As there are two
sets of thresholds, high and low, which can not be recorded simultane-
ously by the hardware (see section 3.3.3), this procedure has been once
for a data set which contained measurements of the high thresholds and
once for a data set which contains measurements of the low thresholds.
This results in four sets of thresholds, as shown in figure 4.6. The values
determined are tabulated per ring of TAPS in table 4.3.
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Figure 4.6: The different threshold behavior for photons and protons. On the left
the thresholds for the LED-low, on the right those for the LED-high. Because of
differences in pulse-shape, the threshold values in terms of energy are different
for protons (top) and photons (bottom).

LED-low LED-high
Ring γ p γ p
1 881 874 871 876
2 124 166 236 301
3 94 129 195 255
4 74 106 171 224
5 55 84 152 202
6 63 83 139 178
7 60 83 118 153
8 68 88 121 151
9 69 91 119 154
10 62 87 112 153
11 59 86 58 88
12 71 83 73 85

Table 4.3: The threshold values determined per ring of the TAPS detector, for pro-
tons and γ’s and for LED-low and LED-high. All values are in MeV. The LED
values for the innermost ring have been put as high as possible to reject back-
ground from e+e−-pairs created when the incoming photons convert.
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Proton calibration

The calibration of the thresholds was based on the photons coming from
the decay of neutral pions. Simulated and measured data are calibrated
in the same way. Therefore, the threshold determined from the data is di-
rectly applicable to the Monte Carlo simulation. For the protons, however,
this is not so.

Because protons produce light in the scintillator crystals in a different way
than photons do, the calibration which was established for photons is not
applicable to protons, without further investigation. The number of pho-
tons generated by a 100 MeV proton is not the same as the number gener-
ated by a photon of the same energy. This effect is called quenching. In the
GEANT Monte Carlo simulation the difference in light yield does not play
a role and the energy deposited by 100 MeV protons and photons is there-
fore the same. In order to account for this difference between simulation
and data, a calibration for the proton energy in the data was performed.

In order to obtain such a calibration the deposited energy for protons was
compared to the energy calculated from kinematic relations such as the
energy and momentum conservation laws, after a full reconstruction of
the η photoproduction reaction:

γp → ηp → 3π0p → 6γp (4.8)

Details of the reconstruction of a complete reaction will be described in
Chapters 5 and 6. The difference in the deposited and the reconstructed
proton energy is caused by two sources. The first is the quenching effect
described in the last paragraph. The second is the energy lost by protons in
the air and the target materials on their way to the detector. Of these two,
only the quenching effect needs to be corrected, since the target losses are
already included in the Monte Carlo simulation. Therefore, the energy lost
by protons in the target has been calculated using the simulation and was
folded out of the results before extracting the calibration function for the
proton energy.

When looking at the energy losses of the proton between the point of in-
teraction in the target and the TAPS detector it is clear that they are depen-
dent on the polar angle of the particle. This can be explained by consid-
ering the 0.625 mm thick kapton window that closes the beam pipe. Up
to 13° the protons only pass through this window, above 13° they have to
pass through the wall (1 mm aluminum) of the beam pipe, which causes
a bigger energy loss. This situation is schematically depicted in figure 4.7
and the difference in energy loss is shown in figure 4.8 (left) together with
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Figure 4.7: Sketch of the target showing the matter causing energy losses for pro-
tons on their way to TAPS. All protons suffer losses from the liquid hydrogen
target itself and the kapton-foil cylinder surrounding it. Protons in forward di-
rection lose energy in the kapton window (0.625 mm) that seals the beam pipe. At
higher angles, above 13° the protons pass the beam-pipe walls constructed out of
1 mm aluminum. At angles above 28° they have to pass through the three layers
of the Inner Detector.
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Figure 4.8: Left: The proton kinetic energy versus the energy loss for protons with
a polar angle below 13°. The data are obtained from Monte Carlo simulations.
Right: The parametrization of the target loss, for protons with a polar angle below
13°(solid line) and above (dashed line), as a function of the kinetic energy of the
proton.
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Figure 4.9: The ratio between the energy deposited by a proton (corrected for
target losses) and its kinetic energy (determined by reconstruction of the channel
γp → ηp) as a function of the proton kinetic energy. The ratio is constant for all
energies, its value is 0.96.

a parametrization 4.8 (right):

Eloss = 39.46+0.0587Ekin

1+0.0416Ekin
, for θp ≤ 13◦ (4.9)

Eloss = 39.98+0.0442Ekin

1+0.0248Ekin
, for θp > 13◦

where all energies are in MeV.

As the effect of target losses on the proton energy is now known, it can
be subtracted from the measured differences between the reconstructed
and the deposited proton energy. The result should be the effect of the
quenching alone. This is shown in figure 4.9 where the ratio between the
deposited and reconstructed proton energy is shown, after correction for
the target losses, as a function of the deposited proton energy. A horizontal
line fit to this spectrum gives a correction factor of 0.964 for the measured
proton energies.



63

0

20

40

60

80

100

10000 20000 30000 40000

12th iteration

1st iteration
3rd iteration

Invariant mass squared (MeV  )2

R
el

at
iv

e 
in

te
ns

ity

m2(π0)

Figure 4.10: The spectrum showing the invariant mass squared for two photons
that are both detected by the Crystal Barrel. The different spectra show how the
π0 invariant mass peak converges to the correct value of 134.982MeV 2 for the
first, third and last iteration. Taken from [51].

4.2 Crystal Barrel

The calibration of the Crystal Barrel is done via a similar procedure as
was applied to TAPS, skipping the calibration using cosmic radiation (sec-
tion 4.1.2). The peak in the energy spectrum of the minimum ionizing
cosmic radiation does not give an easy calibration point for the Crystal
Barrel, since the crystals vary in size and orientation. The energy spec-
trum of the cosmic radiation therefore differs from detector to detector so
that a tedious calculation of the correct peak position using Monte Carlo
methods would be required to obtain the energy deposited in each detec-
tor by minimum ionizing particles.

The procedure used in the π0 calibration is completely analogous to the
procedure used for TAPS. An extra complication in the Crystal Barrel is
that the QDC’s have two ranges. Because the pedestals are determined
and subtracted online, only the gains need to be determined.

The gain of the low range is determined with the π0 invariant mass method
and the result after twelve calibration iterations is shown in figure 4.10.
The calibration of the high range is done by injecting laser light of different
known energies into the crystals and measuring the response to obtain the
gain. More details on the Crystal Barrel calibration can be found in [51].
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Figure 4.11: Left: The time difference between the detection of a photon in TAPS
and an electron in the tagger system summed over all tagger fibers. The coinci-
dent peak (resolution: 1.01 ns (sigma), mean: -0.059 ns) is shown on top of a small
random background. Right: The same time difference plotted versus the number
of the taggerfiber. The black data points represent the peaks of distributions.

4.3 Tagger

The electrons are bent out of the beam by the tagger magnet and detected
by 480 scintillating fibers. For each fiber, two quantities have been cal-
ibrated. First, the photon energy corresponding to the position of each
fiber was calibrated. The bending radius of the scattered electrons (charge
q) is determined by their momentum p and the field B of the tagger dipole:

ρ =
p

Bq
(4.10)

As the energy of all the electrons in the beam before the radiator is the
same, the position of the fiber detecting the electron after the radiator and
the magnet carries the information about the amount of energy transferred
to the bremsstrahlung photon. This means, an energy calibration is neces-
sary to relate each fiber position to a specific photon energy.
Secondly, the time of the hit in the tagger is measured by TDC’s connected
to each fiber. This allows to select on coincidences between the tagger and
TAPS to reject background hits in the tagger. Therefore, the time needs to
be calibrated as well.

4.3.1 Time calibration

The time measured by the tagger is calibrated after the TAPS time calibra-
tion is finished. The same set of events used in the TAPS calibration, was
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selected. Instead of the relative time difference between two photons de-
tected in TAPS, the difference in the time measured by TAPS and the time
measured by the tagger-fiber time is plotted. From this the offset for each
channel is determined, such that the time difference between a photon in
TAPS and the corresponding electron is zero.
The gain of the tagger TDC’s is taken from the specification of the TDC
modules: 0.05 ns/TDC-channel. A plot of the timing for each tagger fiber
is shown in figure 4.11 (right) which shows the alignment of the channels.
The sum over all detectors is shown in figure 4.11 (left). The resolution of
the TAPS-tagger timing is determined from a fit of that spectrum as 1.01
ns (sigma). This value is much worse than the relative TAPS-TAPS timing.

4.3.2 Energy calibration

The energy calibration of the scintillating fiber tagger was performed in
two stages. In the first stage a polynomial calibration function was cal-
culated by using the measured field map of the bending magnet and the
known positions of the fibers [52]. In the first step the energy value for
each fiber was extracted for a beam energy of 3.2 GeV. However, different
beam energies have been used, for instance 3.2 GeV and 3.0 GeV for this
work. Whenever a different beam energy was selected, the magnet field
has been adjusted in such a way, that the part of the beam that did not un-
dergo any bremsstrahlung always describes the same trajectory. As that
electron trajectory is given by equation 4.10, the old and new magnetic
field strengths are related via:

Bnew =
pbeam,new

pbeam,old

Bold (4.11)

so that the calibration of a single fiber changes as follows:

pfiber,new = ρfiberBnewq (4.12)

pfiber,new =
pbeam,new

pbeam,old

ρfiberBoldq

pfiber,new =
pbeam,new

pbeam,old

pfiber,old

The polynomial calculated from the simulation was:

Esim = 2531.69−1.93x+3.08·10−3x2−3.44·10−5x3+9.56·10−8x4−1.23·10−10x5

(4.13)
where x is the fiber index and Esim the photon energy in MeV.
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Figure 4.12: Left: The difference between the tagger calibration polynomial from
simulations and the data points measured by directly injecting electrons into to
tagger (squares) or by using the coherent energy peak of polarized photons (trian-
gles). Right: The tagger calibration polynomial which was determined from the
simulation is shown as the dashed line. It relates the tagged photon energy to the
number of the fiber hit by the accompanying electron. Both figures are from [53].

A check of the calibration was carried out by [53], who used two different
approaches to calibrate the tagger. The first is to keep the magnet field
constant, but vary the beam energy in such a way that the undeflected
beam enters directly into the tagger. This can only be done by reducing
the beam current significantly as the high electron rate would otherwise
damage the sensitive tagger components.
Such a procedure takes a large amount of time, as it involves tuning the
synchrotron for every energy setting. Therefore only four energy values
were used at the magnet setting for the 3.2 GeV data (B = 1.413T ). The
four points are shown in figure 4.12 (left) together with the calculated
polynomial mentioned above. It can be seen that the difference can be
as much as 30 MeV (see figure 4.12 (right)).
A second way to check the correctness of the polynomial is to make use of
a polarized photon beam as described in section 3.2.1. When the beam
is properly aligned and the angle of the crystal is known, the calcula-
tions from [54] can be used to calculate the energy at which the coherent
peak should appear. By rotating the crystal the three triangular points also
shown in figure 4.12 (right) were obtained. Both data sets show the same
trend and agree within their error bars. From these data a second-order
polynomial correction has been calculated which is shown together with
the data points:

Esim − Enew = (−2.12) + (−2.36 · 10−2)x + (1.97 · 10−4)x2 in MeV (4.14)
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Figure 4.13: Left: The η invariant-mass spectrum determined by using only the
measured angles of the particles and the tagged energy (solid line). The dashed
line shows the same spectrum when all tagger energies are shifted by 20 MeV to
test the sensitivity to the tagger calibration, resulting in a 10 MeV shift in the η
invariant mass. Right: The position of the η invariant-mass peak as a function of
time. Each bin on the horizontal axis corresponds to 1 hour, the entire range of
the horizontal axis corresponds to one beam period.

A third method to check the calibration is to use the measured data on
η production. To reduce dependency on other variables of the setup, the
following approach was taken. From all events, those containing seven
clusters are taken. The proton is identified using the charged-particle ve-
tos in TAPS, or the Inner Detector in the Crystal Barrel. The η candidate is
constructed from the six photons originating from its decay, and only the
angles of that candidate and the proton are used together with the incom-
ing energy given by the tagger to reconstruct the η invariant mass.
The resulting spectrum is shown in figure 4.13 (left) as the dashed line.
The gray, dashed line shows the same spectrum but with the tagger energy
artificially displaced by 20 MeV, showing the sensitivity. In this way the
stability of the tagger calibration has been checked for the entire data set,
as shown in figure 4.13 (right).

4.4 Inner Detector

For the Inner Detector only time values are read from the TDC’s. The TDC
peaks have been aligned during the experiment. In the analysis a gate is
put in the TDC spectrum around the prompt peak, to determine whether
a fiber was hit. Therefore the only calibration step for the Inner Detector is
the determination of these gates [55].






