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4. Data Analysis

The goal of the experiment is to measure the observables introduced in
Sec. 2.3. What is measured experimentally is the differential cross section,
dσλ

b

dΩ , for different beam polarizations, λb. This differential cross section can
be expressed in terms of other observables:

dσλb

dΩ
=

Nλb

det

∆Ω · Iλb · ε =
dσ◦

dΩ
(1 + py cosφnA⊥ + py sinφnA‖), (4.1)

where Nλb

det is the number of events detected in the solid angle ∆Ω for beam
polarization λb, and ε represents the total efficiency of the detection system.
Iλb denotes the luminosity which is defined as:

Iλb =
ρtarget ·NA

Atarget
· nλb

inc · δx. (4.2)

Here, ρtarget, Atarget, NA, and δx are the mass density, the atomic weight,

Avogadro’s number, and the thickness of the target, respectively, with nλb

inc

being the number of particles with polarization λb bombarding the target.
Except for Atarget, ρtarget, andNA, the other variables have to be determined
for the present experiment. In this chapter, the steps taken to determine
these variables will be explained. In the first section energy and time cal-
ibration of the detection system is presented. In the second section, it is
shown how the luminosity and the beam polarization are obtained by ex-
ploiting the elastic channel. The procedure of identifying ppγ events in order
to determine Nλb

det will be explained in the third section. All possible sources
of inefficiencies which are involved in this measurement are introduced in
section four. The formalism which was used to extract the observables from
Eq. 4.1 is presented in the fifth section. The last section is devoted to in-
troducing the sources of errors in this measurement and their contribution
to the uncertainty in the determination of the observables.

4.1 Energy and time calibration

The raw data read by the data-acquisition system have to be translated
into physical quantities in the first step of data analysis. The most essential
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44 Chapter 4: Data Analysis

parameters from the data are the arrival time of a particle at a detector and
its energy deposit. These quantities have to be calibrated. The calibration
methods for the energy and the time for Plastic-Ball and SALAD will be
explained separately in the following four subsections.

4.1.1 Plastic-Ball time calibration

As explained in Sec. 3.3.2, the Plastic-Ball TDCs were used in common-
stop mode, and the start and the stop signals were provided by the detector
itself and the Master trigger, respectively. In addition, the timing of the
Master trigger was set by the Plastic-Ball signal, which means the Plastic-
Ball signal indirectly played the role of the stop signal, as well. The Plastic-
Ball singles rate, which is the ORed signal of all the Plastic-Ball detector
signals, varied between 5 kHz/nA to 10 kHz/nA depending on the amount of
dirt accumulated on the target windows. Even in the case of the higher rates
the probability of having two hits on Plastic-Ball over 100 ns, within which
the trigger is made, is extremely small. One can, therefore, expect the TDC
spectrum of the Plastic-Ball detectors to be dominated by a single prompt
peak. This was also established experimentally. The position of the prompts
of the detectors were slightly different, due to the different lengths of the
cables carrying TDC signals from the experimental hall to the counting room
and the different transit times in the individual phototubes. By setting all
prompt peaks to one position, the so-called zero-time, the detectors were
time-calibrated.

4.1.2 SALAD time calibration

The SALAD TDC spectra are more complicated than those of the Plastic-
Ball, as they carry finger prints of all the 4 triggers used in the experiment,
see Table 3.1. Moreover, the SALAD TDCs are multi-hit ones, which also
adds to the complication. For the case of the CFD trigger, the start and the
stop signals of the TDC were generated by the detector itself. Therefore,
the TDC signal associated with the CFD-trigger was a sharp prompt, which
was exploited to perform time calibration for the SALAD scintillators. As in
the case of the Plastic-Ball, the positions of the prompt peaks differ slightly.
In fact, time-calibration is performed by bringing the CFD prompt peaks to
the same position, the so-called zero-time.



4.1. Energy and time calibration 45

Photon Energy [MeV]
20 30 40 50 60 70 80 90

C
o

u
n

ts

0

5000

10000

15000

20000

25000 →ring #7  ring #1←

Figure 4.1: Simulated photon energy for the photons detected in the first and

seventh (last) rings, the dashed lines enclose the region from which so-called

mono-energetic photons were picked up.

4.1.3 Plastic-Ball energy calibration

As will be explained in Sec. 4.4, the photon energy will not be used in
the event-reconstruction, because proton-proton bremsstrahlung is a self-
calibrating reaction. Thus, the bremsstrahlung photons can be used to
calibrate the Plastic-Ball scintillators. However, the low efficiency of the
Plastic-Ball for photon detection (< 50%) hampers the calibration. In fact,
the energy calibration of the Plastic-Ball turned out to be the most tedious
in the analysis of the data. As explained in Sec. 3.3, the Plastic-Ball covered
the polar angular range 90◦-160◦. As a result, the energy of the photons de-
tected by detectors at different polar angles could differ considerably; see
Fig. 4.1. The spectra shown in this figure are generated with the GEANT
simulation event generator, GENBOD [51]. As seen, the simulated energy
spectra of the photons detected in the first and the last rings (definition of
the rings is given in Sec. 3.3.1) are shifted by 20 MeV relative to each other
with a large overlap in the spectra. This made it possible to have a so-called
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Figure 4.2: A typical spectrum of deposited energy in a Plastic-Ball scintillator

(dotted line) in comparison with its simulated counterpart (solid line) for the events

whose reconstructed photon energies fall between 52-60 MeV as shown in the gate

in Fig. 4.1.

mono-energetic photon beam used to calibrate the scintillators. The events
whose reconstructed photon energies reside between 52 MeV to 60 MeV were
chosen (see the gate in Fig. 4.1), and the energy deposited in the scintillators
with these events were studied. The same event selection was also done in
the GEANT simulation. Then, the calibration factors were adjusted to fit
the end point and the knee of each spectrum to its simulated counterpart
as good as possible; see Fig. 4.2. The low-energy part of the spectra was
not used in the calibration as a large part of the background detected by
the Plastic-Ball was due to low-energy photons. These photons stem mainly
from bremsstrahlung from carbon and oxygen nuclei in the target-windows
material and the dirt collected on the windows.
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4.1.4 SALAD energy calibration

The Energy and Veto scintillators were roughly gain matched on-line, using
the peak observed when the elastically-scattered particles punch through the
scintillators. For off-line calibration, the over-determined kinematics in the
3-body final state was used. As will be explained in Sec. 4.4, proton-proton
bremsstrahlung event reconstruction is done independently of the energy of
protons. As a result, one may make use of the reconstructed proton energies
to calibrate the SALAD scintillators. To make sure that the events used
for the calibration are ppγ events, very tough constraints were imposed in
their selection. For these events, the reconstructed proton energies were
plotted versus the ADC values of SALAD scintillators; see Fig. 4.3. Using
the MINUIT toolkit [52], a quadratic fit to these two-dimensional plots was
made to obtain a one-to-one relation between the ADC channels and the
values of the reconstructed energies. The result of such a fit is also shown in
Fig. 4.3. The width of the distribution is a superposition of the resolution
of the energy scintillators and the uncertainty in the reconstructed energy.
The former is almost constant (10% FWHM), and the latter depends on
the accuracy with which the coordinates of the protons and the photon are
measured. Using the GEANT simulation, this uncertainty was established
to be a function of the polar angles of the particles and is always less than
8%.

4.2 Track definition

In this section, it will be explained how photon and proton tracks are
reconstructed from the information acquired from the detectors. Tracks
are vectors showing the flight direction of particles from the target to the
point where they are detected, assuming the trajectories of the particles are
straight lines. According to such a definition, a photon track is a vector
connecting the target center to the center of the plastic scintillator in which
the particle has been detected. Note that the Plastic-Ball is bombarded by
photons, protons, neutrons, and leptons, but the track is called a photon
track as other particles will be eliminated by applying proper cuts in the
further analysis. On the same footing, a proton track is a vector connecting
the target position to a hit in the MWPC, provided that the corresponding
Energy scintillator is also hit. If at least one of two corresponding Veto
detectors has also fired, the proton is most likely an elastically-scattered
one and the track is labeled as “elastic”. Otherwise, the proton might be
an inelastically-scattered proton, and the track is labeled as “inelastic”.
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Figure 4.3: The SALAD energy detectors are calibrated by fitting the ADC values

to the values of the reconstructed proton energies.

Note that the majority of the so-called inelastic tracks are associated with
elastically-scattered protons which have undergone a hadronic interaction
and lost part of their energy. As a result, these protons do not reach the Veto
scintillators. The likelihood that an elastically-scattered proton is confused
with an inelastically-scattered one increases as a function of the scattering
angle. Because protons scattered to larger angles must travel longer paths
through the Energy scintillators, and therefore, have a higher chance of a
hadronic interaction.

Tracks going through the MWPC have to pass correspondence tests in
order to be accepted. The MWPC read-out provides a centroid, x, y, u,
and a width, δx, δy, δu for each plane. A correspondence test is made then,
by trying to pass a straight line originating from the target center through
the x±δx, y±δy, and u±∆u limits, within a certain tolerance. If there is
such a line, the x and the y coordinates are taken as the center of the track,
otherwise, the track is rejected. The tolerance, obtained experimentally,
was introduced to make sure that no good candidates are thrown away.
Determination of the tolerance is of great importance. If it is underestimated
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Figure 4.4: The efficiency of the u-plane as a function of the tolerance; for more

details see the text.

it will lead to throwing away good events, and if overestimated, a number
of background events will come in. In order to obtain an optimum value
for the tolerance the efficiencies of the x-, y-, and u-planes were studied
for a number of different tolerances. In Fig. 4.4 the efficiency of the u-
plane is plotted versus the tolerance. As shown, the efficiency reaches a
plateau where the efficiency remains almost independent of the tolerance.
The tolerance corresponding to the starting point of this plateau was taken
as the optimum tolerance. The inefficiency shown by the plateau is in fact
the intrinsic inefficiency of the u-plane of the MWPC.

4.3 Determination of luminosity and beam

polarization

One way of measuring the luminosity is to determine each component of
Eq. 4.2. The density of liquid hydrogen at the triple point (ρtarget) is known
to be 70.8 mg/cm3. The target thickness (δx) and the number of particles
bombarding the target (nλb

inc) have to be measured. The nominal value of
the target thickness is 6 mm, however its effective value can be larger by
about 25%. This increase is due to the bulging of the target, which is in
turn the result of the liquid pressure inside the target cell. To measure
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Figure 4.5: The proton energy (ADC spectrum) measured by a SALAD scintillator

versus its time of flight (TDC spectrum). The dashed lines define the time gate

selecting the beam bursts for which charge integration is performed completely.

the number of particles bombarding the target during the experiment the
beam was dumped in a Faraday cup which provides the total accumulated
charge. Knowing the total charge, one can calculate nλb

inc by dividing the
total charge by the elementary charge. It was experimentally established
that the uncertainty of this method of measuring nλb

inc was less than 3%. To
bypass all problems regarding direct measurement of the luminosity, which
could be as inaccurate as 10%, it was decided to obtain the luminosity by
fitting the measured pp-elastic cross sections to the predictions of global data
analysis such as PWA93 [53]. This way, the luminosity can be estimated with
a precision better than 2%. Likewise, the beam ploarization is obtained by
fitting the measured pp-elastic analyzing powers to the prediction of global
data analysis. The elastic-channel observables were obtained by analyzing
the data read-out through the RF trigger described in Sec. 3.4.3. This trigger
is a down-scaled copy of the RF signal delivered by the AGOR cyclotron.
The main features of this trigger is its sharpness in time and its independence
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of other triggers. The RF signal of the cyclotron was down-scaled by a factor
of 1200, and then put into the GSI box. In the GSI box, the RF signal was
down-scaled for a second time by a factor of 29. Since the repetition of the
beam bursts for the 190 MeV beam is 60 MHz, the frequency of the down-
scaled RF-signal, without dead-time, will be then approximately 100 Hz.
With the dead-time of the acquisition computer, this rate will be further
reduced to almost 50 Hz.

The events read-out within the time that charge integration is performed
are selected for further investigation. In Fig. 4.5, a typical ADC spectrum
of a SALAD scintillator is plotted against its TDC spectrum, requiring the
RF-trigger. The dashed lines in this picture define a time gate selecting
the beam bursts for which charge integration is performed completely. The
events surviving this cut were fed to the tracking routine, and both the
elastic and inelastic scattering tracks were accepted. Since, around 9% of
the elastically-scattered protons undergo a hadronic interaction, excluding
inelastic-scattering tracks would lead to underestimating the elastic scatter-
ing cross sections. Protons passing all qualification tests for elastic scattering
were then binned. Of the outgoing protons in the elastic scattering chan-
nel, only the high-energy proton will be detected by SALAD. The detected
protons are binned in two variables, namely θ and φ. The bins in the po-
lar angle start at 12◦ and end at 30◦, with a bin-size of 2◦. The bin-size
in the azimuthal angle is 10◦, resulting in 36 bins. The reaction plane is
uniquely determined by the vector ~pb × ~ph, with ~ph being the momentum of
the high-energy proton detected by SALAD. The ẑ and ŷ are respectively
defined by the direction and the polarization of the beam, with a right-
handed coordinate system. Left and Right are defined by x > 0 and x < 0,
respectively.

Knowing the coordinates of one of the elastically-scattered protons and
using momentum and energy constraints, the entire kinematics of the scat-
tering can be determined. The formula, which is used to obtain the pp-elastic
scattering differential cross section, is as follows:

Nλb

det

∆Ω · Iλb · ε =
dσ◦

dΩ
(1 + pλb

y A cosφn), (4.3)

Here, φn is the angle between the reaction plane, introduced in section 2.1.3,
and the polarization axis. ε and N λb

det are the MWPC efficiency for the bin
∆Ω(θ, φ), and the number of elastically-scattered protons detected in the
solid angle ∆Ω, respectively. Iλb represents the luminosity for beam polar-
ization λb. With the same technique that will be introduced in Sec. 4.6,
(dσ◦

dΩ · Iλb) and (pλb
y · A) were obtained. Fitting these two products to
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Figure 4.6: The elastic-scattering cross sections and analyzing powers as a function

of θ. Open circles (full triangles ) are data of runs before (after) warming up the

target.
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Figure 4.7: Beam polarization and the normalization factor for luminosity as a

function of time. The period spanned in this figure is 18 days.
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the world-data set for dσ◦

dΩ and A, Iλb and pλb
y were obtained respectively.

The events read-out through the RF trigger are mainly pp elastic scatter-
ing events, as expected. In fact the contribution of other processes, like
pp-bremsstrahlung is not more than 10−3. The probability of elastic proton-
nucleon scattering from the foil and the condensate on it is not ruled out.
The contribution of the foil alone was studied in the previous experiment
performed at KVI with the same target [21]. It was shown that elastic
proton-nucleon scattering from the foil contributes about 5% to the bins
larger than 17◦. This background was simply subtracted. In order to assess
the contribution of the background stemming from condensate accumulated
on the target windows, some data were taken with empty target for about 8
hours of beam on target with a beam current of 3.5 nA. This test revealed
that the background due to the foil and the dirt on the foil mainly affects
the bins with polar angles smaller than 17◦, and depends on the amount of
condensate accumulated on the target (see Fig. 4.6). Therefore, the fit was
limited to the data points between 17◦ to 30◦ of polar angles. The polar
angles smaller than 17◦ were left out to make sure that the luminosity and
polarization determination do not suffer from background. A typical χ2 for
the fits shown in Fig. 4.6 is 0.5, which is acceptable. The cross sections,
shown in the upper panel, are obtained from two files taken over a period of
two hours of beam time each. The analyzing powers, however, are the result
of adding up 20 two-hour data-files, in order to gain higher statistics. The
variation of the beam polarization and the luminosity correction factor over
time are shown in Fig. 4.7. The sudden jumps seen in the luminosity cor-
rection factors happened every time the target was warmed up and cooled
down.

4.4 Proton-proton bremsstrahlung event

selection

While taking data, the proton-proton bremsstrahlung candidate events were
recognized by the ppγ trigger, explained in Sec. 3.4.3. Although, this on-
line event-selection reduces the background considerably, yet merely 15 out
of 1000 recorded events are real ppγ ones. In fact, the ppγ-trigger helps
improve the live-time of the data-acquisition, and the data read-out through
this trigger are still far from being clean. One still has to apply appropriate
cuts to remove the background.

As the first step in the ppγ event selection, a time gate on the TDC
spectra of SALAD scintillators was used, selecting the prompt coincidence;
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Figure 4.8: Prompt coincidence selection. Time difference between the protons

and the photon. The prompt coincidence is in the area defined by the dashed lines.

The sharp peak on the left of the gate originates from the CFD singles trigger.

see Fig. 4.8. The TDC signals of SALAD scintillators, which are associated
with ppγ trigger, measure the arrival-time difference of the two protons
hitting SALAD with respect to the time at which the Plastic-Ball is hit by a
particle. Obviously, the arrival-time difference of particles stemming from a
bremsstrahlung reaction forms a certain pattern, called prompt coincidence.
In contrast, there is no correlation between the arrival-time difference of
randomly scattered particles. To obtain an optimum width for the gate,
data analysis was done when no time-gate was imposed and ppγ events were
extracted under a very strict condition on the energy of the protons to be
sure of the quality of the chosen events. Then, the time-gate was set wider
than the width so obtained. A cross check was also made by deriving the
width from the GEANT simulation.

The events surviving the time gate are then fed to the tracking routine.
For a ppγ event at least two proton tracks from inelastic scattering and one
photon track are expected. All elastic-scattering tracks are left out, as the
GEANT simulation revealed that it is absolutely unlikely that bremsstrahl-
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ung protons can punch through the Energy scintillators to reach the Vetoes.
The multiplicity of the Plastic-Ball is approximately 2. Therefore, there are
two photon tracks per event, on average. The neighboring detectors which
fired are grouped together to form a cluster. By summing up the energy
deposited in each scintillator of a cluster, a measure of the energy of the
particle hitting the Plastic-Ball is obtained. However, in the event recon-
struction each scintillator of a cluster which has a TDC entry with the right
timing, is considered to have a valid photon track. In order to correct for
this overestimation of the cross sections and the underestimation of their
corresponding errors, which are an obvious consequence of this way of han-
dling the photon track multiplicity, two correction factors, one for the cross
section and one for the error, were obtained from the GEANT simulation.

All possible combinations of the SALAD inelastic-scattering tracks and
photon tracks are put to a kinematic reconstruction test. More specifically,
the coordinates of two protons, (θ1, φ1) and (θ2, φ2), and the polar angle of
the photon (θγ) are used to kinematicly reconstruct the events and label the
protons; as explained in Sec. 2.1.4. Due to the detector resolution, there is
naturally an uncertainty in the determination of the measured numbers in-
cluding those used as input for the kinematic reconstruction. Therefore, one
has to introduce tolerances satisfying the energy and momentum conserva-
tion laws to accommodate these uncertainties. In other words, an acceptance
level for violation of energy and momentum conservation has to be obtained
in order not to throw away any ppγ events, and cut away the background as
much as possible at the same time. To do so, a set of data generated by the
GEANT simulation were put into the reconstruction routine as input, and
the maximum values of the violation of the conservation laws were obtained.
While analyzing the data, an assessment is made to see to what extent each
possible combination of the proton and the photon tracks satisfy the kine-
matic equation. If a combination of tracks does not violate the conservation
laws more than the values set by the GEANT simulation, that combination
is accepted, and otherwise rejected. The percentage of the data which have
been accepted by the reconstruction routine is shown in table 4.1. The price
to pay for allowing the violation of conservation laws is that some back-
ground events leak in, which have to be cut away using the redundancy in
the kinematical variables or subtracted appropriately.

The protons of the events which passed kinematic reconstruction have
to be labeled. The resolution of the detection system, especially that of
the Plastic-Ball which is responsible for the detection of the photon, plays
a crucial role in the labeling. More specifically, the more one goes toward
non-coplanar cases, the better the resolution in the determination of φγ is
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Figure 4.9: Non-coplanarity angle versus the polar angle of proton 1, requiring

the polar angle of proton 2 to be larger than 20◦.

required to select the right solution out of the two kinematically accepted
ones, and to label the protons. It was established that the resolution of this
measurement is good enough to label events with non-coplanarity smaller
than 10◦. For larger non-coplanarities, it was observed that 10% of the
events could not be properly handled as far as labeling was concerned. This
shortcoming does, however, not harm the goal of this experiment which is
to probe bremsstrahlung towards the elastic channel. As one approaches
the elastic channel (larger opening angles of protons), the maximum non-
coplanarity angle allowed by the kinematics becomes smaller. This is shown
in Fig. 4.9. To avoid the problem of labeling protons at large non-coplanarity
angles, the analysis was, therefore, limited to the coplanar kinematics where
the non-coplanarity angles are defined to be smaller than 5◦. The back-
ground events left over after the kinematic reconstruction are cut away by
using the so-called over-determined variables, Ep1, Ep2, Eγ , and φγ . These
are the variables which were not used in the reconstruction. The measured
values of the over-determined variables are expected to be consistent with
their reconstructed counterparts within the resolution of the detection sys-



58 Chapter 4: Data Analysis

 [MeV]diff, proton 1E
-80 -60 -40 -20 0 20 40 60 80

 [
M

eV
]

d
if

f,
 p

ro
to

n
 2

E

-80

-60

-40

-20

0

20

40

60

80

Figure 4.10: The difference between the reconstructed and measured energies of

proton 1 versus that of proton 2, along with the graphical cut used in the analysis.

See the text for more details.

tem and the accuracy of the reconstructed variables. The quality of the
reconstruction technique can be seen in the scatter plot in Fig. 4.10. In this
figure the difference between reconstructed and measured energies of proton
1 versus the same quantity for proton 2 are plotted along with a graphical
cut selecting ppγ candidate events. Note, the scale on the ẑ-axis is loga-
rithmic. The events for which the reconstructed energies of both protons
are more or less the same as their measured values are centered around the
point (0,0). In addition, there are two faint bands in the picture, one along
the positive y-axis and the other along the positive x-axis. These are events
with either proton 1 or proton 2 having undergone a hadronic interaction,
resulting in a too-low measured energy. The probability that a bremsstrahl-
ung proton undergoes a hadronic interaction is less than 10%. In Fig. 4.11,
the effect of the graphical cut on the measured photon-energy spectrum is
depicted. In this figure, the upper and the lower panels, respectively, repre-
sent the photon-energy spectrum extracted from a run after warming up the
target (clean target) and a run 48 hours thereafter (dirty target). In these



4.4. Proton-proton bremsstrahlung event selection 59

Figure 4.11: Solid (dashed) lines represent typical photon-energy spectra before

(after) applying the graphical cut. Upper (lower) panel is the energy spectrum of

a typically clean (dirty) target.
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figures, the dashed lines are the photon energies of the events surviving the
graphical cut, while the photon-energy spectrum prior to the graphical cut is
shown with the solid line. The most striking feature in these pictures is the
low-energy photons which are mostly background for ppγ events. These pho-
tons stem from inelastic scattering reactions from the target-foil, and carbon
and oxygen accumulated on the target windows over time. The target was
warmed up and cooled down once every two days, in order to clean up the
target windows, and therefore, gain on the live-time of the data-acquisition
system. In Fig. 4.12, a comparison is made between the photon energy spec-
tra of these two runs which survive the graphical cut shown in Fig. 4.10.
The spectra are normalized to the corresponding collected charge. In this
picture, the solid line is the spectrum corresponding to the dirty target and
the dashed line represents that of the clean target. Note, the spectrum of
the clean target was scaled up by an arbitrary factor of 1.4, accounting for
an unknown factor that will be discussed in section 4.6, to overlay the two
spectra properly. The two spectra, apart from the low-energy part, look
quite alike. In other words, the two spectra begin to deviate from each
other at energies below 25 MeV, indicated by the vertical dotted line. This
clearly points to the fact that the graphical cut alone is not sufficient to re-
move all the background originating from the dirt accumulated on the target
windows. Given that there is very little background in the photon-energy
spectrum of the clean target, requiring the photon energy to be above 25
MeV must be enough to throw away the remaining background for the dirty
target. In Sec. 4.5.4, it will be explained how the GEANT simulation is used
to correct the data for ppγ events thrown away by the 25 MeV cut on the
photon energy.

There is a fourth over-determined variable, φγ , which was used to es-
timate the remaining background after applying all cuts. In fact, φdiff =
|φγ,recon − φγ,meas| is a measure of the similarity of the measured event to
a real ppγ one. In order to make an estimate of the background, the data
taken over 8 hours with a dirty but empty target were put through the same
analysis procedure as the rest of the data. Then, a comparison was made
between the φdiff obtained from an extremely dirty target run and that
obtained from the empty target. This comparison is shown in Fig. 4.13.
The spectra are normalized to the corresponding collected charge. As one
can see the remaining background is well below 0.5%. For clean targets the
remaining background is even less than that for dirty targets. Therefore, the
overall remaining background is confidently less than 0.5%. The series of
cuts and conditions applied to the data set along with the number of events
surviving these cuts for two runs on typically dirty and clean targets are
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Figure 4.12: Solid (dashed) line represents the photon-energy spectrum obtained

from a dirty (clean) target run. The vertical line is placed at 25 MeV below which

the events are not accepted in the analysis.

listed in table 4.1.

4.5 Detector acceptances, defects and efficiencies

Here, all corrections, which the data have to undergo, will be presented.
In fact, in any step of the measurement, starting from data-taking to data-
analysis, one may have thrown away good events. This has to do either with
the inefficiencies of the detection systems and the acquisition or with the cuts
applied during data-analysis. In addition, since any detector has geometrical
limits, it can not give complete coverage over the phase space. Consequently,
parts of some of the analyzed bins fall outside of the detector acceptance,
and need correction. Besides, there are broken elements in the detection
system which are theoretically inside the acceptance, but contain no data
and the final results have to be corrected for them. All these corrections
have been summarized in the parameter ε in Eq. 4.1. In fact, this parameter
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Figure 4.13: The distribution of φdiff for a typically dirty target run (solid line),

in comparison to that for an empty but dirty target.

Table 4.1: Software conditions and their effects on the data for two typically clean

and dirty target runs.

Cut or Dirty target run Clean target run
condition No. of Reduction No. of Reduction

Events factor Events factor

Recorded to tape 3107671 1 2183832 1

ppγ trigger 2343691 0.75 1498502 0.69

TOF & 593906 0.19 377109 0.17
proton tracks ≥ 2

Solved kinematics 160684 5.2 × 10−2 90716 4.2 × 10−2

Coplanarity 34208 1.1 × 10−2 24694 1.1 × 10−2

Constraints on 18861 6.1 × 10−3 17617 8.1 × 10−3

energy of protons

Eγ ≥ 25 MeV 10296 3.3 × 10−3 11102 5.1 × 10−3
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Figure 4.14: The efficiency of the MWPC for bins with polar angles between

θ > 12◦ and θ < 26◦ as a function of time (run number). Each run corresponds to

a time of 2 hours.

is the product of all individual corrections which will be discussed in this
subsection.

4.5.1 Dead-time

The data-acquisition dead-time is an indication for the fraction of the time
that the data-acquisition computer spends on reading in the data stream.
When the computer is busy processing an event, no further events are read.
Therefore, the average event size and the event rate play a role in the dead-
time. As explained in Sec. 3.4.3, the GSI-Box sends out three sorts of output
for each single input. The first output is a copy of the input itself, while,
the second output, called inhibited output, is equal to the input if the data-
acquisition is not busy reading the electronics. The RF signal sent out by the
cyclotron was put into the GSI-Box as input. The ratio of the second output
to the first output of this signal was taken as a measure of the live-time of
the system.
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4.5.2 MWPC efficiency

For protons with an energy above the energy threshold of the Energy scintil-
lators, 30 MeV, the efficiency of SALAD merely depends on the efficiency of
the MWPC. The distortion of the electric field at the edges of the MWPC is
the main source of inefficiency; see Fig. 3.9. Broken wires and malfunction
of the electronics responsible for amplifying the MWPC signals and reading
them are sources of inefficiency. Whatever the sources of the inefficiency
are, they are treated in the same way. The efficiency of the MWPC is de-
termined by multiplying the efficiencies of the three individual planes. The
efficiency of a single plane, for instance u-plane, is obtained in the following
way: First, the events read-out through the CFD-trigger are chosen. Of
these events, those which have only one single hit on the other two planes,
x-plane and y-plane, are selected for further investigation. The number of
events which have a hit on the MWPC and the corresponding Energy scin-
tillator constitute the number of expected hits. The ratio of the events for
which the corresponding u hit is also there to the number of expected hits
is defined as the single-hit efficiency. The total efficiency of the chamber is
then defined by [48]:

εMWPC = Πplanes
i=1 εi. (4.4)

In order to study the stability of the MWPC over the time, the average
efficiency, θ > 12◦ and θ < 26◦, is plotted versus the run number in Fig. 4.14.
As shown in this figure, the variation of the average efficiency per run does
not exceed 1%.

4.5.3 Trigger efficiency

Trigger efficiency is the fraction of the ppγ events which are sent to the
computer at the level of defining the main event trigger. Two cases are
assumed for this inefficiency: first, the NE − NV ≥ 2 condition is fulfilled
but the trigger is not made due to the failure of the STM (STM is defined
in sec. 3.4.3) to fire on an event of interest, and second, the NE − NV ≥ 2
condition is not there at all, while the event is a potential ppγ candidate. The
latter is attributed to the elastically-scattered protons which come together
with bremsstrahlung events. There is a probability of around 3%/(nA)
that a ppγ comes along with an elastically scattered proton, which punches
through either of the Energy scintillators fired with bremsstrahlung protons,
leading to a failure of the condition NE −NV ≥ 2.
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In order to obtain the trigger efficiency, events read-out through a trigger
generated entirely independently of the STM, namely Plastic-Ball singles
trigger, were selected for further examination. These events are processed
to extract ppγ events. The number of ppγ events, which survive all cuts,
is denoted as Nexp. For these events a check is made to determine if the
STM has actually fired by looking at the relevant bit register. If NSTM is
the number of events for which this check turned out positive, the trigger
efficiency, εtrigger, is then defined as

εtrigger =
NSTM

Nexp
. (4.5)

Unfortunately, due to the timing offset of the Plastic-Ball signal relative to
the ppγ timing during the experiment, a direct determination of the trigger
efficiency for this experiment was not possible. Instead, we relied on the
outcome of the previous experiment in which the STM was also used [21].
There, it was established that the trigger efficiency is current dependent,
as expected, and is approximately 96% at typical currents of the present
experiment, i.e. 1.5 nA.

4.5.4 Photon detection efficiency

Of all inefficiencies involved in this measurement, the one for photon detec-
tion is the largest. The Plastic-Ball scintillators are each approximately 35
cm long which is still shorter than one radiation length for the plastic scintil-
lator, which is 43 cm. During the experiment a layer of lead with thickness
of 3 mm was placed in front of the scintillators as a passive converter to
improve the efficiency.

The GEANT simulation was exploited to obtain the photon detection
efficiency of Plastic-Ball. In order to imitate the reality fairly, all possible
defects were put in to the simulation by hand. For instance, approximately
2% of the detectors were broken and 10% of them did not have a CFD signal
to make a trigger. The energy thresholds obtained in the analysis were also
fed into the simulation. In the simulation, the photons depositing less than
25 MeV energy in the Plastic-Ball were treated as non-detected photons to
mimic the 25 MeV cut on the photon energy as implemented in the analysis.
This way, the photon detection efficiencies for 13 different photon energies
were obtained. These are presented in Fig. 4.15. In this figure the efficiency
is depicted in terms of the ring number for photon energies varying from 30
MeV to 85 MeV from bottom to top. This range of energy corresponds to the
photon-energy range covered by the present setup. The most striking feature
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Figure 4.15: The Plastic-Ball photon detection efficiency for 7 rings for energies

varying from 30 MeV to 85 MeV, shown from bottom to top in steps of 5 MeV.

in this figure is the relatively low efficiency of rings 1 and 7 in comparison
to the other rings. This effect is attributed to escape of the electromagnetic
shower from the edges. As seen, the efficiency increases as a function of
incident photon energy and reaches a limit of 50%.

4.6 Determination of observables

After the analysis of the data and determination of the efficiencies and the
correction factors, the experimental observables can be calculated. Here,
the formalism used to obtain the observables and the errors involved are
presented.

4.6.1 Cross section and analyzing power

Eq. 4.1 serves as the starting point. This equation takes the following simpler
form for coplanar kinematics:

Nλb

det

∆Ω · Iλb · ε =
dσ◦

dΩ
(1 + pλb

y Ay cosφn). (4.6)
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Where A⊥ is replaced by Ay as both are the same for coplanar events, and
it is used more frequently in the literature. By writing ∆Ω in terms of θ and
φ, and summing over the particles detected on the left and the right side of
the detector one obtains

Nλb

L,R = ∆cos θ · Iλb · dσ◦

dΩ(θ)





∑

L,R

∆φ · ε+ pλb

y Ay

∑

L,R

∆φ · ε · cosφn



 . (4.7)

In this equation, Nλb

L,R is the number of particles detected by the left/right
side of the detector, λb is the beam polarization, and ε is a function of θ and
φ. Introducing the following variables

EL,R =
∑

L,R

∆φ · ε(θ, φ), (4.8)

GL,R =
∑

L,R

∆φ · ε(θ, φ) · cosφn, (4.9)

Eq. 4.7 takes the following form

Nλb

L,R = ∆cos θ · Iλb · dσ◦

dΩ(θ)

(

EL,R + pλb

y AGL,R

)

. (4.10)

With some algebra, one can simply show that the cross section and its
statistical error for the beam polarization λb are expressed by the following
formulas:

dσ◦

dΩ(θ)
=
Nλb

L ·GR −Nλb

R ·GL

Γ
, (4.11)

∆
dσ◦

dΩ(θ)
=

√

Nλb

L G2
R +Nλb

R G2
L

Γ
, (4.12)

where

Γ = (EL ·GR −ER ·GL)∆ cos θ · Iλb . (4.13)

In the same way by defining

α = Nλb

L ·ER −Nλb

R ·EL, (4.14)

β = Nλb

L ·GR −Nλb

R ·GL, (4.15)

the analyzing power and its error for the beam polarization of λb are

Ay = − 1

pλb

· α
β
, (4.16)

∆Ay =
1

|pλb | ·

√

Nλb

L (ERβ −GRα)2 +Nλb

R (GLα−ELβ)2

β2
. (4.17)



68 Chapter 4: Data Analysis

At the end and after a consistency check, a weighted average was taken
over the cross sections and analyzing powers obtained with different beam
polarizations.

In order to study the stability of the bremsstrahlung channel, the total
number of ppγ events surviving the cuts divided by the total charge and
corrected for efficiencies is plotted as a function of run number in Fig. 4.16.
Obviously this variable varies beyond its uncertainty. This problem was
extensively studied, and it was revealed that the measured cross sections
are more or less inversely proportional to the current. The current was re-
duced to keep the computer live time under control as the amount of dirt on
the windows increased. It seems that there was an electronics component
which behaves as if it is saturated around our beam current. Because of this
problem, the decision was made to give up the absolute normalization, and
to normalize the data to the previous data which were taken with a high
accuracy [21]. The goal of the experiment, which was to have an overlap
in photon energy with the previous experiment and study the bremsstrahl-
ung reaction as one moves towards lower photon energies, is absolutely not
hampered by this normalization procedure.

4.6.2 Error estimation

Beside the number of counts accumulated in a bin one needs to know the
efficiencies, luminosity, and beam polarization to obtain the physical obser-
vables discussed in Sec. 2.3. The statistical errors attributed to the number
of counts for each of the observables were explained in the previous section.
The systematic error of the other ingredients have to be assessed, separately.
The errors can be classified into two categories in terms of how they affect
the data: 1) absolute errors which affect the whole phase space in the same
way; 2) relative errors which have different impact on different parts of the
phase space.

Since, the cross sections of this measurement were normalized to those
measured in the previous experiment [21], the overall error of that measure-
ment was also imposed on the present data. This also implies that we will
have no other absolute error for this experiment. However, the relative errors
have to be taken into account separately. The normalization factor was ob-
tained by fitting 6 data points of this experiment to the same data points of
the previous one. This way, the systematic error due to the statistical error
of the previous measurement was reduced to less than 1%. That experiment
was suffering from a 4% systematic error which indeed affects the present
data in the same manner. Summing up these two errors linearly, one obtains
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Figure 4.16: ppγ cross sections as a function of run number. The period spanned

in this picture is 18 days. The large variations happen every time the target is

warmed up to clean the dirt on the windows

a systematic error of 5% as the result of this normalization procedure.

The procedure for determining the MWPC efficiency leads to a system-
atic error associated with this efficiency. These systematic errors per bin are
rather constant and are always well below 1% for all bins excluding the bin
close to the hub. In fact, in the data presentation the bin close to the hub
was discarded because of a relatively large background. Since, the variation
of this error was established to be reasonably constant, a relative error of
1% was taken as the MWPC efficiency error for all bins.

The uncertainty in the simulated photon-detection efficiency has two
components, first, a statistical uncertainty, and second, a systematic one.
The former changes very little from bin to bin and was highly suppressed
by generating enough events in the simulation. The systematic error asso-
ciated with this efficiency has to do with the error made by GEANT. Basi-
cally, determining the uncertainly in the prediction of GEANT is not simple.
According to the GEANT manual the absolute inaccuracy of the packages
responsible for tracking of the photon and calculating the total amount of
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Table 4.2: The various contributions making up the systematic errors.

Description syst. error

Normalization 5%
MWPC eff. 1%
Photon detection eff. 3%
Background 0.5%

Total 9.5%

energy deposited in the scintillators can be as big as 5%. However, the rel-
ative inaccuracy is somewhat better. An investigation showed that for this
measurement the relative error of the GEANT simulation is at the level of
3%. Note that only the absolute error contributing to this measurement as
a normalization factor is taken from the previous experiment.

After applying all cuts, the remaining background was estimated to be
below 0.5% for dirty-target runs and even less for clean-target runs. How-
ever, the amount of background depends on the kinematics of the events
under investigation. For sake of simplicity, an overall systematic error of
0.5% was attributed to this background.

The beam polarization is an ingredient in calculating the analyzing pow-
ers. Therefore, the uncertainty in determining the beam polarization prop-
agates into that of the analyzing powers, too. For this measurement the
statistical uncertainty in determination of the beam polarization, 0.5%, is
much smaller than the systematic error of 3% taken from [38]. However,
the statistical error of the analyzing powers, regardless of the bin, is much
larger than any systematic errors. The systematic error in this observation
is, therefore, discarded.

In Table 4.2, all individual systematic errors are quoted. The maximum
systematic error is the linear sum of all individual systematic errors. How-
ever, the determination of the precise systematic error depends on a given
choice of phase space for the presentation of the data, as will be discussed
in the following chapter.




