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4. Analysis of the ~p + d break-up
reaction

This chapter describes the analysis of the ~p+d→ p+p+n reaction that was measured
with BINA using a polarized proton beam with an energy of Ep

lab = 135 MeV on
a liquid deuterium target. We will present the procedure of extracting the cross
sections and the analyzing powers for several configurations. First, we introduce the
kinematics of ~p+d break-up reaction. Then, the procedure for the energy calibration
of the E -detectors and various inefficiencies will be presented. Finally, some of the
results for cross sections and analyzing powers are shown.

4.1 Break-up kinematics and the S-curve

A configuration is defined by the emission angles of the two outgoing protons, two
polar scattering angles, θ1 and θ2, and the relative azimuthal angle, φ12. In the ~p+
d→ p+p+n reaction there are 3 ejectiles, two protons and one neutron. Each ejectile
has 3 variables, the energy, E, the polar scattering angle, θ, and the azimuthal
scattering angle, φ. In total, there are 9 variables for the three outgoing particles,
(θ1, θ2, θ3, φ1, φ2, φ3, E1, E2, E3), 4 of which will be determined by momentum and
energy conservation laws. Therefore, by measuring 5 of these variables, all other
variables can be obtained unambiguously. Customarily, 4 variables out of 5 are
chosen such as (θ1, θ2, φ1, φ2), and the fifth variable is the correlation between the
energies of the two outgoing protons, S, presented by the kinematical curve, the
so-called S-curve.

As shown in Fig. 4.1, every kinematical locus presents the energy correlation
between the two final-state protons in coincidence. The value of S is defined as
the arc-length along the kinematical locus with the starting point (S=0) chosen at
the point where E1 reaches its minimum. From this minimum, it increases counter-
clockwise on the curve.

4.2 Energy calibration of the E detectors using

the break-up reaction

To obtain the break-up cross section as a function of the proton energy or, equiv-
alently, as a function of the arc-length, S, along the kinematical curve, an energy
calibration is required in the range where the reaction is being investigated. One
of the outputs of the acquisition system are QDC channels, which represents the
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Figure 4.1: The energy correlation between two protons in coincidence is shown as the S-
curves for several kinematical configurations. The kinematics are defined by (θ1, θ2, φ12 =
|φ1 −φ2|), the polar scattering angles of the first and the second proton, respectively, and the
relative azimuthal angle.

total collected charge after integration of the signals from the scintillators. For the
analysis, it is mandatory to translate the QDC channels into (deposited) energies.
For the corresponding calibration procedure, it is advantageous to use a well-known
reference energy. The best reference to use in the energy calibration of the E detec-
tors is the kinematical energy correlation, the S-curve, between the two final-state
protons in proton-deuteron break-up based on energy and momentum conservation.
However, the corresponding kinematical locus represents the energy correlation of
the protons at the target position, which differs from the correlation between the
deposited energies at the detector. We, therefore, decided to translate the kine-
matical values of S at the target position to values at the position of the detector.
The energy of the protons at the scintillator is less than the energy of the protons
at the target due to energy losses caused by materials between the target and the
scintillator. We use the energy response from a GEANT-3 1 simulation. In this
simulation, all the components, such as the target holder, the exit window of BINA,
the MWPC, ∆E scintillators, air, cover of the scintillators, and E scintillators are
implemented and the energy losses are modeled using Monte-Carlo techniques. Fig-
ure 4.2 depicts the energy losses according to the simulations. A fit through the
simulation was made and applied to obtain the S-curve at the detector position
(left panel of Fig. 4.2). The calibration parameters for each scintillator were ob-
tained by matching the experimental data with the “corrected” S-curve. Since we
are interested in S at the original vertex, e.g. at the target, we correct the deposited

1 The GEANT program describes the passage of elementary particles through the matter.
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Figure 4.2: The response of the E scintillator according to a GEANT-3 simulation for the
break-up reaction. The left panel shows the difference of the initial energy and deposited
energy in the E detector as a function of the initial energy of the protons. The right panel
shows the same difference as a function of the deposited energy. The simulated data in this
graph are used as a reference for the energy calibration of the forward E scintillators of BINA.

energy (MeV) by the energy losses (right panel of Fig. 4.2) to obtain the energy
at the target position. Figure 4.3 shows the calibrated energy of the two protons
for (θ1, θ2, φ12) = (28◦, 28◦, 180◦) where the data from all the scintillators are added
together. The S-curve for this configuration is plotted as a solid line to show the
quality of the energy calibration for the forward E scintillators. Protons with an
energy of less than 20 MeV at the target position will not arrive at the detector
because of energy losses on the way.

4.3 Inefficiency caused by hadronic interactions

When a charged particle passes through a scintillator material, it can either inter-
act with the matter of the scintillator and scatter inside the scintillator losing all
its energy, or transfer its energy to a neutral particle like a neutron, whereby the
neutron escapes out of the scintillator without depositing any energy. This hadronic
interaction causes a detection inefficiency because the value for S can no longer be
measured. As Fig. 4.3 shows, the events suffering from this effect are located in
the area contained by the S-curve. For the cross-section and the analyzing-power
determination, we only counted events which deposited their complete energy into
the scintillators. Hence, for the cross section measurements we need to correct for
the fraction of events which undergo a hadronic interaction.
The response of the detection setup to protons is simulated using GEANT-3 and is

used to correct for the hadronic contribution. During the calculation of this contri-
bution we filled two-dimensional histograms with the deposited energies of particles
1 and 2. These histograms are filled for 20 intervals in S between 30 MeV and
150 MeV in steps of 6 MeV along the S-curve. Figure 4.4 illustrates the simulated
response for one of the bins in S. Figure 4.5 shows the corresponding projection
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Figure 4.3: The correlation between the calibrated energy of the two outgoing protons in the
break-up process is shown for the coplanar configuration, (θ1, θ2, φ12) = (28◦, 28◦, 180◦). The
relativistic S-curve, which is calculated from energy and momentum conservation, is added to
the picture as a solid line. Protons with an energy of less than 20 MeV at the target position
are cut off since they do not deposit any energy in the scintillators.

along the axis perpendicular to the S-curve (D-axis). The data are fitted using
a second-order polynomial, representing the hadronic contribution together with a
Gaussian representing events which deposit their complete energy. The efficiency
was obtained by taking the ratio between the number of events from an integral
of the Gaussian function and the total number of initial events within the S-bin.
Figure 4.6 shows this efficiency as a function of S. For this configuration, about 15%
of the particles undergo a hadronic intraction mostly in the scintillator material. In
general, for the configurations considered in this thesis, the efficiencies are between
85% − 90%.

4.4 The geometrical inefficiency

This section describes how to determine the inefficiencies that originate from the
geometrical design of BINA and trigger choices. In the case that two protons of
the break-up channel scatter to the same E-scintillator, no trigger signal will be
generated and, therefore, the event will not be registered. These geometrical inef-
ficiencies are calculated using a GEANT-3 simulation. The determination of this
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Figure 4.4: The simulated correlation between the deposited energies of the two forward-
scattered protons. This figure represents the configuration (28◦, 28◦, 180◦) for one of the bins
along the S-curve.
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Figure 4.5: The projection of Fig. 4.4 along the D-axis. The deposited energy of the protons
in the scintillator material is obtained by a GEANT-3 simulation. The amount of hadronic
contribution is obtained by normalizing the number of counts inside the main peak to the total
number of counts.
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Figure 4.6: The efficiency of detectors for measuring the full energy of the two protons
without a hadronic interaction as a function of S-value for the configuration (28◦, 28◦, 180◦).
This graph is fitted by a quadratic function with a reduced χ2 of 1.05.

inefficiency follows a similar procedure as the determination of the hadronic ineffi-
ciency which we explained in Sect. 4.3. For the determination of the geometrical
inefficiency proton-deuteron break-up events were simulated excluding hadronic in-
teractions. The resulting geometrical inefficiencies are large for configurations with
a small azimuthal angle, φ12. For instance, at φ12 = 20◦ the inefficiency is ∼12% for
each proton. For larger values of φ12, this inefficiency is less than 2%.

4.5 The MWPC efficiency

This section describes the procedure of determining the efficiency of the MWPC.
To obtain the cross sections, this efficiency needs to be accounted for. The MWPC
inefficiency comes predominantly from charged particles which induce a signal below
the applied threshold. If an event is registered in the E, ∆E part and not in the
MWPC, it implies an inefficiency of the MWPC.

Since the E and ∆E-detectors are used as the reference for calculating the
MWPC efficiency, the surface of the MWPC is divided into areas corresponding
to the E-∆E hodoscopes. Every hodoscope is composed of a horizontal E-bar and
vertical ∆E-bar. With this, it is possible to determine the efficiency at several places
in the MWPC. The efficiency for each hodoscope is obtained by the ratio of events
for which an E-∆E hit was found in coincidence with a corresponding hit in the
MWPC to the total number of E-∆E hits for the regions where geometrical over
lap between the hodoscope and MWPC is perfect. Figure 4.7 shows the efficiency
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of the MWPC for elastically-scattered protons with energies larger than 100 MeV.
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Figure 4.7: The efficiency of the MWPC for elastically-scattered protons with energies larger
than 100 MeV. The efficiency is given for every hodoscope element in %.

As Fig. 4.7 shows, the MWPC efficiency varies between 80% and 96% for most
of the hodoscopes. In some regions the MWPC is less efficient than elswhere. These
higher inefficiencies come from broken wires in the MWPC or dead channels.

In the break-up reaction we have a large energy range for the protons. In Fig. 4.7
the MWPC efficiency is obtained by elastically-scattered protons with a narrow
range in energy. To investigate the energy dependence of the MWPC efficiency, we
measured the average efficiency as a function of the energy of protons in the energy
range between 20 MeV and 100 MeV using the break-up protons. The results are
depicted in Fig. 4.8. Note that the MWPC efficiency is almost constant for the
energy range between 20 MeV and 100 MeV.

4.6 Beam-current determination

This section describes the determination of the beam current during the proton-
deuteron break-up experiment. Only for the last day of the experiment, a precision
current meter was readout and connected to the Faraday cup at the end of the
beam-line. This action was taken as the normal readout of the system at very low
beam currents was showing some fluctuations. For the data taken on the other days,
we studied alternative methods to obtain the beam current.
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Figure 4.8: The average efficiency of the MWPC for protons as a function of the proton
energy in the range between 20 MeV and 100 MeV.

The first attempt was to exploit the counting rates of the scintillators at forward
angles as a measure for the beam current. The feasibility of this was tested by
analyzing the data taken on the last day and by studying the corresponding ratio
between the rate of one of the scintillators and the beam current measured by the
Faraday cup. The results of this as a function of time are depicted in Fig. 4.9.
Ideally, one expects that this ratio is constant during the course of time. Note,
however, that the ratio increases significantly in the first ∼10 hours after the start
of the experiment (time “0”). The increase in the relative counting rate can be
explained by the collection of dirt on the cryogenic cell, which implies that not
all the counting rate stems from reaction products from liquid deuterium. After
∼10 hours the target cell was emptied and warmed up to remove the dirt. After
refilling the target cell, the ratio reduced significantly, as can be observed in Fig. 4.9
from the data measured at a time larger than ∼10 hours. Although the ratio can
be used to monitor online the amount of dirt on the target cell, it is not very suited
as an absolute measure of the beam current.

For a reliable measure of the beam current we used the number of counts of the
elastic proton-deuteron scattering process. The elastic reaction can be identified
nearly background free, and, hence, it is independent of the amount of dirt on the
target cell. This is achieved by collecting the total beam charge for every five million
elastically-scattered protons. Having the number of elastic counts for every bunch
of data versus beam charge for a particular part of the experiment allows us to
determine safely the beam current for the whole experiment. Fig. 4.10 shows the
number of elastically-scattered protons as a function of beam current.
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Figure 4.9: The ratio between the counting rate of E-detector No. 3 and the beam current
as a function of time in units of 10 minutes. The increase in the relative counting rate can be
explained by the collection of dirt on the target cell.
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Figure 4.10: Number of elastic scattered protons as a function of beam current. Line shows
the fitted first-order polynomial with a reduced χ2 of 1.03 in the data.
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4.7 Background analysis for the break-up

reaction

We used a pure liquid target to avoid background from nuclear reaction channels
other than the ~p+d reactions. In our data analysis, an event is labeled as a break-up
event if two tracks are successfully reconstructed in the forward-wall of BINA. The
energies of protons which stem from a break-up reaction have a distinct correlation,
represented by the kinematical S-curve. Therefore, events which do not correlate
according to the expected S dependence can be identified as background. Note,
however, that part of the background stems from break-up events for which one of
the protons undergoes a hadronic interaction. In a later analysis stage, we correct
for these losses as part of the inefficiency of the detection system as explained in
Sect. 4.3.
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Figure 4.11: The relative time-of-flight determined from scintillators of the forward wall in
coincidence with two tracks in MWPC. Events that lie within the indicated window are referred
to as prompt events.

The restriction of the phase space of the elastic reaction with respect to the
break-up reaction induces locally a relatively higher count rate. Therefore, there is
a significant probability for accepting within the coincidence window of the hard-
ware trigger, two uncorrelated elastic scattering events. The easiest way to reduce
this probability is by exploiting the relative time-of-flight (TOF) between the two
particles. Figure 4.11 shows a one-dimensional histogram for the relative TOF,
(TOF2-TOF1) where TOF1 and TOF2 are the TOFs of particles 1 and 2, respec-
tively, with respect to the RF of AGOR. This quantity, (TOF2-TOF1), shows the
difference between the arrival times for the two protons from the target to the scin-
tillators. Figure 4.12 shows a two-dimensional histogram for the TOF of particle 1,
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TOF1, against of the TOF of particle 2, TOF2. In Figs. 4.11 and 4.12, the regions
that correspond to prompt events are shown by a window and a rectangular box,
respectively. Two particles with a relative TOF, TOF2-TOF1, of less than two RF-
cycles2 were kept in a further analysis.

The left panels in Fig. 4.13 show the correlation between energy and TOF for
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Figure 4.12: The TOF of the first particle, TOF1, against the TOF of the second particle,
TOF2, is shown. The rectangular box represents prompt TOF events.

one of the particles. The TOF corresponds to the relative time with respect to the
RF. The right panels show the corresponding correlation between the energies of
the two protons. The effect of selecting different regions of the TOF spectra on the
energy correlation between two protons is illustrated from the top to the bottom
rows. In this figure, the first row represents the events without any cut whereas the
second row shows the effect of a cut on the prompt events within two RF-cycles in
the relative TOF (TOF2-TOF1) spectra. This gate contains all the “true” break-up
events that arrived in the expected time window of 25 ns. The remaining accidental
background can be estimated from the accidental data outside the prompt TOF2-
TOF1 window. In the last row, the effect of events at larger and smaller relative
TOF values are shown. These events correspond mostly to two uncorrelated protons
from the elastic scattering process. The observed energy spectrum is distorted by
a mismatch in timing between the integration window of the QDC and the signal
from the PMTs. At very large relative TOF values, only a small fraction of the
PMT signal is integrated by the QDC, giving rise to a small energy response.

After subtracting the accidental background, we are left with true break-up
events. Note that a significant number of the remaining events lie below the expected

2 Every RF-cycle lasts 16 ns
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Figure 4.13: The effect of different relative TOF cuts on the energy correlation of two protons
from the break-up reaction is shown. The first column shows energy versus TOF for single
particles, and the second column shows the energy correlation between two particles. The
first row shows the events without any cut. The second row represents the effect of a prompt
relative TOF cut of two RF-cycles. The third row shows events with larger and smaller relative
TOF values which include the accidental background of protons from two independent elastic-
scattering events that make a coincidence. For more details, see text.

S-curve. These events stem from protons of the break-up reaction which deposit
less energy in the scintillators after undergoing a hadronic interaction. A large
part of the energy escapes the detector via neutron emissions. In the cross-section
analysis, we only count events which deposit their full energy in the scintillator. The
correction for the hadronic contribution is obtained from GEANT-3 simulations as
was discussed in Sect.4.3.

4.8 Calculation of the break-up cross section

In this section, we describe the procedure for obtaining the break-up cross section.
To calculate the cross section and the analyzing power, we first make several slices
along the S-curve. The energy correlation E1 vs. E2, as shown in Fig. 4.14, was
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studied for a large number of kinematic configurations. The angular range for the
integration of events was chosen to be ∆θ1=∆θ2=4◦ and ∆φ12=10◦, which was wide
enough to have sufficient statistics, while variations of the cross section within this
range are small. In this way, the experimental cross sections can be compared with
the theoretical predictions calculated for the central values of a specific configuration.
The projection of the indicated region in Fig. 4.14 on the line perpendicular to the S-
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Figure 4.14: E1 versus E2 coincidence spectrum of the two protons registered at
(θ1,θ2,φ12)=(25◦±2◦,25◦±2◦,180◦±5◦). The solid line shows the kinematical curve calcu-
lated for the central values of the experimental angular ranges.

curve is shown in Fig. 4.15. This spectrum contains break-up events around channel
0 and background from accidental and hadronic contributions. This projection axis
is denoted the D-axis. The crossing point of the S-curve with the D-axis defines the
zero point.

The accidental background is located at channels higher than the main peak in
Fig. 4.15 and is subtracted using the TDC information. The hadronic contributions
are located at lower channels on the D-axis which correspond to events below the
S-curve in Fig. 4.14. As discussed before, these events are mostly “true” break-
up events. At this stage, this contribution is fitted using a third-order polynomial
together with the main peak represented as a Gaussian function. The number of
events underneath the Gaussian peak will be referred to as the number of break-up
events and will be used to obtain the cross section and analyzing power after making
efficiency corrections described in section 4.3.

In the following, we present the break-up cross section for every configuration in
which two protons are found in coincidence at fixed coordinates (θ1,θ2,φ12), within a
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Figure 4.15: The projection of the slice chosen in Fig. 4.14 along the D-axis. The solid
line is the sum of a third-order polynomial background function and a Gaussian distribution
representing the peak.

small range (∆θ1,∆θ2,∆φ12). The cross section is obtained by counting the number
of break-up events and is given as a function of S. As was already discussed in
Sect. 4.1, we consider five variables in the break-up reaction, namely S, θ1, θ2, φ1

and φ2. For a given kinematical configuration the break-up cross section can be
obtained by:

d5σ

dΩ1 dΩ2 dS
=

N

Q/Z
·

1

t · ε
·

1

∆Ω1∆Ω2∆S
, (4.1)

where N is the number of break-up counts in each slice along the S-curve, Q is the
total integrated charge, Z is the projectile charge, t is the number of the scattering
centers, and ε is the multiplication of all the efficiencies including the MWPC effi-
ciency and the correction for hadronic events. ∆Ω1 and ∆Ω2 are the solid angles for
the two proton detectors, and ∆S is the selected window in S. Figure 4.16 shows the
cross section, d5σ

dΩ1 dΩ2 dS
[µb/(sr2MeV)], as a function of S [MeV] for the symmetric and

coplanar configuration, (θ1, θ2, φ12) = (25◦, 25◦, 180◦). In this figure, the lines rep-
resent the predictions by the Bochum-Krakow and Hannover-Lisbon theory groups.
The dotted line is the result of calculations using a CD-Bonn two-nucleon potential
and the solid line presents the calculation including the three-body force, TM’, as
well. The dashed line represents the result of a calculation by the Hannover-Lisbon
group, which is based on the extended CD-Bonn potential including a virtual ∆
excitation in a coupled-channel approach. In this analysis, we determined the cross
section by taking into account the following parameters and conditions:
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Figure 4.16: The cross section is plotted as a function of S [MeV] for the kinematical
configuration, (θ1, θ2, φ12) = (25◦, 25◦, 180◦). Lines represent Faddeev calculations from the
Hannover-Lisbon, and Bochum-Krakow groups. The dotted line represents the cross section
using the CD-Bonn two-nucleon potential, the solid line shows the CD-Bonn+TM’ calculation.
The dashed line represents the results of a calculation by the Hannover-Lisbon group, which is
based on the extended CD-Bonn potential, including a virtual ∆ excitation in a coupled-channel
approach.

1. The efficiency of MWPC described for every E-∆E hodoscope. The MWPC
efficiency varies between 80% and 96%;

2. Based on GEANT-3 simulation, a correction factor of 8% coming from hadronic
interaction, is applied for this configuration;

3. An effective target thickness of 3.85 mm is used, including 0.65 mm from
bulging of the target;

4. The live-time, which is typically around 70%, has been taken into account;
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5. Similar to hadronic interaction, a correction factor of 2% coming from trigger
inefficiency , is applied for this configuration;

6. Protons which have an energy lower than the detection threshold (∼20 MeV)
have been excluded;

7. Events within a timing window of two RF-cycles were selected;

8. Background is subtracted.

4.9 Calculation of the analyzing power

In this section, we describe how we determined the spin observable Ay by using
a polarized proton beam and by measuring the induced asymmetry in the cross
section. The relation between the polarized cross section, dσs, and unpolarized
cross section, dσ0, is:

dσs = dσ0(1 + ps ·Ay · cosφ), (4.2)

for a vector polarization, ps, and a vector analyzing power Ay. Here φ is the angle
between quantization axis for the polarization and the normal to the scattering
plane in the laboratory frame of reference. The superscript “s” refers to the spin
alignment of the beam, e.g. spin up, ↑, or spin down, ↓. The relation between dσs=
dσ↑,↓ and dσ0 would then be

dσ↑,↓ = dσ0(1 + p↑,↓ · Ay · cos φ), (4.3)

for an incoming proton with spin up (↑) or spin down (↓). From the two cross
sections, dσ↑ and dσ↓, with polarizations, p↑ and p↓, the analyzing power can be
obtained by the asymmetry,

Ay cos φ =
dσ↑ − dσ↓

dσ↓p↑ − dσ↑p↓
. (4.4)

The reaction asymmetry can be measured by exploiting the distribution of events
obtained with beam polarizations up and down and the value of the beam polariza-
tion in these two modes. This gives a periodic function in φ and the amplitude of the
periodic function corresponds to Ay. The beam polarizations, p↑,↓, are determined
from the analysis of the elastic channel [69]. Figure 4.17 shows the asymmetry as a
function of φ for a particular bin in S.

In experiments with a three-body final state, it is possible to measure another
component of vector analyzing power, namely Ax, which is a coefficient of a sinus
function of φ as opposed to cosφ in Eq. (4.2). Parity conservation imposes the
following restrictions on the components of the vector analyzing powers:

Ay(ξ, φ12) = Ay(ξ,−φ12),

Ax(ξ, φ12) = −Ax(ξ,−φ12),
(4.5)
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where ξ stands for all kinematical variables other than φ12 (φ1 - φ2) which define
the configuration. Since Ax is an odd observable with a respect to φ12, it will
vanish for coplanar configurations, i.e. for which φ12 = 180◦. Moreover, it vanishes
for all symmetric (θ1 = θ2) configurations of the outgoing protons. In the case of
asymmetric and noncoplanar configurations, θ1 6= θ2 and φ12 6= 180◦, this observable
has a non-zero value. In this thesis to use maximum amount of statistic we decided
to take the absolute value of φ12 thereby losing the labeling of protons. In this way,
the data for a particular φ12 is add with those for -φ12. This makes the data analysis
non-sensitive to the Ax. It is possible to measure the Ax by labeling the protons for
the configurations with θ1 6= θ2 and φ12 6= 180◦ with less precision as opposed to Ay,
but due to the lack of time we did not perform this analysis.
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Figure 4.17: The asymmetry in the break-up reaction, Ay cos φ, as a function of the azimuthal
scattering angle of one of the protons, φ.

By exploiting the asymmetry distribution for each S-bin, the vector-analyzing
power, Ay, is obtained for every kinematical configuration, (θ1, θ2, φ12). Figure 4.18
represents the analyzing-power for the configuration (θ1, θ2, φ12)= (25◦, 25◦, 180◦).
The various lines represent calculations from the Hannover-Lisbon and Bochum-
Krakow theory groups as explained before.

The quality of the fitting procedure for the determination of the analyzing powers
has been tested rigorously in a χ2 analysis. The χ2 is obtained by the following
formula:

χ2 =
∑

i

(yi − f(φi))
2

σ2
i

, (4.6)

where yi is the value of asymmetry for bin number i, f(φi) represents asymmetry
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Figure 4.18: The result of the analyzing-power measurement for the coplanar kinematics,
(θ1, θ2, φ12) = (25◦, 25◦, 180◦), as a function of S. For the explanation of the curves, see
Fig. 4.16.

obtained by the fit function, and σi corresponds to the errors in yi in standard
deviations.

We studied for all the configurations the minimum χ2 value after each fit and
compared the results with the expected χ2 distribution. Ideally, the distribution of
the reduced χ2, χ2

r = χ2/n.d.f., is on average one with a width that depends on the
number of degrees of freedom, n.d.f. Figure 4.19 shows a frequency spectrum of the
obtained reduced χ2 values in comparison with the expected reduced χ2 distribution
(solid line) in case of a perfect fit. The data correspond to configurations for which
(θ1,θ2)=(25◦, 25◦). Note that the results match reasonably well with the expected
behavior as a function of φ. Similar observations have been made by studying other
configurations. The correct behavior of the present χ2 distributions lends confidence
in the determination of all analyzing powers from the periodic function such as the
one shown in Fig. 4.17.
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Figure 4.19: The reduced χ2 distribution related to the fitting procedure for the deter-
mination of the analyzing powers. The data correspond to all configurations for which
(θ1,θ2)=(25◦, 25◦), e.g. including results for several measurements in S and φ12. The solid
line corresponds to the expected reduced χ2 distribution.
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