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Chapter 5

Data analysis

In this chapter the procedures used for the transformation of raw experimen-

tal data into physical observables will be discussed. In the �rst section an

overview of the applied software packages will be presented. In the follow-

ing sections the procedures to obtain, the deposited energy per module, the

energy and position of a particle and the identi�cation of the particle are dis-

cussed. The last sections describe the methods to obtain the di�erential cross

sections for the neutral pions, and the inclusive and exclusive bremsstrahlung

distributions.

5.1 Structure of the data analysis

The data analysis was performed at the IN2P3-Centre de Calcule in Lyon,

France. The use of the tape-robot facilities made the access of data highly

automatic and eÆcient.

The goal of the data analysis is to obtain the particle identi�cation, the

direction and the energy of the particles that are emitted during the re-

action. This is achieved in two steps as shown in �gure 5.1. In the �rst

step, the raw data collected by the data-acquisition is calibrated using the

FOSTER analysis program [Aph98]. With this program the parameters of

the calibration are determined for each detector module. The details of the

calibration procedure are discussed in the next section. After the parameters

of the calibration have been obtained they are applied to the raw-data �les

to produce calibrated data �les. These calibrated data �les are then ana-

lyzed using FOSTER to study the stability of the various calibrations of the

TAPS detector in the course of the experiment. If part of the data reveals

a signi�cant shift of the calibration a new calibration is applied to that part
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Figure 5.1: Diagram of the data analysis and the software packages.
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and the subsequent set of the data. In the second step the calibrated data

�les are processed by an analysis program making use of the ROSEBUD

library[Aph98]. This program combines the calibrated data of each module

to determine the type of particle that has been detected, its energy and its

direction. The procedures for the determination of these observables are part

of the ROSEBUD library and will be discussed in section 5.3. The output

of the ROSEBUD analysis program are �nal data �les which contain per

event, for each particle in an event only its energy, direction and particle

type. In addition also the trigger-pattern, indicating which trigger has pro-

duced the event, and the status of the beam-polarization are stored. From

the �nal data �les all cross sections and distributions are produced following

procedures described in sections 5.5 through 5.8.

5.2 The calibration of TAPS

The calibration procedures map the raw-data as presented by the data-

acquisition system to values which have physical units: energy (MeV) and

time (ns). For the TAPS detector three quantities need to be calibrated:

the time-of-ight, the energy deposited in a BaF2-module and the energy

deposited in a CPV module.

5.2.1 Calibration of the energy deposited in a BaF2-module.

Earlier work with the TAPS detector established that the response of the

BaF2-modules to photons is linear [Gab94, Hoe99]. This means that the

conversion of the raw data to calibrated data can be performed as follows,

y = gain � (x� pedestal) (5.1)

where y is the calibrated data corresponding to the raw-data x value. The

two parameters, the gain and the pedestal (o�set), depend on the speci�c

conditions of the experiment, like the high voltage on the photomultipliers

and ambient temperature (c.f. sect 4.1), and must be determined for each

experiment separately. In �gure 5.2 an example of a raw-data spectrum for

one BaF2-module is shown. The pedestal is de�ned as the QDC-channel

which is returned by the QDC if it did an integration without any signal

at all. To determine this o�set the data obtained with the pedestal-trigger

has been analyzed. The pedestal trigger is a pulser which causes all CFD's

to �re every 5-10 seconds. This forces all QDC's to perform an integration

over the short and the long gate, without receiving an input signal from the

photomultipliers (c.f. sect 4.1).
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To determine the gain we need to know the energy of a second point in

the spectrum. For this purpose we use the peak of the distribution of energies

deposited by minimum ionizing muons of cosmic origin (see �gure 5.2). The

energy deposition is proportional to the track length through the detector. In

our case, for horizontally positioned crystals, the energy deposition distribu-

tion has a peak at 38.5 MeV determined by GEANT [CER93] simulations. In

order to improve the identi�cation of the cosmic-muon peak in the raw-data

spectra, the cosmic contribution is enhanced by applying additional selection

criteria:

1. More than 3 BaF2-modules in one block have �red their High Leading

Edge Discriminator (LED-High which was set at 10 MeV).

2. The time-of-ight is shorter than that of photons, i.e. the signal is not

correlated to the beam pulses (c.f. sect. 5.2.2).

If these conditions are applied to the raw-data one obtains a spectrum with

an enhanced cosmic-muon peak, as shown in �gure 5.2. The location of the

peak is found by �tting with a Gaussian on top of an exponential background.

Because there is a well-established di�erence in the response of the BaF2-

crystal to cosmic muons and photons, a correction factor is applied (CF=1.11)

to obtain the absolute calibration for photons [Gab94, Mar95]. This factor is

con�rmed by observing that the peak in the two-photon invariant-mass dis-

tribution in �gure 5.3 (left panel) is shifted from 122 MeV/c2 to 135 MeV/c2

(i.e. the mass of the �0). The validity of this factor at low energies is proven

by the correct position of the 15.1 MeV peak in the photon spectrum of the
12C(p,p') reaction as shown in �gure 5.3 (right panel). In order to sense gain

shifts the calibration procedure has been applied on 9 di�erent subsets of the

full data set. For each set the calibration parameters have been determined.

A typical distribution of the di�erence of the gain of each module determined

for two sequential data sets is shown in �gure 5.4. It shows that the shifts are

very small, on average -0.19 keV/channel or about 0.35%. The width of the

distribution, �=0.8 keV/channel (1.5%), is a measure of the accuracy with

which the gain is determined. The same calibration procedure is also applied

to the integrated charge with the short gate (c.f. sect. 4.1). This information

is not used to determine the deposited energy as it is only a fraction of the

total signal. However, it is used in the pulse-shape analysis (c.f. sect. 5.3).

With this calibration the `pulse-shape' response is uniform for all modules.
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Figure 5.2: Raw-data spectrum of the energy deposited in one BaF2-crystal

showing the pedestal (O�set) at 0 MeV, and the cosmic-muon peak at 38.5

MeV. The thick line is a �t of the cosmic-peak with a Gaussian on top of an

exponential background.
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Figure 5.3: Left panel illustrates the shift of the �0 invariant mass peak

if the correction factor (CF) is not applied. Right panel shows that the

calibration including the correction factor is also valid at low photon energies,

the 15.1 MeV peak in the photon spectrum of the p+C reaction is at the

correct place.
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Figure 5.4: The distribution of the gain di�erence of all modules determined

for two sequential data sets. The line is a Gaussian �t with a maximum at

-0.19 keV/channel, and a width of 0.8 keV/channel.
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5.2.2 Time-of-ight calibration

The time-of-ight of each BaF2-module is measured using Time-to-Digital

Converters (TDC's). All TDC's are started by a signal obtained from the log-

ical AND of the Master-trigger and the RF signal from the cyclotron. The in-

dividual TDC's are stopped by the delayed Constant Fraction Discriminator-

signals from the corresponding BaF2-module. In �gure 5.5 an example of a

TDC spectrum is shown. The TDC spectra show two prompt and two par-

ticle peaks. This is a consequence of the fact that AGOR operates at high

acceleration frequencies (RF=60 MHz) on one hand and the presence of time-

jitter in the trigger on the other, c.f. �gure 5.6. If the trigger is early (case

(A)) the TDC's are started at time ta. But if the trigger is late (case (B))

the TDC's are started 1 RF-pulse (16.6 ns) later, at time tb. This feature

provides also an easy way to calibrate the TDC's by measuring the channel-

distance between two prompt peaks in channels. This distance is equivalent

to 16.6 ns. Notice, that both prompt peaks have to be taken into account

when producing cross sections.

In order to calibrate the time-of-ight we now take into account that

the prompt peak, which is due to photons and for a very small fraction to

relativistic electrons, corresponds to the ight distance from the target to the

detector and has the known time-of-ight of 2.2 ns. Therefore, the left-most

prompt peak of each TDC-spectrum is assigned a time-of-ight of 2.2 ns.

While the second prompt peak appears at 18.8 ns, as is shown in �gure 5.7.

The time-of-ight can also be used to determine the velocity of a particle and

thereby its kinetic energy. To this end the time-of-ight must be corrected for

the shift of 16.6 ns when the trigger was late. This correction is performed by

subtracting 16.6 ns if the time-of-ight is larger than 18.8 ns. A calibrated

time-of-ight spectrum is shown in �gure 5.7. The resolution is obtained by

a �t of the prompt peak with a Gaussian with a width � = 0.45 ns. This

resolution allows one to distinguish photons from fast protons and neutrons.

These nucleons have a maximum energy of 190 MeV (�N = 0:55) and will

arrive 2 ns later than the photons. During the experiment the correlation

between the RF-signal and the trigger may change due to RF-failures or

slow drifts in the electronics. This is illustrated in �gure 5.8 which shows

the position of the prompt peak for every 105 events. The �gure shows the

drift and jumps of the prompt peak during the course of the experiment. To

obtain the �nal calibration, the deviation of position of the prompt peak is

determined every 105 events making use of �gure 5.8.
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Figure 5.5: An example of a raw TDC-spectrum showing the two prompt

and the two particle peaks of one detector module.
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Figure 5.6: De�nition of the start of an event by the AND of the master

trigger and a RF pulse. Indicated are two typical cases, (A) in which the

trigger is early, giving rise to start time ta, and (B) in which the trigger is

late and timing starts 1 RF-pulse later at tb.
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Figure 5.7: Calibrated time-of-ight spectrum of all modules com-

bined. Indicated are the time-of-ight selections for prompt particles (pho-

tons,leptons), heavy particles (neutrons, protons, etc.) and random back-

ground (e.g. cosmic muons). The latter is not independent of time because

of the speci�c way the start signal is generated in the trigger logic.
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Figure 5.8: The drift of the position of the prompt peak during the course

of the experiment.
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Figure 5.9: The shape of the BaF2-signal from a photon (solid line) and

a proton (dashed line). Also indicated are the short- and the long-time

integration gates.

5.2.3 Classi�cation of the type of hit

For the identi�cation of a particle that has entered the TAPS detector, the

response of each TAPS-module is classi�ed on basis of pulse-shape, time-of-

ight and veto information. The pulse-shape information is obtained from the

ratio of the energy measured in the short- and the long-integration gate (see

section 4.1). This ratio depends on the type of particle as illustrated in �gure

5.9. Photons mainly excite the fast scintillation component of the BaF2-

crystal. The short-gate to long-gate ratio is 1 due to the photon calibration

of both the short-gate and long-gate integrated signals. Protons, neutrons

and other heavier particles will excite relatively less of the fast scintillation

component of the BaF2-crystal than photons, and therefore the signal ratio

falls below 1. Figure 5.10 shows the correlation between the energy obtained

with the short and the long gate, respectively. The photons are located on

the diagonal line, and hadronic particles fall below that line.

The hits in the individual TAPS modules are also classi�ed by analyzing

the time-of-ight distribution in �gure 5.7. In that �gure one can clearly

distinguish the light particles (photons and leptons) in the prompt peak from

the heavier particles which have a longer time-of-ight. In �gure 5.11 the two

methods are combined, and the di�erent classi�cations of the hits in TAPS-

modules are indicated. The de�nition of the classi�cation-contours depends
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Figure 5.10: The energy of the short-time integration versus the long-time

integrations (i.e. the total energy.). The two branches are due to photons

and heavier (hadronic) particles, respectively.
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on the total energy that is deposited in the module, as at a too low energy

the quality of the pulse-shape analysis diminishes. To distinguish (c.f. sect.

5.3) photons from leptons, and protons from neutrons, the Charged Particle

Veto (CPV) information is used. If the CPV in front of the BaF2-crystal has

detected enough energy such that it �res its Leading Edge Discriminator,

the classi�cation of the TAPS-module is de�ned to be charged. If it did not

�re, the TAPS-module is de�ned as neutral. The thresholds of the LED's

of the CPV's were set individually just above the noise-level. They also

have been checked with a 90
38Sr/

90
39Y source which produces electrons up to

2.283 MeV. There are 11 CPV-modules for which the LED discrimination

did not work properly because the gain of the PMT was too low or it did not

produce any singal at all. These modules were mainly located at backward

angles. The e�ect on the photon identi�cation has been checked by comparing

the number of charged prompt events versus uncharged prompt events for

modules for which the CPV was working properly. It was found that the e�ect

is negligible because the contribution of charged prompt events (leptons) is

only� 0.5 % of the total number of prompt particles (i.e. photons + leptons).

Therefore the a�ected TAPS-modules have been used for the analysis of

photons. For the detection of protons the CPV's did perform better because

the deposited energy by the protons is much higher allowing to use 3 of

the 11 CPV-modules which were previously mentioned. The TAPS-modules,

whose CPV did not work at all were removed from the analysis to produce

proton spectra. In summary, each TAPS-module that is hit in an event is

classi�ed according to contours in the pulse-shape versus time-of-ight plane.

These contours are de�ned in �gure 5.11. There are three di�erent contours

which are repeated after 16.6 ns, the photon contour, proton-contour and the

random-background contour left from the photon contour. The modules are

also classi�ed as either charged or neutral on basis of the CPV information.

These classi�cations are used in the particle identi�cation which is discussed

in the next section.

5.3 Clustering and particle identi�cation

If a particle is detected by TAPS, its energy is in general distributed over

more than one TAPS module. For a physics analysis the information of each

of these modules must be combined to determine the type of particle that

is detected, its position and its energy. This analysis is performed using the

ROSEBUD library consisting of a number of analysis routines and data struc-

tures which have become standard methods for the analysis of TAPS data.
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Figure 5.11: The pulse-shape versus the time-of-ight of all TAPS-modules

with a deposited energy of more than 30 MeV. Indicated are classi�cation con-

tours, the photon contour (solid line), the proton/neutron contour (dashed

line), and the random-background (dash-dotted line) left from the photon

contour. The left panel is for neutral events (i.e. no CPV signal) and the

right panel is for charged events (CPV signal).



72 Data analysis

particle condition

photon all modules are within photon contour, all uncharged

electron all modules are within photon contour, �1 charged

proton all modules are in proton contour, �1 charged

neutron all modules are in proton/neutron contour, all uncharged

Table 5.1: List of conditions for particle identi�cation.

The most important part of ROSEBUD is the clustering routine, aiming to

�nd all modules in a detector-block that contain energy deposited by one

particle. These modules are said to form a cluster if they are neighboring de-

tectors and have an energy deposition of at least 1 MeV. For each cluster the

total energy is calculated by summing the energy deposited in each member

of that cluster.

The position of the particle is reconstructed by taking the average of the

positions of all modules in the cluster (ri), logarithmically weighted by their

energy Ei [Mar95],

~r =

P
i
Wi~riP
i
Wi

; (5.2)

where,

Wi = MAX

�
0;

�
4 + ln

�
Ei

Etotal

���
: (5.3)

This method of position determination works well if the cluster consists out

of a large number of members. In this experiment, however, cluster-sizes

were rather small: 2-3 modules on average. To avoid introducing arti�cial

structure in the spectra due to (re)binning e�ects, the position of each module

in the cluster is randomized over the surface of the BaF2-module as described

in [Hoe99].

For each cluster the ROSEBUD package will then classify the type of

particle by looking at the classi�cation of each of the modules in the cluster.

This module-wise classi�cation is based on contours in the pulse-shape versus

time-of-ight plane as has been presented in the previous section (c.f. �g.

5.11). Here a table with the conditions for the four most important particles

is given in table 5.1. After the particle type has been identi�ed one can

adjust the energy calibration, obtained for cosmic muons, to an absolute

energy calibration for photons by applying a correction factor as discussed

in section 5.2.1, or in case of nucleons by calculating the energy from the

time-of-ight (c.f. section 5.2.2).
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5.4 Normalization

In order to obtain the absolute scale of the distribution, it must be normal-

ized. This normalization takes into account experimental parameters like

the target thickness and the number of incident protons. The normalization

also accounts for the bin size which has been used to produce the distribu-

tion. In general, a double-di�erential cross section d2�=dEd
 is reported in

barn�MeV�1�sr�1 by multiplying the measured counts �N with the following

factor,

Cnorm =
1

�E�

�

A

Np � �s �NA � �trig
(5.4)

where �E is the size of the binning of the energy in MeV, �
 is the bin

size of the solid angle at a particular scattering angle. Np is the number of

incident protons obtained from the beam current integration by collecting

the total charge (Q) in a Faraday cup, �s is the thickness of the target (see

table 4.1) and A is the atomic mass (g/mol) of the target nuclei. NA is

the number of Avogadro. The eÆciency of the trigger which is used in the

analysis (�trig), corrects for the dead time of the data-acquisition and the

downscale factor of the trigger (see table 4.2). In the distributions shown in

this work the normalization factor has been applied.

5.5 Pions

One of the major sources of background to the inclusive bremsstrahlung spec-

trum is the contribution of photons from the decay of neutral pions. These

photons are not distinguishable from bremsstrahlung and need to be sub-

tracted. Therefore the complete pion cross section ��0 and the distribution

d2��0(��0 ; E�0)=dE�0d��0 needs to be known. The appropriate input param-

eters can be obtained from the present experiment because it was designed to

measure also two-photon events. In order to determine the �0 cross section,

events obtained with the two-neutral trigger have been analyzed (see table

4.2). This trigger requires that at least two modules contain energy above 7

MeV while the CPV did not �re. Therefore it selects events that may contain

two coincident photons. If both photons have an energy above 30 MeV the

two-photon invariant-mass M is calculated,

M =

q
2E;1E;2 � (1� cos(�)) (5.5)

where E;1(2) is the energy of photon 1 and 2, respectively and � is the angle

between the photons. The distribution of M was shown already in �gure
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5.3 on page 62. From the �gure it is clear that the decay �0
!  +  is the

only type of 2 events that needs to be considered.

For the distribution in �gure 5.3 only photon pairs with an invariant

mass between 100 and 160 MeV/c2 were further analyzed since larger devi-

ations from the �0 mass (135 MeV/c2) will introduce inconsistencies in the

reconstruction of the four-momentum of the pion. For photon-pairs the pion

four-momentum is reconstructed as follows: First, the kinetic energy of the

pion E� is calculated from

E� =

s
2m2

�
c4

(1� cos(�))(1 � �2)
�m�c

2; (5.6)

where m� is the �0 mass, � is the angle between the two photons and � is

the energy asymmetry ratio, i.e.

� =
E;1 �E;2

E;1 +E;2

: (5.7)

Secondly, the scattering angle of the pion is deduced from,

�� = arcos

0
@ E;1 cos(�;1) +E;2 cos(�;2)q

E2
;1 +E2

;2 + 2E;1E;2 cos�

1
A (5.8)

where �;1(2) are the scattering angles of photons 1 and 2, respectively. In this

way a two-dimensional distribution of the reconstructed pions is obtained.

This raw distribution is however distorted due to the �nite acceptance

and imperfect response of the TAPS-setup to photons from �0 decay. To

obtain the true �0 distribution these e�ects have to be taken into account.

This is achieved by calculating the eÆciency ��0(��; E�) in an iterative way as

shown in �gure 5.12. In each iteration a Monte Carlo simulation is performed

using the KANE simulation package which is an adaption of the detector

simulation program GEANT [CER93] for TAPS. The simulation program

generates �0 events according to an input distribution Nin(��;E�). Each

�0 is then allowed to decay yielding two photons which are tracked. If the

photons enter the detector, the energy deposited in each BaF2- and CPV-

module is stored. The output of the simulation is analyzed in the same

manner as the experimental data, i.e. the pion distribution Nout(��;E�) is

constructed using the same selections as those which have been applied to

the data, and using the same reconstruction method (c.f. equations 5.5, 5.6
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Figure 5.12: Schematical overview of the iterative procedure which has

been used to determine the pion eÆciency ��0(��; E�).
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and 5.8). The eÆciency obtained for the iteration step i is then de�ned as

��0;i(��; E�) =
Nout
i

(��; E�)

Nin
i
(��; E�)

: (5.9)

In the �rst iteration a zeroth order eÆciency is calculated based on a at

pion distribution, i.e.

d2N in
0 (��; E�)

d��dE�

= const � sin(��) (5.10)

The at input distribution is very unrealistic and can lead to large errors.

In order to obtain a more realistic pion distribution, the experimental pion

distribution is corrected using the zeroth order eÆciency ��0;0,

d2N�0(corrected)

d��dE
=

1

��0;0(��; E�)

d2N�0(raw data)

d��dE�

: (5.11)

This distribution is still unrealistic because it has a gap at forward �0-angles

where the detector has no acceptance. A suitable extrapolation is obtained

by dividing the experimental distribution into 30 energy bins of 2 MeV each.

An example of one slice for pions with an energy between 24 and 26 MeV is

shown in the right panel of �gure 5.13. The angular distribution dN�(��)=d��
of each slice is �tted in the range from 55Æ to 180Æ degrees with a Legendre

polynomial expansion up to 2nd order:

sin(��) (a0 + a1 � P1(cos(��)) + a2 � P2(cos(��))) (5.12)

The parameters found from these �ts are used to extrapolate to 0Æ. The

result of this extrapolation is shown by the solid line in the right panel of

�gure 5.13. Note the increase in uncertainty of the data with decreasing ��
which is the result of the decrease in ��0 . The �t is therefore constrained by

the backward angles and seems to underestimate somewhat the cross section

at forward angles.

By combining all the slices an extrapolated distribution is produced which

is shown in �gure 5.13 (left panel). This extrapolated distribution represents

the features of the real physical pion distribution better than the at distri-

bution from equation 5.10 does. The extrapolated distribution is, therefore,

used as an input to the simulation providing a �rst-order eÆciency ��0;1. Sub-

sequently we obtain the second order corrected pion distribution by applying

equation 5.11 but using ��0;1 instead of ��0;0. The second order �0 distribu-

tion is however not very di�erent from the �rst order �0 distribution which
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Figure 5.13: Left panel, �rst-order corrected pion distribution i.e. the pion

distribution from exp. data corrected with an eÆciency calculated with a

at pion distribution as input for the simulation. Right panel, example for

the extrapolation of the pion distribution to small angles using Legendre

polynomials up to 3rd order. (24 MeV � E� � 26 MeV).

makes more iterations of this procedure unnecessary. To obtain insight into

the systematical error in the total cross section due to the various procedures

used, in table 5.2 three values for the total pion cross section have been listed

for each target. The �rst column I is the cross section calculated using the

zeroth order eÆciency. Column II is calculated by integrating the extrapo-

lated second order corrected pion distribution. In column III the total cross

section is obtained as follows,

��0 =
N�0

data

��0
(5.13)

where ��0 is the overall eÆciency for detecting a pion, i.e. �nding a photon

pair with invariant mass between 80 and 160 MeV/c2. ��0 is given by

��0 =
N�0

out

N�0
in

(5.14)

Where N�0
in is the total number of simulated pions which were generated

according to the distribution given in �gure 5.13 left panel and N�0
out is

the number of photon pairs with invariant mass between 80 and 160 MeV/c2

found in the simulation. The simulation uses the extrapolated �rst-order
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target: �tot
�0

�b (I) �tot
�0

�b (II) �tot
�0

�b (III) error (%)

C 25 26 26 4

Ni 112 115 118 5

Ag 193 197 203 5

Au 238 245 251 5

Table 5.2: Total pion cross sections for proton induced reactions with var-

ious targets at 190 MeV. The values have been obtained using eÆciencies

obtained with Nin(��; E�) at (I) or extrapolated from data (II and III).

The values in column II and III di�er only in the way the extrapolation to

4� has been performed (see text). For the estimate of the systematical error

see equation 5.15.

corrected distribution which has been used to obtain the �rst order eÆciency.

The statistical error in the pion cross section is negligible as the number of

pions detected is rather large ( 1�106). From the results of the three di�erent

methods an estimate of the systematical error of the applied procedure is

obtained as follows,

error =
��0(III)� ��0(I)

��0(II)
: (5.15)

where ��0(I; II; III) are the cross sections reported in columns I, II and III,

respectively. The systematical error is thus estimated to be about 5%. In the

remainder of this work the pion cross sections given in column III of table

5.2 will be used. The cross sections agree with those obtained by Aphecetche

[Aph98] for p+Ca, p+Ni and p+Au at 190 MeV. In �gure 5.14 the pion-

cross section is plotted as a function of the target mass (Atarget). The data

obtained by Bimbot et al., Bellini et al., Badal�a et al. and Jakobsson et

al. [Bim85, Bel89, Bad92, Jak97] are shown for comparison. All data sets

have been extrapolated to the energy (200 MeV) of the Bellini data. For

the energy extrapolation the �+ excitation function for p+C measured by

Jakobsson [Jak97] has been used, yielding a scaling factor SC,

SC(Ep) =
��+(200 MeV)

��+(Ep)
(5.16)

The scaling SC is applied to the data set that has been obtained at proton

energy Ep and is 1.8 for the present data set of Ep = 190 MeV. From the pion

systematics one can conclude that there are large discrepancies between the

di�erent data sets for �+; �� and �0 cross sections. The largest di�erences
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data of this work
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are found among the �+ measurements. In particular the cross sections ob-

tained at Celsius [Jak97] and the spectrometer measurements [Bad92, Bim85]

are inconsistent. Also, we note that one must expect ��+ > ��0 > ��� . For

example in ref. [Ste72] it is shown on basis of an isobar-production mecha-

nism that ��+ : ��0 : ��� = (11:6:1) and (7.5:5.3:1) for light (N = Z) and

heavy nuclei (Pb), respectively. In this respect the �+ cross sections of refer-

ences [Bad92, Bim85] are also inconsistent with the �0 cross sections. The �0

cross sections of reference [Bel89] and the present results can be made con-

sistent using the scaling factor SC=2.7 which may indicate that the energy

dependences observed in [Jak97] is not the same as for neutral pions. Clearly

new experiments are needed to resolve these inconsistencies in the published

data.

The main reason for the study of �0 production in this work is to accu-

rately subtract the �0-induced photon contribution to determine the actual

bremsstrahlung distribution. The �0-induced photon distribution is obtained

from the KANE simulation on basis of the measured �0 distributions, see

page 74. The result of this simulation is analyzed and all photons that have

been identi�ed are put into the photon distribution. Notice that per simu-

lated pion one can obtain 2 photons contributing to the distribution. The

distribution is then normalized with a scaling factor ��0/N
in where ��0 is

the total pion cross section reported in table 5.2 column III. In �gure 5.15

the �0-background distribution is plotted for the p+Au reaction.

5.6 Inclusive bremsstrahlung distributions

The distribution of photons above E=20 MeV, corrected for the �0 back-

ground, and without other coincidence requests are called the inclusive brems-

strahlung distributions. These are obtained in four steps: First, a raw-photon

distribution is produced. Second, the random background is removed. Third,

the pion contribution is removed. In the last step the remaining spectrum is

corrected for the acceptance and response of the detector. In the remainder

of this section the details of the four steps will be discussed.

The raw photon distribution contains all particles which have been iden-

ti�ed as photons and for which the azimuthal angles fall within the range of

[-15Æ,+15Æ] degrees. It is obtained by analyzing events measured with the

1-neutral trigger (c.f. section 4.1). This trigger selects events where at least

one BaF2-module has �red with an energy above its low Leading Edge Dis-

criminator threshold (LED-Low). The LED-Low threshold of each module is

on average about 7 MeV with a spread of 2 MeV (all thresholds were checked
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Figure 5.15: The simulated distribution of photons from �0 !  +  for

the p+Au reaction. The distribution has not been corrected for the photon

detection eÆciency.
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Figure 5.16: An example of a raw photon spectrum (squares) from the

p+Au reaction. The circles show the random background spectrum orig-

inating mainly from cosmic muons. The spectra are integrated over the

acceptance of TAPS and have not been corrected for the photon detection

eÆciency.

to be below 10 MeV). The second requirement for this trigger is that the LED

of the Charged Particle Veto in front of the module did not �re. The pho-

tons are identi�ed by making selections on the time-of-ight and pulse-shape

and requiring the particle to have no charge (see table 5.1). An example

of a raw photon spectrum for the p+Au reaction is shown in �gure 5.16

(squares). (This spectrum is integrated over the acceptance of TAPS and is

not corrected for the photon detection eÆciency). The raw photon spectrum

extends beyond the beam energy of 190 MeV. This is due to random back-
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ground which is mainly produced by cosmic muons. The background can

be determined easily by selecting particles which have a photon pulse shape

but arrive just before the prompt photon events. This is illustrated in �gure

5.11 in which a special contour is de�ned to select background. The random

background spectrum is shown in �gure 5.16 (circles). The raw photon distri-

bution is corrected by subtracting the random background distribution after

proper normalization in an energy window from 200 to 300 MeV. Finally, to

obtain the inclusive bremsstrahlung distributions the �0-decay contribution

must be subtracted. The pion-contribution is obtained from simulations as

has been discussed in section 5.5. In �gure 5.17 the double di�erential cross

section of photons corrected for random background at 75Æ in the laboratory

system is compared to the simulated pion-contribution spectrum (squares).

The pions must be subtracted to obtain the actual bremsstrahlung spectrum.

The pion-contribution at 60 MeV is about 20% of the total photon yield.

The bremsstrahlung distribution Ndata


(� ; E) obtained after pion sub-

traction must still be corrected for the acceptance and the eÆciency of the

detector and must be normalized to absolute units (see equation 5.4). For

this purpose the eÆciency is calculated using the detector simulation pro-

gram KANE (c.f. section 5.5) to simulate the response of TAPS to photons.

The eÆciency is de�ned as follows,

�(� ; E) =
Nout


(� ; E)

N in

(� ; E)

(5.17)

where N in

(� ; E) is the distribution which is used the generate the photons.

Nout


(� ; E) is the distribution of photons found by analyzing the simulation

data. This analysis must apply the same selections as used in the analysis

of experimental data. In this case it is suÆcient to assume a at input

spectrum as we only consider spectra where the acceptance is close to 1. For

those spectra the eÆciency, in the region of interest [20,200] MeV, is 0.112%

on average, and does not vary with photon energy. The bremsstrahlung

distribution is then determined,

N(� ; E) =
1

�(� ; E)
Ndata


(� ; E) (5.18)

An example of the bremsstrahlung distribution thus obtained is shown in

�gure 5.18 for the p+Au reaction at 190 MeV. The �gure clearly shows the

gaps in the acceptance between the TAPS blocks and at forward scattering

angles. Therefore only double-di�erential energy spectra which are obtained
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Figure 5.17: Comparison of the total photon spectrum (open circles) and

the pion contribution (squares) for the four targets C (top left), Ni (top

right), Ag (bottom left) and Au (bottom right). The �lled circles are the

actual bremstrahlung spectra.
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for scattering angles well within the acceptance, will be presented in the next

chapter. In this way systematical errors introduced by the incorrect descrip-

tion of the edges of the TAPS-blocks in the simulation, will be avoided. In

order to obtain the total (i.e. 4� integrated) bremsstrahlung cross sections,

however, the distributionmust be extrapolated to cover the gaps in the accep-

tance. This extrapolation is achieved by �tting the bremsstrahlung angular

distribution d�=d� using a Legendre polynomial expansion up to the 3rd

order:

sin(�) (a0 + a1 � P1(cos(�)) + a2 � P2(cos(�)) + a3 � P3(cos(�))) (5.19)

For this expansion we also assume that d�=d�=0 at 0
Æand 180Æwhich helps

to constrain the �t. In �gure 5.19 an example of such an angular distribution

and the �tted curve is shown for photon energy E >40 MeV produced in

the p+C reaction at 190 MeV.

The systematical errors on the total cross section were studied by varying

the parameters of the �t. It was found that the cross section varied about

8% when the parameters were changed from their �t values within their error

bars. Other systematical errors arise from the systematical uncertainty in

the beam current (<5%) measurement and the error of the target thickness

(<2%). The overall systematical error on the total bremsstrahlung cross

section is therefore 9.6%.

5.7 Exclusive photon spectra

The exclusive photon spectra are the bremsstrahlung distributions obtained

in coincidence with a scattered proton. The coincidence data have been

measured under the condition of at least one charged hit and at least one

neutral hit, i.e. trigger types 11 and 12 in table 4.2. In the analysis this

condition is re�ned by demanding that:

1. The charged particle is identi�ed as a proton with a kinetic energy >30

MeV.

2. The neutral particle is identi�ed as a photon.

3. The time-of-ight di�erence between the photon and the proton is

smaller than 10 ns (i.e � 1/RF with RF=60 MHz, c.f. 5.2.2).

The spectra obtained using these conditions may still contain random co-

incidences. Those are due to events in which the proton and photon are
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Figure 5.18: An example of the bremsstrahlung distribution d2N=d�dE

which is obtained for the p+Au reaction at 190 MeV. This distribution has

not been extrapolated outside the acceptance of TAPS and therefore shows

three ranges for the scattering angle corresponding to the location of the

TAPS blocks (c.f. �gure 4.2).
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Figure 5.19: An example of an angular distribution d�=d� for the p+C

reaction at 190 MeV. The dashed line is a �t using a series of Legendre

polynomials up to 3rd order.
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produced in two di�erent reactions during the same beam burst and must be

subtracted in order to obtain true coincidences. This is impossible to achieve

on an event by event basis, but can be achieved in a statistical analysis by

generating a spectrum of known random coincidences to be subtracted from

the measured coincidence spectrum.

The random coincidence spectrum has been produced using the same

conditions as given above for the coincidence spectrum, except that the time-

of-ight (TOF) di�erence is now either smaller than 0 ns or larger than 10

ns as the TOF-di�erence between a coincident proton with a kinetic energy

larger than 30 MeV and a photon is about 9 ns. This is illustrated in �gure

5.20 which shows the distribution of the di�erence in the TOF of the proton

and the photon. The peak around 5 ns contains the real coincidences for

which both the proton and the photon are produced in the same beam burst.

The two small peaks at -12 ns and at 21 ns are due to the events in which

the proton and photon are produced in two sequential beam bursts. Notice

that the proton must always be later than the photon and also that the TOF

of both the photon and the proton are measured against the same RF pulse

which is selected by the trigger (c.f. section 5.2.2).

The contribution of photons from �0 ! 2 in the coincidence spectra can

be neglected because the proton has to have an energy of at least 30 MeV

which lowers the available energy for pion production and thus the pion yield

considerably. This means that photons from �0 ! 2 must be produced in a

di�erent reaction than the proton, i.e. they are not true coincidences. Thus

by subtracting the random background any existing �0 background will be

subtracted, too.

In the next chapter exclusive photon energy spectra are presented for cer-

tain selections on the proton scattering angle < �p >. These energy spectra

are integrated over the full acceptance of TAPS, in order to obtain enough

statistics. They are also not extrapolated to 4� by correcting for the gaps in

the photon and proton acceptance to avoid introducing model dependence.

The reported distribution is thus de�ned by,

dN
exclusive


dE
(< �p >) =

R
acc:

R
�p

R
Ep>30MeV

d
4
N

dEdEpd
d
p
dEpd
pd
 (5.20)

where the �rst integration is over the whole photon acceptance and the second

integration is over the whole proton acceptance but with �p 2 [�p; �p +��p].

Due to a lack of statistics, particulary of protons with �p >90Æ, we have

selected only two ranges for the proton, a `forward' range [60Æ,90Æ] and a

`backward' range [90Æ,165Æ].
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Figure 5.20: The distribution of the di�erence in time-of-ight for proton-

photon coincidences for the p+Au reaction at 190 MeV. The central peak

contains coincidences where photon and proton are produced in the same RF

pulse. The peaks at multiples of the RF are due to events in which proton

and photon are produced in di�erent RF-pulses.
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In order to facilitate the comparison of the result to models the photon

spectra must be normalized by applying the normalization factor given in

equation 5.4 and correcting for the photon detection eÆciency < �(E) >

and the proton detection eÆciency < �p(�p) >,

d�exclusive


dE

=
Cnorm

< �(E) >< �p(�p) >

dN exclusive



dE

(< �p >): (5.21)

Another observable which is of interest is the photon multiplicity per

proton where the proton is scattered to an angle in the range < �p >, de�ned

as

dM(< �p >)

dE

=

R
�p

d
2
�
exclusive


dEd�p
d�p

R
�p

d�p

d�p
d�p

: (5.22)

where �p is the cross section for protons with an energy above 30 MeV. To

be able to calculate this quantity one must therefore also measure the proton

angular distribution which is discussed in the next section.

5.8 Proton spectra

In order to obtain the proton distributions the CPV-OR trigger has been

analyzed (see table 4.2). This trigger selects events in which there is at least

one module for which both the LED-low and the LED of the charge particle

veto detector �red. The trigger was measured with a high scaledown factor

and therefore the statistics is not very large but still suÆcient.

The proton distributions are obtained by requiring that a particle is iden-

ti�ed as a proton i.e. its pulse-shape and time-of-ight lie within the proton

contour (c.f. table 5.1). For each identi�ed proton the kinetic energy and

scattering angle are calculated thus obtaining a 2-dimensional proton dis-

tribution. This distribution has to be corrected for the acceptance and the

eÆciency of the TAPS detector by applying a correction factor �p(�p; Ep).

This factor has been obtained from a detector simulation with KANE in

which protons were generated according to a at distribution N in

proton
. The

result of the simulation has been analyzed using the same selections which

have been applied in the analysis of the data, yielding a distribution Nout

proton
.

The eÆciency is then obtained from

�p(�p; Ep) =
Nout

p

N in
p

: (5.23)
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To obtain the distribution in absolute units the normalization factor Cnorm

from equation 5.4 is applied.
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