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Chapter I

Introduction

1.1 General introduction

The pi-meson or pion was first hypothetically introduced by Yukawa as the mediator of the
strong force between nucleons [Yuk 35]. It was discovered in cosmic radiation in 1947. The pion
is spinless and it is given unity isospin, since it occurs in three charge states. It is the lightest of all
discovered mesons; the rather small mass of 139.6 MeV indicates the role of the pion in the long-
range part of the nuclear force.

Using the pion as a nuclear probe reveals information about the fundamental pion-nucleon
interaction as well as nuclear structure. These aspects are strongly coupled since neither of them is
well known in all of its details. Conclusions about nuclear structure can only be drawn from known
aspects of the pion-nucleus interaction. Reversely, the knowledge of nuclear structure details is of
importance in the interpretation of pion-nucleus reaction data.

Since the pion is a boson it can be absorbed in reactions with other hadrons. The absorption of
the pion on a free nucleon is forbidden for kinematical reasons. Absorption on a single bound
nucleon in a nucleus is in principle possible, but strongly suppressed because of the requested high
momentum of the nucleon in the nucleus (-500 MeV/c) in order not to violate momentum and
energy conservation laws [Huf 75]. Pion absorption on two nucleons is kinematically well
possible. In this reaction the rest mass of the pion can be converted into kinetic energy of the
nucleons without requiring a high momentum transfer, since both nucleons will be produced back-
to-back in the rest frame of the system, i.e. with zero resulting momentum. The simplest example
of this type of absorption reaction is that on the free deuteron. This reaction has been well
established experimentally for a large range of incident pion energies [Rit 83], and increasingly well
theoretically [Bla 81].

The two-nucleon absorption process was for a long time considered to be the major channel of
pion absorption in nuclei. However, the direct determination of the total reaction cross section by
means of transmission experiments revealed that the measured two-nucleon cross section
constitutes only a small part of the total absorption cross section. The "gap" in the cross section was
thought to be covered by pion absorption on clusters of three or even more nucleons. Such
reactions have been identified in the detection of three nucleons after pion absorption. So far,
however, estimates of the absorption cioss section on more than two nucleons yield too small
values for explaining the existing "gap" in the total absorption cross section. Meanwhile, evidence
has been build up that the two-nucleon absorption cross section as found in the analysis of several
experiments, has been underestimated.



The work described in the present thesis aims at the solution of such problems. The main issue

concerns the decomposition of the total absorption cross section into several exclusive absorption

channels by a measurement of two- and three-fold coincidences between charged particles emitted

after pion absorption in 16O. In the next section, a survey of the most important recent results as

found in the literature is given. It adresses several issues which were mentioned briefly in the above

discussion.

1.2 Pion absorption in nuclei

Pion absorption on two nucleons in more complex nuclei is commonly referred to as quasi

deuteron absorption (QDA). In order to investigate this reaction in detail, coincidence measurements

are necessary. The reaction has been identified by the narrow angular correlation of the two

produced protons after absorption of positive pions. This angular correlation peaks at the conjugate

angles of the QDA kinematics, broadened by the Fermi motion of the participating nucleons and by

final state interactions of the produced nucleons. Kinematically complete measurements can only be

performed either in high resolution studies where the final state of the nucleus can be identified, as

in case of 16O [Wha 85] and 6Li [Rie 86], or in a study of the 3He nucleus [Ani 86]. These three

experiments have been performed with an incident pion energy of about 60 MeV. In the last case

the QDA reaction in 3He was clearly identified with an angular distribution of the produced protons

identical to that of the free n+D-^pp reaction. The cross section of QDA in 3He was found to be 1.5

times that of the pion absorption reaction on deuterium. This fact could be explained by the average

number of pn pairs (1.5) available in 3He with the deuteron quantum numbers. In 6Li the QDA

contribution appears to have a strength comparable to ::rjt of the free deuteron, a fact which is

thought to originate from the strong quasi deuteron nature of the pn pair coupled to a 4He core in

the cluster model of 6Li. For 16O, however, the combined measured cross section to the 1+ states at

0 and 4 MeV in I4N contribute to only 7.3% of the total pion absorption cross section | Wha 85].

Total pion absorption cross sections have been determined in transmission experiments for a wide

range of targets and incident pion energies [Nav 83], [Ash 81 ].

At higher incident pion energies, at and above the delta resonance, the QDA contribution has been

determined from the measurement of two nucleons in coincidence (pp and np) after pion absorption

on several nuclei (Alt 86] . A similar experiment has been performed at Tn = 160 MeV on 58Ni |Bur

86]. Here, the sum of a narrow and a broad gaussian shape was fitted to the angular correlation of

the detected nucleons. The narrow component has been ascribed to the QDA mechanism broadened

by Fermi motion, whereas the broad component has been thought to be originating from final state

interactions of the outgoing nucleons and possibly from more exotic processes like absorption on

clusters consisting of more than two nucleons. From this analysis and after correction for final state



interactions, no more than 50 % of the total absorption cross section turned out to be due to the

QDA mechanism. Very recently, however, the description in terms of the two-gaussian

decomposition has been proved wrong [Sch 88]. In a high resolution study of the QDA mechanism

of pion absorption in 16O a large contribution from absorption channels with an L=2 angular

momentum transfer was found to be present in the broad component of the gaussian sum. As a

consequence, integration of only the narrow component of the gaussian Si yields a too low value

for the QDA cross section.

The QDA mechanism has been investigated thoroughly in theory. A delta-hole calculation of the

QDA cross section in 4He resulted in only 50 % of the total absorption cross section [Oht 85]. The

interesting question exists, whether reactions in which more than two nucleons participate in the

elementary absorption process are responsible for a substantial part of the total absorption cross

section.

From a rapidity analysis of single arm proton spectra the average number of nucleons

participating in the pion absorption process has been determined to be ranging from 3 (in I2C) to

5.5 (in 181Ta) [Keo 81]. One should keep in mind, however, that these numbers also include all

nucleons that play a significant role in final state interactions of the initially produced nucleons. In

addition, the rapidity analysis results in an overestimation of the absorption-cluster mass if the

average pion momentum at absorption is lower than the initial value as a result of rescattering on

one or several nucleons before absorption takes place. The semi-classical transport calculation of

Girya and Koltun [Gir 84] indeed shows that the observed rapidity is consistent with absorption on

a mass 2 cluster. A further effect of these so-called initial state interactions, if they significantily

contribute, would be a noticeable shift and asymmetry of the observed angular-correlation peak in

the analysis of nucleon-nucleon coincidence data. These effects have, however, not been observed

[Bur 86]. Also, in a triple proton coincidence experiment performed on 12C, Tacik et al. did not

find evidence for the specific initial state reaction where the incoming pion knocks out a proton

before being subsequently absorbed on two other nucleons [Tac 85]. The uncertainty of the

importance of initial state interactions leads to the conclusion that the rapidity analysis does not give

an unambigious answer to the question whether more than two nucleons participate in the

absorption process.

A way of investigating the question of the unexplained absorption cross section in further detail is

to perform measurements which are more exclusive. In 3He, kinematical completeness is already

achieved by measuring two outgoing nucleons. Aniol et al. have identified a three-nucleon

absorption component with a strenght of roughly 30 % of the total absorption cross section for 60

MeV n+ as well as it" [Ani 86]. The distribution of nucleon angles was shown to be predominantly

according to the three-nucleon phase space. In 4He, a quasifree pion-absorption mode on a three-

nucleon cluster has been identified by measuring nd coincidences following absorption of 120 MeV

negative pions [Bac 87]. The momentum distribution of the spectator nucleon as deduced from the

data agrees with the results from a 4He (e.e'p) experiment. The strength of this three-nucleon

3



absorption channel was found to be comparable to that of absorption on isospin 1 pairs, i.e. a factor

of roughly 10 lower than the strength of the QDA channel. Due to the fact that the chosen geometry

favours the quasifree (n\ nd) kinematics, other reaction channels involving deuterons in the final

state are not measured in this way. The total absorption cross section on 4He at 120 Me / (80 mb)

can only partly (50 %) be explained by the QDA mechanism [Bau 84]. This seems to indicate that

other reaction mechanisms, possibly containing deuterons in the final state, are likely to occur in

addition. The same group has measured the distribution of three protons produced upon positive

pion absorption on 4He at the same incident pion energy [Bac 88]. Due to the kinematical

completeness obtained in this way, different reaction channels could be identified unambigiously.

The contribution of the quasifree three-nucleon absorption process having either a proton or a

neutron as a spectator has been deduced with a total strength of 6.5 mb. The four-nucleon

component, i.e. in which all four nucleons obtain significant energy in the reaction, was found to

be an order of magnitude weaker. The four-nucleon cross section, however, might have been

underestimated due to the rather small part of the four-nucleon phase-space covered by this

experiment. The measured cross sections certainly do not fill up the gap between identified

absorption channels and the observed total absorption.

In heavier nuclei it is more difficult to identify cluster absorption mechanisms experimentally.

Kinematical completeness is harder to achieve due to the fact that the residual nucleus can be left in

an excited state. This causes the ambiguity that the experimentally deduced missing energy can be

due to excitation as well as to the production of other, not detected particles. In 7Li, a three-nucleon

absorption mechanism has been clearly identified [Wha 86]. This group investigated the 7Li (n+,

pd) 4He (g.s.) reaction by detecting the proton and the deuteron in coincidence with high energy

resolution. The angular distribution of the detected proton was found to be forward peaked, similar

to the neutron angular distribution in the elementary, isospin symmetric n' 3He —> nd reaction, with

comparable differential cross section. In order to identify three-nucleon cluster absorption

mechanisms with three unbound nucleons in the final state of the reaction, three-fold coincidence

experiments are, however, necessary. Kinematical completeness can only be achieved if the three

nucleons are detected with sufficient energy resolution; in this way individual excited states of the

residual nucleus can be selected. It is hard to meet both requirements simultaneously in an

experiment. However, it is already interesting to measure three-fold coincidences with moderate

energy resolution since possible deviations from a pure phase-space-like behaviour of the

distribution of the nucleoa momenta could be noticeable. For example, the distributions of the

angles of the detected nucleons is nearly independent of the excitation of the recoiling nucleus. This

fact was recently confirmed by Tacik et al. who measured three protons in coincidence after pion

absorption on 12C at three pion energies (130,180 and 228 MeV) [Tac 88]. Comparison of the data

with phase-space calculations for quasifree three- and four-nucleon processes revealed evidence for

a phase-space-like three-nucleon absorption process. The extracted cross sections are rather low,

ranging (in increasing pion energy) from 5 % to 19 % of the total absorption cross section on 12C at



the respective energies. The conclusion was drawn that the gap in the cross section between the

measured QDA channel and the measured total absorption cannot be explained by multi-nucleon

absorption modes; thus the measured QDA cross sections must have indeed been severely

underestimated.

1.3 Contents of this thesis

From the foregoing it has become clear that in order to shed some light on the question of the

pion-absorption cross section, an experimental study of three- (and possibly more) nucleon

absorption processes is necessary. In addition, the two-nucleon absorption process needs to be

investigated in more detail. In particular, if the three or more nucleon absorption channels do indeed

not form the major contribution to the total absorption cross sections, the interest must be focussed

on the strength of the two-nucleon part. An important part of the two-nucleon cross section is

expected to show up outside the region of conjugate angles in the angular correlation of the detected

coincidences [Sch 88]. Therefore this absorption channel should be studied by measuring nucleon

coincidences in a large-acceptance setup, with a high fragmentation of detectors in order to cover as

many combinations in space as possible. These requirements are also needed in the experimental

study of higher-fold coincidences. It seems therefore fruitful to combine the measurement of two-

and higher-fold coincidences in a single experiment with a high'.y fragmentated detection setup

covering a large total solid angle. In this way the cross section for absorption processes in which

more than two nucleons are involved can be directly determined. In addition, the two-nucleon

absorption cross section can be obtained from the total number of the measured two-fold

coincidences, corrected for effects of processes in which three or more nucleons are emitted. This

procedure is essential, since the two-nucleon absorption component cannot be unambigiously

determined from the measurement of two coincident nucleons alone (refering to the problem of the

broad angular correlation).

The experiment described in this thesis concerns a simultaneous measurement of two and higher-

fold coincidences following positive and negative pion absorption in 16O. The detected particles are

protons, neutrons and deuterons. In this thesis, the detection and analysis of charged particles

following positive pion absorption is discussed. The incident pion energy was 65 MeV, thus well

below the delta resonance. The low pion energy ensures that contributions of initial state

interactions, i.e. pion-nucleon scattering preceding absorption are minimized [Mas 81). The

following reaction channels were selected and analysed: (Jt+, pp), (n+, pd), (TC+, ppp) and (it+,

ppd). Evidence for quasifree reaction processes is investigated by comparing the data with phase-

space calculations incorporating the geometry of the experimental setup.

The thesis is organised as follows. In chapter II the experimental setup is described. Chapter III

presents the method of tuning the apparatus with cosmic rays. This presentation gives an



introduction to the most important quantities used in the calibration of the data. The chapter
continues with a description of the methods applied to monitor the data-taking in the on-line
analysis of the experiment. The next two chapters concern the way of shaping the data into a form
which enables the off-line analysis. In chapter IV the detailed off-line calibration of the data is
outlined along with the applied methods to reduce the size of the data. In chapter V the particle
identification and the related selection of the four reaction channels is discussed. Chapter VI deals
with the further analysis of the data and the comparison with phase-space calculations. The
conclusions finally are formulated in chapter VII.
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Chapter II

Description of the setup

2.1 The NIKHEF-K pimu facility

The experiment has been performed at the muon side of the pimu facility of NIKHEF-K. At this

facility pions are created in a tungsten - carbon target in a two-step production process. In the first

step, bremsstrahlung photons are generated by the -400 MeV electrons delivered from the Medium-

energy Electron Accelerator (MEA). In the second step, the photons in their turn produce pions in

reactions with the target nucleons according to:

y + p —> 7i + n and y + n —»jt + p.

The pions, together with other reaction products- mainly electrons, muons and protons- are then

charge and momentum selected, and focussed on the experimental target by means of a magnetic

transport channel, consisting of two dipole and twelve quadrupole magnets.

In the course of the experiment the channel has known two versions. Originally designed as a

muon channel, it comprised in addition a 5 m long superconducting solenoid. In its magnetic field

the pions move spiralling in the direction of the experimental target, thereby increasing their

pathlength and hence the probability to decay into muons. For the pion absorption experiment the

tuning of the magnets had been optimised for the non-decaying pions. However, after the first data

taking period, which represents roughly one third of the data shown in this thesis, the channel was

shortened by removing the solenoid. The shorter flightpath from the production target to the

experimental target reduced the amount of decaying pions, resulting in an improved yield and in

better focussing properties for the rather low energy pions.

During the experiment the accelerator produced a pulsed beam with a repetition frequency up to

300 Hz, and a pulse width of 30 to 35 |As, resulting in a duty factor of about 1 %. After shortening

of the channel, typical time integrated rates at the target spot were about 2 x 105 pions per second

for Tn = 65 MeV, irrespective of the pion charge.

2.2 Outline of the detection system

The experiment is aimed at establishing the distribution of nucleons, emitted after pion

absorption, in the available phase space. A high coverage of phase space together with a high

segmentation is an essential feature for such multiparticle experiments. In addition, knowledge of



the energies and angles of the emitted nucleons provides important infonnation on the details of the

reaction mechanism.

A topview of the setup which meets the essential requirements is given in figure 2.1. Its main

characteristic is that a high acceptance is reached for the detection of many fold panicle coincidences

by the use of 16 large scintillator telescopes, surrounding the target spot.

TOF

Figure 2.1 Topview of the detector setup; the height of the scintillation detectors

I to 16 is 1 TO. The beam telescope consists of the plastic scintillators Sj and S3, the

target counters TJ^J and the veto counter V; see page 9. The use of the scintillators

TOF and HOEK is discussed on page 9 and 14, respectively.

A large part of the setup has been manufactured by the NIKHEF-H workshop. The whole setup

has been assembled and mounted with in a few weeks time. In order to achieve this the contribution

of Yan Lefevere has been indispensible.

8



The use of AE-E telescopes provides the possibility of particle identification. Firstly, charged

particles (71, |i, p) can be separated from uncharged particles (n, y) by requiring a signal in the thin

AE detector. Secondly, charged particle identification can be obtained by combining th." measured

total energy with the energy loss in the AE detector for particles energetic enough to re-ic'.i the E

detector. Therefore each telescope consists of a thin (1 cm) "AE" plastic scintillator (NF102A)

having a width and height of 20 and 102 cm, respectively, and a thick (18 cm) "E" scintillator

detector (other dimensions 18 x 100 cm2). Both scintillators have been read out at both ends by

photomultiplier-tubes. For all the resulting 64 photomultipliers, rime and pulse height information

have been recorded during the experiment. The recorded pulse height is directly related to the

energy deposit of the detected particles. The double-sided read-out allows for position

measurement in the vertical direction, or equivalently, determination of the angle with respect to the

reaction plane.

Although neutrons could in principle be detected, their accurate energy determination has been

given up in favour of proton detection with an as large as possible-an-acceptance (solid angle). In

this type of setup, the energy for neutrons can only be determined from their velocity by an accurate

measurement of the time-of-flight. Therefore a long, well known flightpath is necessary. The

telescopes were placed at distances of 57 to 77 cm from the target; in this way clearly some flight-

time resolution was sacrified in favour of reaching an as large a solid angle as possible. In addition

the absolute flightpath is already uncertain by at least 18 cm, since the point of interaction in the E

detector is unknown over the distance travelled in the detector. This fact introduces an energy

determination uncertainty of at least ±35 MeV for a 100 MeV neutron.

The resulting flight-time resolution for charged particles was however sufficient to reduce

considerably background events. This fact was already confirmed in the on-line analysis during the

experiment, as is shown in chapter III.

The total thickness of the detector telescopes is sufficient to stop 180 MeV protons, which is

slightly below the maximum available energy for a proton in a 65 MeV pion absorption reaction.

The short target to detector distance, necessary to obtain a large solid angle, has the additional

advantage that protons are not so much decelerated in the air such that the low energy cutoff for

protons due to their deceleration in air is kept to a minimum.

Liquid D2O has been used as target, the deuterium component of which serves for calibration and

on-line monitoring purposes. Simultaneously three targets were provided; see below. The

telescopes surrounded the central of the three targets (fig 2.1) circularly in the center-of-mass frame

of the (65 MeV Jt-D) system. In this way, equal acceptances for back-to-back proton coincidences

from the Jt+D —» pp reaction were realised in all eight telescope pairs, such that on-line monitoring

of the energy calibration and of the relative normalisation of the detectors was possible during the

experiment. A few thin scintillators in the beam line formed the beam telescope. Together the

scintillators "S]" and "S3" defined the allowed beamsize at the target position. At the exit of the



A photograph of the setup in the experimental area.
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detector setup, a scintillator "V" was mounted to veto those events which had a coincident particle

in the beam line within 30 ns. Effectively, this detector served as a pile-up rejector. A double sided

read-out scintillator (TOF) was located after the last bending magnet of the channel, 3.55 m

upstream of the "S3" counter. Its use was to determine the fraction of pions in the beam with the

time-of-flight technique.

A special target configuration has been choosen. A cylindrical target shape was selected as a

consequence of the setup's geometry, where the reaction point is almost completely surrounded by

detectors. In all directions of the outgoing charged particles the energy loss in the target has to be

minimised in a symmetrical way. Apart from the choice of a cylindrical shape, this imposes also

limits on the target diameter. The target containers consisted of hollow tubes of diameter 7 mm and

height 12 cm, with thin mylar walls. In order to increase the luminosity without increasing the

diameter, three identical targets were mounted. This could be done in such a way, that mutual

shadowing of any two of the targets with respect to the detectors has been avoided. In front of each

target, a tiny scintillator of dimensions (1 x 5 x 120) mm3 has been mounted in order to tag the

target in which tne reaction took place. The target-counter material presents roughly 20 % of the

total target material. The fact that pions can be absorbed in the target-counter material (mostly 12C)

made empty-target measurements necessary.

2.3 Electronics

The configuration of the setup implies that a large variety of multi-nucleon coincidences,

distributed over a large fraction of the full phase space can be measured. The most important task of

the electronics logic then clearly is to retain generality, i.e. to avoid restrictions as much as possible

in the definition of the experimental trigger. A serious constraint was that the data aquisition system

was able to record a maximum of about 100 events per second on tape. Since twofold coincidences

have a much higher count rate than three- and morefold coincidences, the twofolds determine the

computer dead time, and impose an unnecessary inefficiency in recording the manyfold

coincidences if no special precautions are taken. Therefore, the count rates have to be controlled by

selectively prescaling event types which occur frequently, in order to minimize the computer dead

time. Many events turned out to have two adjacent counters fired. Since this event type is most

likely generated by the scattering of a particle from one telescope into its neighbour - and therefore

represents no interest - it has been decided to prescale those classes of events separately. Special

care had to be taken to monitor the amount of prescaling for the different event classes individually,

in order to be able to deduce their respective normalisations in the off-line analysis.

11
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tigure 2.2 Simplified electronics scheme. The parts which are enclosed by gray frames are referred
to in the text as: A. beam telescope , B. pion veto, C. prescaling + second coincidence. The
timing is defined by ^ and carried through the rest of the electronics (thick lines).



In figure 2.2 a schematic simplified plan of the electronics scheme is drawn. In the following

some comments on the most salient features of the layout are presented. Extensive use has been

made of ECL logic with corresponding flat cable connections, vhich guarantees compact handling

of the many signals involved.

The 64 channels of the photomultipliers are split into two branches, one for pulse height and one

for time measurements. The first branch is connected with analog-to-digital converters (ADC's) via

attenuators, which enable pulse heights to be independently adjustable without interfering with the

timing signals. The second branch is connected with four 16-fold leading-edge discriminator units,

the output of which is among others fed into time-to-digital converters (TDC's). In addition, the

logic signals of each "up" and "down" photomultiplier are connected in coincidence. The resulting

signals for the AE and E detectors are combined in an "OR" to result in 16 detector- hit signals In

this way, protons, de Jterons (AE fired) and neutrons (only E fired) play independent roies in the

trigger definition. Particle identification and selection can be done in the analysis software.

The trigger is subdivided into separate classes of events by making use of a set of programmable

logic units (PLU's). These are combined and programmed in such a way, that from the 16

detector-hit signals connected to the input, logic output signals are formed for each of the event

types. This is shown in the following table, together with typical count rates.

output

0

1

2

3

4

multiplicity

= 1

= 2

= 2

>3

> 3

special

adjacencies

no adjacencies

adjacencies

no adjacencies

rates

5000

100

150

25

20

prescaled rates

1

2

20

25 (not prescaled)

20 (not prescaled)

The singles and both classes of double-coincidences are prescaled, in contrast to the both types

of triple-coincidences, which are not prescaled because of their high interest.

An important part of the electronics design resides in the definition of the trigger timing. It

originates in the beam telescope (box "A" in fig. 2.2), being constructed in the following way:

S, n S3 n (T, u T2 u T3 ) n V,

with "S lf3" and "Tlt2,3" the beam and target counters, respectively, and "S3" determining the

ultimate timing. The timing of this "pion absorption" signal is the ultimate time reference in the

electronics. It defines the timing of the ADC gates and TDC starts, as well as the timing for the
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PLU's, which are strobed with this signal. In strobing the PLU, care has to be taken in matching

the pion absorption signal with the PLU inputs, as is shown in figure 2.3. Here the time correlation

between the strobe signal and one of the PLU inputs is depicted for a (fast) scattered pion and for a

slow nucieon. The 26 ns "spare timing" is sufficient to accommodate the difference in flight time

for a 10 MeV nucieon and a scattered (65 MeV) pion over the largest target-to-detector distance. To

eliminate the time-jitter of the PLU (~2 ns), its outputs are put in coincidence once more with the

same time-defining pion absorption signal (second coincidence, box "C" in fig. 2.2). At the same

coincidence units the prescaling is done by connecting one of the outputs to the veto input via gate

generator units.

strobe

i Vr
PLU input I * I scattered pion

26 ns 5 ns
strobe

PLU input I I slow nucieonr
Figure 2.3 Timing of strobe signal with respect to PLU input.

The signals of the different event classes are combined to generate the "event" signal and, if the

computer is ready, the "look at me" (LAM) signal, which initiates the recording of the event and

which is further split to serve as ADC gate- and TDC start signals. Some different extra events are

added to the event classes:

1. Beam samples, a coincidence of the form R = 3X n S3 n ( T, u T2 u T3 ), involving the

beam telescope- and target counters prescaled down to about 1 count per second. This event class

represents an unbiased sample of particles through the target. The direct signal is scaled to monitor

the total number of particles (IT, \I, e) in the beam through the targets. A study of beam sample

triggers enables the determination of the fraction of pions in "R" by the time-of-flight method. The

beam sample triggers are essential in determining the absolute normalisation of the experiment.

2. HOEK events, a coincidence between the St n S3 signal and the HOEK counter, which is

placed at 4.0 m from the "S3" counter, downstream the beam line. By studying the flight time of

the pions in the beam over this large distance, their energy can be accurately (± 0.5 MeV)

determined.

The prescaling factors of the different event types are continuously monitored by scaling both the

direct and the prescaled signals in CAMAC sealer units. All of the prescaled trigger signals are in
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addition connected to a bit register. Examination of the resulting pattern word, in which for each

trigger a certain bit is set, enables a fast recognition of the different event types both in the on-line

and in the off-line analysis. The knowledge of the prescaling factors is of vital importance for the

relative normalisation of the event classes.

One complication needs special care. Due to the rather high single pion rates in the two most

forward detector telescopes "1" and "16", in combination with the large coincidence time window at

the PLU strobe, too many accidental events of multiplicity > 2 are detected by the PLU. To solve

this problem, pion veto signals are formed for these two detectors by selecting a pion band in the

amplitude range of the AE signals using a window discrimination method; see fig. 2.2, box "B".

The pion veto signals are inverted and connected in coincidence with the AE.OR.E signal for these

two telescopes. This results in a strong suppression of events with a coincident pion in the iwo

most forward detectors.

2,4 The data acquisition program

For the data acquisition the program LRS [Laa 85] has been used. This is an extended version of

the MESA program, implemented on a PDP 11/34 computer which is running under the i AS

operating system. The efforts given by Cees de Laat in bringing the program into the present staie

should be especially mentioned at this place.

The program reads out the 84 ADC's, 80 TDC's and 1 pattern word used in the experiment and

writes 4k sized blocks, filled with 24 events each, to tape. For each block, i.e. every 24 events, 64

CAMAC sealers are read out and stored in the blockheader.

Important features of the program are its high flexability in (re)defining the CAMAC

configuration and the sophisticated on-line analysis possibilities. Special purpose FORTRAN

routines which perform calculations on the words read from CAMAC, can easily be integrated

within the package. The program has at its disposal advanced histogramming and plotting

capabalities, which include also three-dimensional representations.

The on-line analysis has supplied sufficient tools for monitoring the experiment in a satisfactory

way, without causing extra computer deadtime. A simple example is the continuous monitoring of

the ADC's and TDC's, which implies also the watching of all the photomultipliers. More

complicated aspects of the on-line analysis will be discussed in chapter III.

Reference

Laa 85 C.T.A.M. de Laat, Nucl. Instr. Meth. A239 (1985) 556
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Chapter III

Experimental procedure

3.1 Preparational tests and calibrations

In the data analysis the Treasured raw ADC and TDC values for the 16 detector telescopes have to

be converted into physical quantities like the energy of the detected particle, its flight time from

target to detector and its position in the vertical direction of the detector bar. Therefore, a large set of

parameters related to these quantities has to be determined in calibration procedures. Details of how

the quantities depend on the parameters will be discussed in chapters III and IV.

In the off-line analysis, which will be discussed in chapter IV, most of the parameters are

determined from the measured data, in which the simultaneously measured protons from the

TC+D—»pp reaction can be used as calibration tools. This approach appears to be useful, especially

since in principle the values of the parameters can be drifting in time, or can depend on the count

rate.

Before data-taking could actually start, the apparatus had to be tuned and checked out thoroughly.

This concerns high voltage settings, discriminator thresholds, and precise timing of all the

electronical signals. In addition, values for the parameters used in the on-line analysis had to be

determined. To reach these goals while spending as little beam time as possible, preparational

tuning and calibrations have been performed by making use of radioactive sources and cosmic rays.

For this purpose the detector telescopes were placed horizontally on top of each other in three banks

of 5 and 6 telescopes (see figure 3.1).

"down"

,3/
y

Figure 3.1 Setup for cosmic ray tuning and calibration.
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First the common thresholds of the leading-edge discriminators have been set to 80 mV. Then,
with the help of the 1.17 MeV and 1.33 MeV gamma rays from a ^Co source and electrons from
a ^Sr beta source (endpoint energy of 2 MeV), the high voltages were adjusted for all the photo-
tubes individually. This was done in such a way that the 80 mV thresholds correspond to
discrimination levels not higher than 1 MeV for all source positions along the detector bars, hence
taking into account the light attenuation in the scintillators. Next, events of cosmic particles
penetrating the banks were recorded on tape and analysed. For these runs, the electronics as
described in section 2.3. was left untouched, except for the Programmable Logic Unit, which was
programmed in such a way that a multi-coincidence involving at least three detector telescopes, in
either one of the three detector banks was recognised as a valid event. Typically, a few hours of
data taking was sufficient to determine the values of the calibration parameters.

The analysis of the cosmic ray data proceeds at follows. The position x where the detected

particle enters a detector - either AE or E - is defined as the position from the center of the bar, thus

ranging from -500 to 500 mm. This position is expressed in the measured "up" and "down" TDC

values t,,p and tj0 by means of two parameters v and x0 in the following way:

x = ( tdo- tuP ) v + xo • (3.1.1)

The values of both parameters can be determined from the width and the center of the position
spectrum N(x) directly.

Knowing the position, the attenuation of the light due to the distance it travels inside the

scintillator before it reaches the photomultplier can be corrected for, in order to obtain position

independent ADC values a from the measured ADC values a, for the "up" and "down" sides:

( 3 1 2 )

with

a : light attenuation factor,

P : response ratio of "down" and "up" phototube,

a , ado : pedestal (ADC offset) values.

The pedestal value, being partly the electronics offset of the ADC module and partly due to a DC-

offset on the input signal, has to be subtracted from the measured ADC value. It corresponds to the
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position of the sharp peak in the ADC spectrum, measured with the ADC-gate signal delayed with

respect to the photomultiplier pulse (see figure 3.2).

After the pedestal values have been found, the parameters a and (} can be determined by

requiring:

-^- = 1, independent of position x. (3.1.3)

"do

Finally, the energy deposited in the detector is given by:

(3.1.4)

in which Cg is the absolute energy-calibration parameter, see below. From the known energy loss

of relativistic charged particles in the scintillator material (0.2 MeV/mm), the energy Ec deposited in

the detector can be calculated from:

.dE

E c =- dx

cos<|>

with:

d : thickness of the detector,

<j> : cosmic ray's angle of incidence.

The angle $ is deduced from a straight line fit to the positions x against the vertical distance in the
c

detector bank. Comparison of E with E reveals the absolute energy-calibration parameter CE.

The attenuators, put between the photomultipliers and the ADC's, were readjusted such as to
optimize the ADC ranges for the actual experiment. Care has been taken to prevent high energy
protons from causing overflows in the ADC of the E detector, and equivalently for deuterons which
can deposit up to 60 MeV in the AE detector. Changing the attenuator settings influences the
calibration. Therefore, the final parameters to be used in the on-line data analysis were determined
from an iterative procedure.

ADC gate

PM pulse 1/ V
Pulse height measurement Pedestal measurement

Figure 3.2 Determination of the pedestals.
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3.2. The on-line analysis

During data-taking, the reading of the CAMAC modules had absolute priority over the on-line

analysis of the measured events. In this way no additional computer dead time was caused by the

data analysis. The amount of data acquired and analysed from the TI^D —> pp reaction was sufficient

to allow for continuous monitoring of the vital parts of the experiment.

In the on-line analysis, histograms of positions, energies and flight times were accumulated for

each of the 16 detector systems. Only the raw ADC and TDC values were written to tape, thus the

on-line analysis parameters did not affect the recorded data.

Two-fold coincidences of charged particles recorded in "back to back" detector pairs were

selected to enhance the contribution in the on-line samples of protons from the JI+ D —> pp reaction.

An additional selection on protons was possible, because the mass M of the detected charged

particles could be estimated from the measured energy deposits in the AE and E detectors as

[Gou75]:

^ ( E A E + E E ) . (3.2.1)

The angles of the protons with respect to the direction of the incoming pion determine the

kinematics of this reaction completely, thus the calibration of the energy peaks can be checked and,

if necessary, readjusted. Two-dimensional scatter plots of the energy of forward against backward

detected protons were accumulated for the eight detector combinations. An example is given in

figure 3.3. Here, clearly the peak originating from the n+ D —» pp reaction is visible.

An important quantity, the start time at target S, is defined in the following way:

Here tT0F represents the measured time-of-flight between target and the detector, obtained in a

position-inpedendent way from the TDC values (see figure 3.4):

<3-2-3>

The off-set parameter ts includes the light propagation inside the detector bar (see figure 3.4) and a

general timing offset. The quantity CTO F represents the flight time as calculated from the measured

total energies T of the detected protons:

d
cT O F= • ===== . (3.2.4)

,/T(T+2Mp) /[(T+Mp)c)
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with:

d : distance from target to detector,

T : total kinetic energy E ^ + Eg,

Mp : proton mass.

The offset parameters tj in equation (3.2.3) were determined by shifting the observed peaks in the

start-time histograms towards zero for all the detectors.

By applying in the analysis sofware a narrow coincidence window around the start-time peaks

for all telescopes, the amount of background Events can be reduced dramatically. For triple

coincident protons, in the order of 90 % of the recorded events are rejected in this way. The amount

of background events recorded on tape could not be reduced by narrowing the wide (~30 ns)

coincident window in the electronics setup for the sake of the dynamic range, as was pointed out in

the previous chapter. However, the histogram of the summed energy of triple proton coincidences

(figure 3.5) shows a low fraction of counts appearing above the kinematical limit of -175 MeV.

This confirms that the amount of random triple coincidences can be reduced sufficiently in the

analysis by gating on the start time. For each run, sealer information was printed out. In this way,

count rates of individual detectors, as well as fractions of the event types actually written to tape,

computer dead time, and more diagnostic information could be inspected regularly.

t
>160 -1

2 120

•8 80
c

40

1 1

+
It

1
•j ••

D-^PP :

/ ^

r !

f* :

i^1.'. 1

40 80 120 160
E in detector 2 (MeV)
P

Figure 3.3 Scatter plot for the energy of the back-to-back

detector pair 2 (forward proton)-10 (backward proton).
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with t. + 1 , = —— = constant1 2 <v>
where <v> is the speed of light in the scintillator.

PM "down"

Figure 3.4 Position independent determination of the flighttime t-10F
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Figure 3.5 Summed kinetic energies of three coincident protons, acquired

with 4 ns wide windows on the start-time peaks of the individual protons.

Reference

Gou 75 F.S. Goulding and B.G. Harvey, Ann. Rev. Nucl. Sci. 25 (1975) 167
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Chapter IV

Data compression and calibration

4.1 The data analysis program

The off-line data analysis has been performed on the NIKHEF-K GOULD PN9000 computer,

using the program ANALYS, a sophisticated fast fifth generation data-analysis package. It has

originally been developed on a VAX 11/750 computer at the Amsterdam Free University, is written

in the programming language C, and requires a UNIX operating system [Ker 78], [STO 88]. It has

been Andre Stolk's initiative to develop a flexible data analysis program; his efforts are of great

importance in the analysis of multi-parameter experiments. The program has been extended to meet

the requirements of the present work.

The program reads from magnetic tape or from a disc file listmode data blocks consisting of a

sequence of events, and copies the events into an internal buffer. The user can define a sequence of

standard operations, which perform calculations on the words of an event and appends the results at

the end of the original event. The resulting data can be projected into one- or two-dimensional

histograms unconditionally, or conditionally with the aid of a large set of logical operations. The

user can extend the possibilities by creating special-purpose operations in self-written routines

which can be linked to the package.

The program allows for flexible parameter-input handling, without the need for recompilation.

The rather interactive nature of the package is useful in applications where frequent inspection of the

results and modification of analysis parameters is desirable, like in calibrating the data or testing

analysis procedures. A special batch version of the program is available for performing well

established analyses on large data sets. Repetitive analysis of the same datafile with automatic

readjustment of relevant parameters is possible. In this way, calibration procedures with iterative

parameter determination can be performed with a minimum of human interception.

The storage space for the histograms is dynamically allocated. This has the advantage that the size

of the executable version of the program is not fixed, but determined by the application. On the

accumulated spectra several transformation and other operations - like smoothing - can be carried

out. In addition some fitting facilities are available. The spectra can be saved in libraries and

displayed using a graphics package forming pan of the program.

Advanced data reduction and data compression facilities are available. Using the logical

conditions, a subset of the original events can be selected and written in new datablocks, to be

stored on magnetic tape or disc file. Furthermore, completely new events can be built up from the

resulting words of the operations in the data analysis. In order to save space in the storage of the

newly selected data, the structure of the events can be coded to yield events of variable size. The
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coding and related decoding is defined in routines, accessible to the user. The combination of these

capabilities has shown to be essential in reducing the data to a managable size.

4.2 Coded data compression

The experiment has been performed in three periods of three weeks of beam time each. In each

period, about one week was needed to tune the electronics setup, leaving in total six weeks for data-

taking. During this time, roughly 600 magnetic tapes were written. In order to reach the final data

analysis, the original data had to be replayed several times for the following reasons.

Firstly, the detectors are calibrated in extended procedures, in which the calibration parameters

are determined from the measured data. In order to correct for the instabilities during running time,

the full data set is involved in the calibration. Secondly, the complexity of the experiment makes a

straight-forward interpretation of the data impossible. In the analysis, data are therefore replayed

several times, with different selections on energies and angles of the detected particles. These facts

clearly show the need of reducing the data to a manageable size.

During data-taking ADC and TDC information of all 16 detector telescopes surrounding the three

targets was recorded upon recognition of a pion absorption event, resulting in event sizes of 165

words. This information comprises two ADC words and two TDC words for each detector.

However, only at most four telescopes have simultaneously detected a particle; thus most of the

recorded words are of no use in the analysis. Therefore, a method of data reduction has been

chosen that reduces the event size by saving only the information of the detectors which had fired.

The sequence of detector numbers to which the saved information refers is coded into a special bit-

pattern word. In this way, one pattern word is formed for the fired AE detectors, and one for the

fired E detectors. A third pattern word codes the information of all other detectors in the setup that

have also recieved a signal. In the analysis of the coded data these three pattern words are used as

keys to restore the original event structure. Zero's are allocated to ADC and TDC words for the

"non-fired" detectors. Only for beam sample events the information is saved for all detectors, since

this is used in the pedestal determination (section 4.3.1). The pattern word comprising the event-

class information, which was created by the bit-register unit in the electronics, is copied for each

event individually.

In this method of data reduction no selection of events is performed, but for all measured events

only the useful information is stored economically. This results in events of variable size. An

average reduction factor in data-storage space of about six has been achieved in this way.
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4.3 Calibration

In this section the methods of the off-line calibration are discussed. The approach is different

from the calibration procedure as described in chapter III, in the following respects. The off-line

calibration procedure is more detailed, which is reflected in the appearance of more parameters.

Most important here is the correction for the pulse height dependence of the time measurement, or

the walk correction. This introduces a complicated mutual dependence of several parameters, the

evaluation of which requires much computer time (see section 4.3.5). A second major difference

has already been mentioned in the previous section. The off-line calibration is largely performed by

examining the measured data, in stead of by analysing separate cosmics or source calibration runs.

Advantages are inherent consistency, and the available large range of energies of the detected

particles. This last feature is essential in determining the walk correction. The discussion of the

calibration procedure follows the scheme, that is depicted below; the numbers in brackets refer to

subsections.

TDC calibration
Pedestal determination

t

energy determination
position determination

i t

fitting of the walk

r
energy calibration
correction for instabilities

t

flight-time calibration

(4.3.1)
(4.3.2)

(4.3.3)
(4.3.4)

(4.3.5)

(4.3.6)

(4.3.7)

Figure 4.1 Calibration procedure.
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The fitting procedure to determine the walk is an iterative one. In each single step new corrections

for the measured TDC values are determined. Both the energy and the position along the vertical

detector bar are important quantities in this procedure. For the energy determination a position

independent and therefore TDC independent expression exists; this is discussed in section 4.3.3.

The position, however, is directly dependent on the TDC values (see equation (3.1.1)); it therefore

has to be calibrated in each iteration step following the procedure as described in section 4.3.4.

After the walk fit has been performed (see section 4.3.5) the corrected TDC values are known and

the definite energy calibration, in which the position information is used, can be given. Next, the

stability of the energy calibration against running time is checked. Whenever necessary the values

of the parameters were left variable (as a function of time during the experiment) in order to correct

for instabilities (section 4.3.6). Finally, the flight-time calibration is performed (section 4.3.7). To

begin we follow straightforward procedures to calibrate the TDC signals and to determine the

pedestals (sections 4.3.1 and 4.3.2).

In order to achieve a fast and consistent calibration for the full data set, considerable effort has

been devoted to automate the procedures as much as possible.

4.3.1 TDC calibration

The TDC modules convert the time difference of the start and stop inputs linearly into digital

numbers, the magnitudes of which are represented by the channel numbers in the time spectra. The

conversion coefficients have been set to 50 ps per channel by selecting a switch on the modules.

The actual conversion factors have been measured accurately for each individual TDC channel in the

following way. A signal from a pulse generator was connected to the start inputs and via a variable

delay, to the stop inputs of each TDC module. From straight line fits to TDC-channel versus time-

delay plots the conversions have been determined. The obtained values show deviations of up to

2% from the selected values of 50 ps per channel. The calibration has been taken fixed during each

of the experimental periods.

4.3.2 Pedestal determination

The ADC's measure the total amount of charge accumulated in the time interval determined by the

width of the gate signals. The ADC offset values, or pedestals, show large mutual differences in

magnitude and appear to be unstable during running periods. This last effect can be explained by

instabilities of the DC level on the photomultiplier output signals, mainly as a consequence of count-
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rate variations. The pedestal heights can be found in the way indicated in iigure 3.2. Instead cf
performing seperate measurements with time-shifted gate pulses, the values were determined off-
line by projecting the ADC values under the condition that the corresponding gate signal was
uncorrelated. This was done by selecting TDC overflows in the beam-sample events. For these
events a large fraction of counters did not detect a particle. The pedestal values, which are the
centroids of the resulting ADC spectra, have been determined for each experimental run separately.
A pedestal versus run number plot for one phototube is shown in figure 4.2. The accurate
knowledge of the pedestals is especially important in the calibration of particles, which produce
little scintillator light, like neutrons or low-energy protons.

t
5
(0
a> 31

120 160 200

Run number

240

Figure 4.2 Pedestal value as afuntion of run number.

4.3.3 Energy determination

A TDC-independent expression for the energy deposit of a particle in the detector reads:

up ado (4.3.1)

with:

a'up, a'd0 : pedestal subtracted ADC values,

C : energy calibration parameter.

In contrast to expression (3.1.4), the light attenuation factors cancel in the product. As a
consequence, the determined energy is not affected by changes in the position calibration; thus the
calibration parameter C needs to be determined only once. As compared to equation (3.1.4),
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equation (4.3.1) implies a worse error propagation if one of the ADC values is low. This is the case

when a low-energy particle enters the detector close to one of the phototubes. However, for the

intermediate steps of the walk fitting procedure the accuracy of equation (4.3.1) is sufficient. The

energy calibration parameter C is determined by requiring that the peak positions in proton-energy

spectra, obtained by selecting protons in back-to-back coincident detector pairs, correspond to the

energy values as calculated from the kinematics of the reaction.

4.3.4 Position determination

The entrance position of the detected particle along the scintillator bar is defined in equation

(3.1.1). In the calibration procedure, the parameters v and x0 are readjusted frequently. These

readjustments are performed as follows. The position spectrum N(x) is acquired for a given data

sample, using existing parameter values. From the centre and width of this spectrum, the

corrections of the starting values can be determined. For that purpose the following procedure is

applied. First, the centroid "cen" of the spectrum is calculated directly:

N(x)

cen = — . (4.3.2)

Next, in order to obtain the width L, the following expression is fitted to the spectrum:

N(x) = - - . (4.3.3)
b + (x - cen )

resulting in values for a and b. Integration of N(x) over the full width should yield in the total

number of counts in the spectrum:

f j dx = X N(x) (4-3-4>
-U2 b + ( x - cen ) x

The sum at the right side of equation (4.3.4) is determined by integrating the acquired position

spectrum. One then obtains L by inverting this expression. Finally, the corrected parameter values

v* and XQ* are calculated from:

(4.3.5)
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where L D B r is the physical length of the detector (1000 mm for E, 1020 mm for AE). A position

spectrum together with it's fit is shown in figure 4.3.

t
c
3
O
O

-500

Position (mm)
500

Figure 4.3 Position spectrum and fit for a AE detector.

4.3.5 The fitting of the walk

In the experiment, leading-edge discriminators have been used to generate signals for the timing

logic. A leading-edge discriminator generates an output pulse whenever the input voltage crosses an

adjustable threshold. As a consequence, the time lapse from the "time-is-zero point", IQ, to the time

at which the threshold is exceeded, to + co, is dependent on the pulse height and pulse shape of the

analog input signal (see figure 4.4).

Time

Threshold

Figure 4.4 Time walk effect in leading-edge discrimination.
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This walk effect, which is large for small pulses can be corrected for in the following way [SUG

861:

L (4.3.6)

where t and a' ate the measured TDC value and the pedestal-corrected ADC value, respectively. The

factor s has to determined for each TDC individually, since it depends on the timing properties of

the phototube and scintillator used, and on the applied high voltage.

Each detector telescope comprises four photomultiplier tubes. The corresponding parameters

AE AE E , E
s , s. , s and s.
up do ' up do

are found from a simultaneous fit to the data from charged particles which penetrate the AE detector

and stop in the E detector, generating signals in the four corresponding phototubes. In performing

the fit, the assumption is used that position and flight time recorded in corresponding AE and E

detectors should be identical, apart from corrections imposed by geometry. If we define:
E

to = — u p , and similarly for the other phototubes,

we can write for the non-walk corrected quantities P (related to the position) and T (related to the

flight time):

< o U p % > .
F F (4.3.7)

expressed in TDC-channel units, and similarly for the AE detector. The differences AP in position

and AT in flight time for the AE and E detectors can be written as:

AP = PE-P*E = co ;>>l E
+ c% + AP 0 ,

AT = T ^ E = o ^ c o > i X E + A V
with:

f4E tAE = P E P* E

Here AP0 is the position difference imposed by geometry, and AT is the flight time over the distance

/ between the AE and E detector (see figure 4.5). The quantities AP and / can be determined from
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the position in either one of the detectors AE or E. The flight time over the distance / can then be

calculated from the measured mass and energy of the particle.

dist

Figure 4.5 Geometry involved in calculating the corrections AP0 and AT0.

From expressions (4.3.8) we directly see that:

(4.3.9)

E AE AT+ AP AE AE .

with:

The quantities F u p and Fd o are calculated from the corrected AE position (see figure 4.5); this

explains the co-dependences of these quantities in equation (4.3.9). The equations are strongly

coupled. The walk corrections co = s/Va' can now be found in an iterative procedure. We begin by

taking starring values for the AE-dependent parameters. The E-dependent parameters sE are then

obtained from a fit to the following expressions for a large data set (-10,000 events).
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AE. . n , AE AE.
) A P ( S s ) „ . AE AE. .

• F (S . , S ) + b
upv do up up

up

(4.3.10)

y + AE sAE

Here, AT and AP are determined from walk-corrected AE-TDC values, indicated by the sAE-

dependences. This causes the disappearance of the coAE-values in expressions (4.3.10). In the next

iteration, performed on the same data set, the found E parameters are used in fitting the AE

parameters in expressions similar to (4.3.10).

Because of the continuous changes of the TDC corrections, the position calibration parameters

have to be adjusted frequently. The position readjustment is performed, using the method of section

4.3.4. The correction of the flight-time parameter ts (equation (3.2.3)) is not important, since it is

not used in calculating either AT0 or AP0. The bu p and bdo parameters in (4.3.10) are included in the

fitting procedure, to account for possible off-set values. In order to avoid that bu p or bdo can

become too large in the fit, the AT values are minimised by readjusting the ^ values in the following

way:

for iteration i+1. Absolute flight-time calibrations are performed, once the walk corrections are

definite. The procedure is repeated until convergence is reached, defined by:

s (i+1) - s (i)
< 0.01 , for all of the four parameters.

Convergence is reached typically after about 20 iterations.

In figure 4.6. a plot is shown of the flight-time-difference spectrum, accumulated without and

with walk-corrected TDC values. A resolution in the flight-time difference of about 700 ps FWHM

is achieved for each detector telescope.
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Figure 4.6 Histogram of flight-time difference as measured with

AE and E detector without (a) and with (b) walk corrections.

4.3.6 Energy calibration and correction of instabilities

Knowing the walk correction for the TDC values, and the related position parameters, the final

energy calibration can be performed by using a method similar to the one described in chapter III.

First, the light attenuation factor a and the response ratio (J of the "down" and "up" phototubes are

determined in order to obtain the position corrected ADC values; see equation (3.1.2). This was

done automatically by performing a straigth-line fit to the quantity

log
°do

as a funtion of position ; compare equation (3.1.3).

Here, the corrected ADC values a* have been calculated from reasonable start values for a and (J.

The fit results in a slope value which is equal to one half of the correction to be applied to the start

value of a in order to obtain position independence of the "Iog"-quantity. Similarly, the resulting

off-set value of the fit is the correction for the balance factor p, required to shift the "log"-quantity

33



towards zero. In figure 4.7. a plot is shown of the "log"-quantity as a function of position,

accumulated with corrected attenuation and balance factors.
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Figure 4.7 Corrected "log " value as a function of the position.

The values which are recorded by the ADC's are linearly proportional to the amount of light

produced in the scintillator. This amount is, however, in general not proportional to the energy

deposit of the particle in the detector; it deviates strongly from a lineair behaviour for slow particles.

For protons, the relation is given by [Mad78]:

L(E)=0.95 E - 8 . 0 ( l - e" 0 1 0 E (4.3.11)

where L(E) is the amount of produced light for a stopping proton with initial energy E, expressed in

"equivalent electron energy" (MeVe), defined as the amount of light produced by an electron with

the same energy. The amount of light L(E), produced by the back-to-back calibration protons in one

of the detectors is calibrated by adjusting the CE parameter in:

L(E) = ( a + a d o ) C E (4.3.12)

for both the AE and E detectors. This was done in such a way that the positions of the peaks,

clearly seen in the energy spectra of the coincident protons (see figure 4.8), correspond to values of

produced light as predicted by a Monte-Carlo simulation of the 7t+ D —» pp reaction. In this

simulation, the energy losses of the protons in the target and in the air between target and detectors

are, amoung others, taken into account. More details about the Monte-Carlo code are described in

the next chapter.
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Figure 4.8 Histograms of produced light in AE (left) and E (right) detector

acquired for back-to-back protons, expressed in electron equivalent energy (MeVe).

The stability of the photomultiplier response is checked by determining the centroids of the

V E ) = a^PCE' and ^J® = i C E valueS>

over samples of 10 runs each, covering an interval of typically 8 hours running time, and plotting

the results as a function of run number. As can be seen in figure 4.9, the instabilities can be as large

as 20%. These instabilities can be corrected for by assigning run-number-dependent values to the

parameters Cj and c2 in:

such that the centroids of the CjLup(E) and c^L^E) values, automatically determined over each run

sample, are constant over the total running period. The Cj and c2 values are normalised as:

L(E)

In this way, the peak positions L(E) in the &E and E spectra as accumulated with the full statistics

are not affected. Determination of these peak positions for each individual run sample is inaccurate
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because of the low statistics available in such a sample, and is therefore avoided by applying this

method.
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Figure 4.9 Centroids ofLdo(E) values as a function of run number.

4.3.7 Flight-time calibration

The absolute calibration of the flight time for the AE detectors is performed by centering the peak

of the start-time histogram, as defined in equation (3.2.2), at zero. This insures that the measured

flight time is consistent with the determined energy. For the E detector, this method cannot be

applied directly since the energy loss in the AE detector introduces an increase of the flight time

which is dependent on the energy and angle of the detected particle. This increase, however, is

accounted for in the flight-time difference AT, of which a histogram is shown in figure 4.6.

Therefore, the t. parameters for the E detectors are determined by centering the peaks in the AT

histograms at zero.
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Chapter V

Data reduction and normalisation

5.1 General

After the final calibration parameters had been determined, the data files were further reduced in

size by copying the data into newly defined events, i.e. by writing calibrated quantities only, like

the energy or the momentum of the detected particles. Furthermore, the data set was split into

separate files for different reaction channels. In this thesis, reactions with at least two measured

charged particles (protons or deuterons) in the final state are discussed. Reaction channels with four

or more charged particles comprise a low fraction of the total acquired amount of data (see figure

5.1), and are not discussed in this thesis. The statistics is too low to perform a detailed analysis on

these reaction channels.
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Figure 5,1. Multiplicity distribution of detected

charged particles (protons and deuterons).

As will be shown in the following, many reaction channels contain deuterons. This has only

become clear during the off-line analysis of the experiment. It stresses the importance of a good

separation between protons and deuterons. The mass calculated according to equation (3.2.1) is not

a good particle identifier, since deuterons with an kinetic energy lower than ~60 MeV stop in the AE

detector. Therefore, the combined information of measured energy and flight time has been used to

distinguish protons from deuterons. This is done by means of the "start time at target" quantity, in a

procedure which is explained in the following.

As is described in section 4.3.6, the energy calibration of the data has been performed in terms

of light produced in the scintillator, taking into account the energy loss of the protons in the targets

and in the air. During data reduction, the amount of produced light is used to calculate energies. For
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protons, the inverse of eq. (4.3.11) can be used. For deuterons, the relation between energy and

light production has been established in the following way. In [Cra70] a semi-empirical expression

is given for the total amount of light L(E) emitted by a charged particle which expends all its energy

within the scintillator:

E

L(E) = S, f ^ 5 = - , (5.1.1)

dx

where the product kB, treated as a single parameter, has been determined from a fit to the response

of protons in a NE102 scintillator. In the present work, this expression was first used to determine

the normalisation constant SL in such a way that eq. (4.3.11) for protons is reproduced. Here, the

specific energy loss dE/dx for protons was calculated as a function of energy using Bethes

expression, given for example in [Kno79]. Next, the produced amount of light for deuterons was

determined from eq. (5.1.1) using the same values of kB and SL as for protons, with dE/dx,

however, now taken for deuterons. The results of this method are plotted in figure 5.2.
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Figure 5.2 Amount of produced light by stopping protons and

deuterons as/unction of energy E, for NE102 scintillator material.

Once the energy of the particle when entering the detector is known, the initial energy (i.e. at the

reaction point in the target) can be estimated from the energy loss in the air between target and

detector, and the energy loss in the target itself. Since the reaction point in the target is unknown,

the mean path length in the target for the produced particle has been determined with the aid of the

Monte-Carlo simulation program; this mean path length was found to be 4.2 mm. The total flight

time of the particle from the target to the detector has been calculated from the measured energy by

integrating the flight-time contributions in 1 mm steps within the target, and in 1 cm steps in the air,
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taking into account the energy losses over each single step. The start time S, as defined in eq.

(3.2.2), is then found by subtracting the calculated flight time from the measured time. One should,

however, keep in mina that the calculated flight time CTOF depends on the type of the detected

particle (p or d). The start lime for protons Sp and for deuterons Sd is given by:

S p = tTOF"CTOF a n d S d = "TOF " CTOF'

respectively, where the flight time tTOF is measured by the AE detector. The value of the start time

S(x) is only 0 (within the resolution limits), if the mass assumed for the calculation cTOp

corresponds to the correct particle mass; in the case of wrong particle masses, S will have an energy-

dependent deviation from 0. Thus a gate on the start time can be of help in the identification of the

detected particle. Details are decribed in the following sections for two- and threefold coincidences.

5.2 Twofold coincidences

A histogram of the quantity Sp, acquired from the detection of always one particle of back-to-
back coincident pair events shows a rather poor resolution (see figure 5.3a). The resolution of the
flight time as measured by the AE detectors, however, must be in the order of 500 ps, as can be
concluded from the observed 700 ps resolution in the flight-time difference spectrum of AE and E
detector (cf. figure 4.6b). The broadening of the start-time spectrum must therefore be explained
by instabilities in the trigger timing during the experimental period. This contribution cancels in the
difference of the start times of two coincident particles. A histogram of this difference is plotted in
figure 5.3b, which indeed shows a much better resolution.

t

S (1) (ns) Sp(1) - S (2) (ns)

Figure 5.3 Start lime Sp(l) of one particle (a), and difference

in start time Sp(])-Sp(2)for two coincident particles (b).
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The peak centered around zero in figure 5.3b represents two protons in coincidence. Such pairs
are most frequently encountered (90 % of the events). Proton-proton coincidences are selected by
putting a 2.7 ns wide window around this peak. The small enhancements on the left and the right-
hand side of the center indicate protons in coincidence with heavier particles. For those events,
histograms were accumulated of the quantities:

S (1) - Sd(2), with the mass selections (in MeV/c2) 800 < M(l) < 1200 and M(2) > 1200;

Sd(l) - S (2), with the mass selections (in MeV/c2) 800 < M(2) < 1200 and M(l) > 1200.

Here, Sp(l) denotes the start time of the first detected particle, assumed to be a proton. Calculating
the start-time difference in this way shifts it for pd coincidences to zero time difference. The mass
M is calculated according to eq. (3.2.1), modified to correct the energy deposit in the AE detector
for the incident angle. The additional selection on the proton mass improves the proton-deuteron
separation. A drawback is the high cut-off energy (-40 MeV) for the proton, since in calculating
the mass it is required that the proton passes through the AE detector. The selection "M > 1200"
ensures that the calculated mass for the deuteron (or heavier) candidate excludes that of the protons.
It does not effect the low energy cut-off for deuterons, since this selection is only applied to
particles for which the mass can be calculated, i.e. which reach the E detector. Figure 5.4 shows
histograms of the start-time differences. Proton-deuteron coincidences are selected by applying 2.7
ns wide windows around the peaks, as indicated in the figure. The large contributions next to the
centered peaks represent pp coincidences, of which the start-time difference now falls outside the
selected region in figure 5.3b.
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Figure 5.4 Histograms of the start-time differences for
pd-coincidences: Sp(l) - SJ2) (a) and SJ1) - Sp(2) (b).
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Since in each selection the particles are unambigiously identified, the correct energies as
calculated from the light production (see section 5.1) can be assigned to them. From the spacial
coordinates of the detected particles in the detectors, the components of the momenta can be
determined. For each reaction channel a data file is generated, consisting of words representing
energies and momentum components of the detected particles.

5.3 Threefold coincidences

For threefold coincidence events, three combinations of start-time differences Sp(i) - Sp(j) can be

made up. In figure 5.5a, a scatter plot is given for two combinations of start-time differences Sp(3) -

Sp(2)andSp(2)-Sp(l).
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Figure S.5 Scatterplot for start-time differences Sp(3) - Sp(2)

against Sp(2) - Sp(l),full (a), and selected areas (b) (see text).

The dots in the center of the plot represent threefold proton coincidences: all three start-time

differences are centered around zero. These ppp coincidences are selected by requiring:

IS (i) - S (i)l < 1.35 ns, for all three combinations.

Three more areas of enhanced intensity are clearly present in the figure. They represent cases where
only one start-time difference is centered around zero, indicating two protons in coincidence. The
deviations from zero of the other two differences indicate that the start time of the third particle is
calculated wiih the wrong assumption, i.e. that it is a proton. In order to investigate the nature of
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this particle, the three regions were selected as indicated in the plot given in figure S.Sb. For each

region the heavier particle is identified by its particle number. For the events in the selected

regions, the following quantity was calculated:

S .(k) - <Sn(ij)> = S .(k) - (5.3.1)

with k the deuteron candidate number as indicated in the regions of figure 5.5b, and i and j the

identified protons. Here, just as before the start time for deuterons was obtained with a mass

constraint M > 1200 MeV/c2. For the proton candidates, however, the selection on the calculated

mass was not necessary since they could be unambigiously identified by the start-time difference

Sp(i) - Sp(j). This resulted in a lower cut-off energy (25 MeV) for the protons as in the pd case. A

plot of this quantity projected under the condition that the start-time difference of the two protons is

smaller than 1.3S ns is given in figure S.6.
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Figure 5.6 A histogram of the start-time difference S^k) - <Sp(iJ)>.

The histogram peaks around zero, which proofs that the selected coincidences comprise in majority

one deuteron and two protons. The ppd coincidences were selected by a 2.7 ns wide gate around

this peak, as indicated in the figure.

The selected ppp and ppd coincidences were written to separate data files, in a similar way as was

done for the twofold coincidences, i.e. by creating events comprising words which represent

energies and momentum components of the detected particles.

The same methods for particle identification and data reduction were applied to data generated by

Monte-Carlo simulations. As an example the equivalents of figure 5.5a and figure 5.6 are shown in
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figure 5.7a and b, respectively, for a Monte-Carlo simulation of ppd events generated after pion

absorption in 16O.
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Figure 5.7 Equivalents of figure 55a (a) and figure 5.6 (b),

for ppd events created by a Monte-Carlo simulation.

5.4 Normalisation

In this section the method is described which is applied to obtain the normalisation of the

experiment. The absolute cross section Oc for a given reaction channel C can be expressed in terms

of the number of registered events N c which fulfil the relevant conditions for reaction C, in the

following way:

N,
A '

(5.4.1)

with:

: the number of pions impinging on the targets,

: the number of target (16O) nuclei per unit of area, and

: the instrumental acceptance, being the product of solid angle and efficiency.
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The acceptance AQ for each proces C, i.e. for a certain combination of detected particles, can be

determined from a Monte-Carlo simulation. The Monte-Carlo code generates list-mode data in the

coded compression format (see section 4.2). The data reduction procedures, described in the former

sections are applied to the "Monte-Carlo data" in the same way as to the experimental data. One

consequence of this is that the selections applied in the analysis, which can influence the

acceptance, are the same for the Monte-Carlo calculation and the experiment. The acceptance can

thus be written as:

with:

MC

N c : the equivalent of N c in eq. (5.4.1) for the Monte-Carlo analysis, and

N c : the number of reactions C taking place in the Monte-Carlo simulation.

The product N^IIQ in (5.4.1) can be determined directly from the target-counter rates as recorded

by the sealer units, and from the target geometry. This method requires a detailed analysis of the

beam-sample events in order to determine the fraction of pions in the recorded sealer values for the

target counters. Since the area of the irradiated target volume is overlapping the active area of the

target counters, the target geometry is determined by these counters. In the course of the - mostly

long - experimental runs, however, some of the heavy water appeared to have evaporated from the

target containers, such that the overlap condition has not been fulfilled throughout the total running

period.

The product Nnno can also be determined indirectly from the simultaneously measured rc^D—>pp

reaction, for which the cross section and angular distribution is know at Tn = 65 MeV |Rit 83) with

2.5% precision. It has been decided to apply this last method, which is straightforward and which

circumvents the knowledge of the target geometry under experimental conditions.

The differential cross section for one proton of a back-to-back coincidence pair, originating from

ction can be written as:

N^ p (8 ) N°c 1 ^ ( 6 )
EE = ̂  E E _ _ , (5.4.3)

e N n ^ C

where the acceptance A ^ is determined by the Monte-Carlo code in a similar way as given in eq.

(5.4.2). In the Monte-Carlo simulation, the two protons are produced back-to-back in the center-of-

mass frame of the rcD system for Tn = 65 MeV. The angle of one proton with respect to the

direction of the incoming pion is chosen randomly in this system. In this way, the acceptance factor
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A,,D includes the transformation Jacobian for the cross < ection. Consequently, if the angle 0 in eq.

(5.4.3) is calculated in the center-of-mass frame, ' U differential cross section is given in the center-

of-mass frame as well. The shape of the angular distribution dc/dil can be expressed in a Legendre

polynomial expansion [Rit 83]:

i £ . = _L[ao + a2P2(cos0)l ,
dQ 4 j c l J

(5.4.4)

with ao = 7.51 mb/sr and a2 = 8.24 mb/sr. Therefore we can express the product N ^ in terms of

the ratio of the angular distributions determined in the analysis of the experimental data and the

Monte-Carlo data, knowning the number of generated reactions in the Monte-Carlo simulation:

N , n D = 1

ao+ a2P2(cos 9)

4n

(5.4.5)

Here, the normalisation constant K is determined from a fit of the Legendre polynomial expansion

(5.4.4) to the Monte-Carlo-corrected angular distribution (NExp/NMC)(8). In figure 5.8 this angular

distribution is shown together with the fit. The shape of the angular distribution reproduces the

shape of the fit, which is determined by the fixed ao/a2-iatio from the literature.

f
3
10

g-
LU
Z

50 100
CM. angle (degrees)

150

Figure 5.8 Monte-Carlo-corrected angular distribution of a proton

from pion absorption in deuterium. The curve represents the fit of the

normalisation constant as explained in the text.

The value for K is obtained with 3 % accuracy, including the error in the reference cross section

from [Rit 83]. Since there arc twice as many deuterium as Oxygen nuclei in D2O one has Nnno =
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This product is related to the number of measured coincidences. In order to obtain the correct
normalisation, the prescale factors for the different event types (see section 2.3) have to be
considered correctly. In addition, the computer dead time must be taken into account, since this is
not necessarily the same for all of the event types. For the individual event types, which are
identified by a bit in the pattern word, the correction factor of interest is the product of prescale
factor and computer dead time. It is determined as the total number of events written to tape having
the identifying bit in the pattern word set, divided by the number of nonprescaled events of the
same type detected by the PLU in the electronics, represented by a sealer number written to tape.

In order to be able to determine the experimental angular distribution Npp(0), the proton
coincidences from the Jt+D—>pp reaction have to be separated from those originating from pion
absorption reactions in l6O. From figure 4.8 it is clear that the back-to-back condition only is not
sufficient for a clear separation. Therefore, a second condition was put on the individual kinetic
energies of the protons, demanding that these are within 15 MeV from the energies as calculated
from the kinematics determined by the measured proton angle. In figure 5.9 the resulting
decomposition is shown in a plot of the integrated-summed-energy spectrum for twofold coincident
protons. This means that by using the kinematics conditions a complete unfolding of the reactions is
obtained. The data file representing pp coincidences is split into two complementary files, one for
the jfTJ-^pp reaction and one for the (16O, pp) reactions, discussed in the next chapter.
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Figure 5.9 Integrated-summed-energy spectrum of two

coincident protons; all (a), (D, pp) and('6O, pp) (b).
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In order to keep the error in the normalisation to a minimum, the Monte-Carlo procedure must

account in a realistic way for all processes which contribute to inefficiencies of the detection.

Effects of geometry and multiple scattering are taken into account correctly as can be concluded

from the perfect fit to the angular distribution. Time and energy-resolution parameters in the

simulation have been adapted such to reproduce the data. Furthermore the energy dependent cross

sections for the reactions of the protons and deuterons in the scintillators have been used to estimate

reaction losses of the detected particles.

For all the reaction channels studied, separate Monte-Carlo runs were generated. Here, as in the

real experiment, pions are impinging on three separate targets. The acceptance eq. (5.4.2) depends

on the specific target from which the detected particles are originating. This fact is taken into

account by adjusting the relative number of reactions simulated by the Monte-Carlo program in each

of the targets in such a way, that the analysed target-number distribution for the Monte-Carlo data

is consistent with the distribution as found in the experiment.

In the analysis, the contributions from empty-target measurements were subtracted from those of

the full-target measurements, for each selection of the data. The ratio of sealer values for

coincidences of the counters in the beam telecope was used to determine the relative normalisation

of the empty- and full-target measurements. Here the product of dead time and prescale factor was

taken into account, since this product was in general different for the full- and empty-target runs.
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Chapter VI

Further analysis and results

6.1 Introduction

In the previous chapter the data reduction oi four important reaction channels containing two or

more charged particles was discussed. The data reduction resulted in four data files, one for each

reaction channel, comprising the energy and cartesian momentum components of the protons and

deuterons in the final state of the reactions. In the further analysis several reactions which can

possibly explain the kinematics of the data have been investigated. In particular, evidence was

searched for simple quasi-free absorption reactions on 2, 3 or 4 nucleons. In the following table the

four measured reaction channels are listed together with the direct pion absorption reactions which

lead to the corresponding final states.

reaction channel

(Jt+, PP)

(Jt+, pd)

(JI+ , ppp)

(it+, ppd)

reaction

7t+ + pn —» pp

7t+ + pnn - * pd

Jt+ + ppn - » p p p

%+ + ppnn —> ppd

In this simple picture of a quasi-free reaction process the residual system acts as a spectator. The

signatures of the direct reaction mechanisms are disturbed by several processes. One possibility is

that the particles which are emitted in the primary reaction undergo final state interactions (FSI) with

other nucleons. Interactions accompanied with small energy or momentum transfer are suppressed

due to the Pauli blocking of the bound nucleons in the residual nucleus. Therefore in final state

interactions the secondary nucleons are most likely to be knocked out of the nucleus. In this case,

for example, a triple proton coincidence can be detected upon an elementary Quasi Deuteron

Absorption reaction (QDA) on a pn pair resulting in two protons, followed by the knockout of a

third proton. Similarly, one of the two primary protons can pick up a neutron resulting in a proton

and a deuteron in the final state; thus detection of a pd coincidence is not an unambigious signature

of a direct absorption process on three nucleons. The two-step processes can only be considered

distinct from the direct three-nucleon absorption reactions if the intermediate state, i.e. after the

primary two-nucleon absorption, is on the energy shell. Otherwise they form part of the total three-

nucleon absorption amplitude. In both cases, however, three nucleons participate in the absorption

reaction.
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The residual nucleus can generally be left in an excited state. The excitation energy may,
however, be so high that the nucleus becomes particle unstable and evaporates several low energetic
nucleons. In this case we do not speak of nucleons participating in the absorption reaction.

The Monte-Carlo simulation program plays an important role in the analysis of the data. It offers
the means to compare the data with simulations of absorption reactions on a given number of
nucleons, governed by pure phase-space like kinematics. This gives information on the number of
participating nucleons (in this thesis, these nucleons are said to form the absorbing "cluster").
Furthermore, since the processes are simulated according to an absorption operator with a constant
matrix element, deviations of the data from the simulations might point out interesting physics. In
addition, the program is used to determine the acceptances for reaction c.annels of which cross
sections are estimated. These acceptances are needed in the calculation of the cross sections of the
corresponding reaction channels in a way similar as in the determination of the normalisation; see
section 5.4. For this purpose it is necessary that the Monte-Carlo program gives a realistic
description of the kinematics of reaction processes involved. The principles of the Monte-Carlo
event generator are explained in section 6.3.

The analysis of twofold coincidences (pp and pd) is presented in section 6.4. Threefold
coincidences (ppp and ppd) then follow in section 6.S. The interpretation of two- and threefold
coincidences is closely linked. Firstly, there is the earlier mentioned FSI effect. Secondly, since the
setup did not cover the full phase space, the detection of only two particles does not exclude the
possibility that more particles have actually been produced in the absorption reaction. The
probability of detecting two particles out of three has been determined from the analysis of Monte-
Carlo generated data, simulating processes in which three particles are emitted in coincidence. The
results are presented in section 6.6. Finally, a summary of the resulting cross sections for the
measured reaction channels including the obtained corrections, is given in section 6.7.

First, some details of the quasi-free reaction mechanism used in the simulation are discussed in
section 6.2 together with the definition of some quantities which are calculated from the data words
and which are used in the further interpretation of the data.

6.2 The quasi-free reaction mechanism

In the quasi-free reaction mechanism the pion is absorbed on a cluster of N nucleons in the
nucleus A, while the other A-N nucleons act as spectator. These spectator nucleons constitute the
residual system. The spectator can be formed either by one bound residual nucleus in the case of
moderate excitation energies or by several fragments in the case of large energy transfer to the
residual nucleus. Both cases are kinematically equivalent; in the following we will speak of the
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residual system. A graph of the reaction for an absorbing cluster containing three nucleons is given

in figure 6.1.

A-3 = R

Figure 6.1 Pion absorption on a cluster of 3

nucleons in a quasi-free reaction mechanism.

The momentum of the residual system R plus the sum of the nucleon momenta in the absorbing

cluster, before the absorption reaction takes place, equals zero. Thus we can write:

"miss (6.2.1)

with

p! : the momentum of detected particle i (proton or deuteron)

p^ : the momentum of the incoming pion, and j} |n iss: the missing momentum.

Since the detected particles can be composite, the number of particles in the final state of the

reaction is not necessarily equal to the number of cluster nucleons N. In general the residual system

A-N will be left in some excited state. Applying the energy conservation law to the system results in

the value Ex for the excitation energy as follows:

(6.2.2)

with:

Mn ,Tn : mass and kinetic energy of the incoming pion,

T; : kinetic energy of the detected panicle,
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Q : Q value of the reaction, and

TR : kinetic energy of the recoiling system.

Here, TR is determined from the momentum and the mass of the residual system. It is small due to

the high mass of the recoiling system. The excitation energy is deduced form the data under the

assumption that all nucleons which participate in the absorption reaction are detected. More

generally we can speak of the missing energy, defined as

since the energy misbalance is a combined effect of the excitation of the recoiling-system and the

kinetic energy of possibly undetected nucleons.

6.3 The Monte-Carlo event generator

In the Monte-Carlo simulation of each reaction channel the events are created using the above

described quasi-free reaction kinematics. The momenta of the produced particles are chosen, in the

(pion nucleon-cluster) center-of-mass system, to be uniformly distributed in the phase-space as

determined by the reaction products. The probability distribution of the cluster momentum p c is

chosen according to:

» f p 2 1
P(PC=P)=P exp ^ T . (6.3.1)

Here N is the number of nucleons in the cluster and pf, the fermi momentum of each nucleon in

the cluster, is a parameter whose value has been determined by comparing the resulting distribution

with the data in the following way. As will become clear in section 6.4, the 16O (JI+, pp) 14N

reaction at low excitation energies of the 14N nucleus is dominated by the quasi-free quasi-deuteron

absorption process (QDA). For this region the magnitude of missing momentum pmiss equals that

of the absorbing cluster momentum. A histogram of this quantity is shown in figure 6.2 together

with the result of the analysis of Monte-Carlo data for the 16O (rc+, pp) 14N reaction. The measured

data are best reproduced with a Pf value of 110 MeV/c.
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Figure 6.2 Recoil-momentum spectrum for the I4N nucleus; data

(black) and Monte-Carlo simulation with pf= 110 MeV/c (gray).

This agrees well with the value of the fermi momentum obtained from fits to the 15O (e,e'p)15N

reaction (106 MeV/c).

The excitation of the residual system is simulated in the Monte-Carlo program by including a

variable excitation energy in the mass of the recoiling system. The limits, between which the

excitation energy may vary, are parameters of the Monte-Carlo program. This allows for a

comparison with the data for different regions in excitation energy.

The distribution of the detected particles over the phase-space is largely influenced by the detector

geometry and by the experimental cuts in the analysis. The geometrical effects of the setup have

been taken into account in the particle-tracking routines of the simulation program. Also, energy-

dependent inefficiencies caused by nuclear interactions of the detected particles in the scintillator

material have been simulated. The Monte-Carlo program produces simulated data with the same

format as the experiment. Since the simulated events are analysed in the same way as the

experimental data, all experimental effects are taken into account. For all the detectors a common

low-energy cutoff on the detected particle energies has been applied. This corresponds to a low-

energy threshold for all detected particles of 25 MeV at the interaction point in the target; i.e. after

corrections of energy losses. The only exception forms the low-energy cutoff for the protons of the

pd-coincidences (see section 5.2). For these protons, the (corrected) low-energy threshold has

been set to 50 MeV.

The Monte-Carlo program has been written by Jan Visschers [Vis 88]. His efforts formed an

indispensible contribution to the analysis of the experiment.
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6.4 Analysis of twofold coincidences

6.4.1 pp-Coincidences

In figure 6.3 a histogram is shown of the summed kinetic energies of the two protons originating

from the 16O (JI+, pp) reaction.

50 100 150 200

(MeV)

Figure 6.3 Summed-kinetic-energy spectrum of two protons; experiment (black)

and Monte-Carlo (gray). The Monte-Carlo simulated peak corresponds to the case

where J4N is left in its ground state; the broad bump stems from a simulation for

which up to ISO MeV excitation energy is dissipated.

The cut-off at the low energy side of the spectrum originates from the low-energy threshold of the
protons. The spectrum rises steeply and peaks at a sum-energy value near 180 MeV. For
comparison, the sum-energy spectrum obtained from a Monte-Carlo simulation of the 16O (7t+, pp)
14N (g.s.) reaction is shown in the same figure (the peak centrered at 180 MeV). The right-hand
edge of both spectra coincide. This means that the measured spectrum extends (within the
experimental resolution) towards the value of sum energy corresponding to the binding-energy
value (21.7 MeV) for the reaction.

The missing energy extends over a range larger than 100 MeV. The low-energy side of the
spectrum is compared with a Monte-Carlo simulation as well. In this case, the excitation of the rest
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nucleus has been uniformly extended towards 150 MeV; i.e. well below the experimental cut-off.
This last comparison shows that the steep rise of the sum-energy spectrum above 120 MeV is not
due to the acceptance of the setup. No narrow structures are visible; the energy resolution is not
sufficient to resolve discrete final states. There is, however, a slight indication of a small bump near
35 MeV excitation energy. This corresponds to the energy needed for removal of two s-shell
nucleons. The smoothness of the spectrum suggests that the two-nucleon absorption mechanism
dominates up to high missing energies. The interpretation of the spectrum is, however, ambiguous
since the missing energy is partly due to excitation of the residual nucleus and partly due to the
emission of more than two protons in the reaction.

The increase of the recoil mass by excitation, however, is a small contribution relative to the
ground state value of -13.0 GeV/c2 for 14N. Therefore the recoil momentum is not significantly
affected by the amount of nuclear excitation. Consequently, the shape of the missing-momentum
spectrum is most sensitive to momentum losses due to undetected particles. A histogram of the
missing momentum spectrum is shown in figure 6.4, together with the Monte-Carlo simulation of
the quasi-free QDA mechanism. In the Monte-Carlo calculation the recoil nucleus 14N has been
given an excitation energy varying from 0 to 100 MeV.

The simulated missing-momentum spectrum is normalised to the peak of the experimental
distribution. Above the value of 250 MtY/c the experiment shows more relative strength with
higher missing momentum than the prediction based on an undisturbed two-nucleon reaction. This
forms a direct indication for processes in which more than two nucleons contribute.
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Figure 6.4 Missing-momentum spectrum for

experiment (black) and Monte-Carlo (gray).
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The excitation-energy spectrum, derived from the data under the assumption of a two-nucleon

process, is shown in figure 6.5. The shape is roughly similar to the shape of the summed-energy

spectrum. This is due to the effect that the kinetic energy carried away by the recoil nucleus is small

(3.5 MeV at 300 MeV/c). Four areas have been selected in the excitation-energy spectrum. These

areas, which are indicated in figure 6.5, have been analysed separately. For each area the angular

distribution of the protons has been determined.
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Figure 6.5 Excitation-energy spectrum. For each of the four

indicated regions the angular distributions have been determined.

The same analysis has been performed on the Monte-Carlo simulated data, with identical

selections in the excitation energy spectrum. In the Monte-Carlo simulation, the protons are

produced in the center of mass frame of the Jt-cluster system with a uniform angular distribution.

Each experimental angular distribution has been divided by the one originating from the Monte-

Carlo data. This results in an elimination of acceptances and allows for the determination of the

absolute differential cross sections according to:

(6.4.1)

with

NR : the number of simulated (Jt+, pp) reactions in the given excitation energy region,

N ^ Q : see section 5.4.

56



The resulting four angular distributions are shown in figure 6.6. The errors shown in the figure are

statistical only. Three-term Legendre polynomial expansions (see eq. 5.4.4) have been fitted to the

angular distributions. The resulting values of the energy-integrated coefficients are given in table

6.1.

area £ B C D

ao(mb) 33.811.4 20.3±0.9 24.8+1.0 15.3±0.7

a^mb) -1.8±0.7 -2.5±0.5 -5.0±0.7 -6.3+0.6

a2(mb) 28.911.9 12.6+1.0 12.6+1.0 5.0+0.7

Table 6.1 Results of the three-term Legendre

polynomial fit to the angular distributions .

The quoted errors are statistical, including the 3% normalisation error (see section 5.4). The
parametrisation offers the possibility to integrate the measured differential cross sections alst over
the unmeasured regions of phase space in order to obtain the total cross section:

=j—da = i
n d Q

= a0 . (6.4.2)

In addition it allows for a comparison of the shape with that of the angular distribution from the

elementary rt+ D -»pp reaction. The anisotropy a2 / ao for the region of small excitation energy has

the value of 0.8610.09 (with a small at value). This is not far from that of the free deuteron

absorption case (1.09). It shows that in this region the undisturbed quasi-free absorption process

on a pair of nucleons having the deuteron quantum numbers is dominant. For higher excitation

energies the anisotropy decreases but does not vanish; the QDA process apparently remains

significant even in these regions of excitation energy. The values of the coefficients depend on the

selected regions. However, the trend of the results has been seen also for other choices of

selections in the excitation-energy spectrum. The cross sections which result from the fits to the

angular distributions can be summed to yield an estimate of the total cross section for the pion

absorption reaction to two measured protons. The value of this estimate is 9414 mb.
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Figure 6.6 Differential cross sections for four regions in the
excitation energy (see fig. 6.5).
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6.4.2 pd-Coincidences

Several absorption mechanisms can lead to the emission of a proton-deuteron pair. The quasi-

free, one-step mechanism is the absorption on a triton cluster in the oxygen nucleus. In this case the

proton and the deuteron are produced back-to-back in the centre-of-mass frame of the pion-triton

system. This results in nearly the same angular correlation of the proton-deuteron pair in the

laboratory system as for the two protons produced in a QDA process. Alternatively, a pd-pair can

be produced if one of the protons from an initially created pp-pair in a QDA process picks up a

neutron in a final state interaction. Likewise, the neutron from an initially created pn-pair can pick

up a proton. In these cases the angular correlation should be less peaked around 180° in the center-

of-mass system than the two-nucleon angular correlation due to the momentum of the particle which

has been picked up. A further possibility is that the detected pd-pair is a part of? larger number of

particles produced in the reaction. Such effects will be investigated in more detail in section 6.6,

using a Monto-Carlo code which simulates the production of ppd triple coincidences. In this

section, some evidence for a direct quasi-free absorption process leading to a pd-pair will be

presented.

The excitation-energy spectrum of the residual system as deduced from the measured proton and

deuteron energies and momenta is represented in the histogram of figure 6.7.

o so 100

Excitation energy (MeV) —

Figure 6.7 Excitation-energy spectrum for pd-

pairs; data (black line) and Monte-Carlo (gray line).
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Here, like in the pp-case, the occurrence of negative excitation-energy values originates from the

energy resolution of the experiment. In the same figure the spectrum as obtained from the Monte-

Carlo simulation of the quasi-free process is given for comparison. In the simulation the excitation

of the residual system has been varied uniformly up to a value of 150 MeV. Like in the pp-case, the

spectrum is rather broad; the cut-off at the high excitation-energy side is reproduced by the

simulation. In the pd-case the spectrum rises less steeply in the region of low excitation energy as

compared to the pp-case (see figure 6.5). In the further analysis the events with an excitation energy

less than 35 MeV have been selected and investigated in more detail. As for the pp-coincidences, it

is thought that in this region a signature for a quasi-free reaction process can be found, since only a

small amount of energy is available for other, undetected particles.

The angular correlation of the pd-pair has been determined as a function of proton angle (0P) .

The same analysis has been performed on the pp-coincidences. The comparison of the angular

correlations for pp- and pd-paiss is given in figure 6.8. The widths of the angular correlations are

comparable. A striking feature, however, is the completely different angular distribution of the pd-

protons as compared to the angular distribution of the pp-protons. The integrated angular

distribution of the produced proton has been determined in the same way as for the pp-case; i.e. by

dividing the measured distribution by the Monte-Carlo generated distribution. In the Monte-Carlo

simulation the particles are produced with a uniform angular distribution in the center-of-mass

frame of the pion-(triton-cluster) system. The result is given in figure 6.9 as a function of center-of-

mass angle.

The proton-angular distribution for detected pd-pairs is asymmetric around 90 degrees, being

peaked at forward angles. The shape can be compared with some results as found in the literature.

It is especially interesting to see that the shape of the angular distribution shows resemblence with

the "elementary" absorption process; i.e. on the tritium nucleus. The quasi-free absorption on a

triton cluster, resulting in a back-to-back proton and deuteron, has been identified clearly on 7Li

[Wha 86]. The results of this group, together with some data on tritium are shown in figure 6.10.

The angular distribution of the proton is forward peaked as it is in the present case. The results

seem to indicate that the measured pd-coincidences in the region of low missing energy originate

from a direct quasi-free absorption process on a tritium cluster in the oxygen nucleus.

A three-term Legendre polynomial expansion has been fitted to our data points. The uneven term

accounts for the assymmetry of the angular distribution. The results for the coefficients are quoted

in figure 6.9. The expansion coefficients give an estimate for the total integrated cross section of

5.5 ± 0.3 mb. This last quoted error includes the error in the normalisation (3%).
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If all the particles which are emitted in the absorption reaction are actually detected, the missing

momentum as deduced from the data is nonrelativistically related to the kinetic energy TR of the

recoiling system according to

This relation between TR and pmiss has been tested on the data in order to see whether the reaction

(7t+, pd), for excitation energies lower than 35 MeV, is governed by quasi-free kinematics. For

each 20 MeV/c interval in pm i s s the average value of the summed kinetic energy <Tsum> of the

detected particles has been determined. Since the missing momentum can be considered to be

independent of the excitation energy Ex of the recoiling system, we can write (see equation 6.2.2):

<T , > = E - Q-value - <E > - <TH> = C -
2M,,

(6.4.4)

for each interval in the missing momentum. A plot of <T,um> versus pmiss is given in figure 6.11.

Also drawn in the figure is the curve representing the relation (6.4.4) with MR equal to the mass of

the recoil nucleus 13C. The agreement is good for the full range of missing-momenta intervals and

confirms that the detected pd-pair are the only fast interacting particles in this region of excitation

energy.

>

160
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200 400 600

Missing momentum (MeV/c)

800

Figure 6.11 Average of the summed kinetic energies <Tsum > as a function of

missing momentum. The error bars correspond to the variance in <Tsum>.
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6.5 Analysis of threefold coincidences

6.5.1 ppp-Coincidences

There exist several pion absorption mechanisms which can result in the emission of three protons

simultaneously. Firstly there is the sequential two-step mechanism. Here, two protons are

produced initially in a QDA process followed by the emission of a third proton in a final state

interaction. Secondly, one can think of "direct" quasi-free mechanisms in which the three protons

are emitted in a one-step process on a cluster of three or more nucleons. Examples are the

absorption on "Helium-like" clusters, the (rc+ + ppn) and the (7i+ + ppnn) mechanisms resulting in a

ppp- and a pppn final state, respectively. The pppn final state can also be reached by the

combination of a (direct) 3-nucleon absorption reaction followed by the knock-out of a fourth

nucleon.

It is clear that the direct and multi-step mechanisms can not be separated unambigiously. In the

following the experimental data will be compared to Monte-Carlo simulations of 3-nucleon and 4

nucleon mechanisms, referred to as Q3A and Q4A mechanisms, respectively. In these simulations

the nucleons are emitted uniformly in the availabte phase-space. An attempt will be made to see

whether the data exhibit some special features for 3- or 4-nucleon kinematics.

In figure 6.12 a plot is given of the summed kinetic energies of the three protons, together witl

predictions for the Q3A and the Q4A processes calculated with an excitation energy of the res

nucleus varying uniformly from 0 to 50 MeV. This interval was taken to compare some features c

both processes. The Q4A distribution peaks at a lower summed energy as compared to the QiA

distribution, since the undetected neutron carries away kinetic energy. Due to the same effect, the

Q4A distribution should be broader than the Q3A distribution. This broadening is not apparent in

figure 6.12 since the experimental acceptance cuts off the summed energy distribution at the low-

energy side of the spectrum. Increase of recoil-nucleus excitation will extend the calculated

distributions further towards the lower-energy side of the spectrum. The only safe conclusion

which can be drawn from the spectrum is that the process leading to three protons cannot be fully

exhausted by the 4-nucleon Q4A mechanism.

Like in the two-fold coincident case, the missing-momentum distribution as calculated from the

detected protons is not sensitive to the amount of nuclear excitation. However, the differences in

missing momentum distributions of the O3A and the Q4A simulations are quite marginal. This is

shown in figure 6.1i where both distributions are compared to the experimental one. The Q4A

distribution is slightly shifted to the high-momentum side of the spectrum as compared to the Q3 A

distribution. The fact that the differences are small can be explained in the following way. In the

Q4A process the available energy is distributed over four nucleons. The resulting momentum which
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is carried away by the undetected neutron is comparable to the fermi momentum of the cluster in the

nucleus before the absorption takes place. Therefore the missing-momentum distribution is not very

sensitive to the extra neutron which is produced in the Q4A mechanism.

t
, 

/ 
M

eV
C

ou
nt

s

300

200

100

0

f ^
': Q4A j T f I

f f]\\.. 1., J... !K

Exp i

Q3A :

I i\ i
50 100 150 200

Summed energy (MeV) •
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In figures 6.12 and 6.13 the normalisations of the Monte-Carlo results have been adapted to the
data. Figure 6.13 indicates that the Q3A distribution describes the data better than the Q4A
distribution. One cannot, however, conclude directly from this that the four-nucleon process is
negligible. The experiment has a much lower acceptance for the Q4A protons since they have lower
energies than the protons originating from the Q3A process, for the same region in nuclear
excitation. The Monte-Carlo distributions shown in figures 6.12 and 6.13 result from simulations
of 550000 absorption reactions for both the Q3A and the Q4A processes. In the Q3A case 16000
protons are detected, while in the Q4A case only half as much.

The signature of a possible Q4A process is expected to be more appa ent in the region of low
summed energies, since a part of the large missing energy might go into an undetected neutron
(compare figure 6.12). The center-of-gravity of the missing-momentum distribution has been
calculated for different regions in summed kinetic energy of the three protons. This has been done
for the experimental data and for the Q3A and Q4A Monte-Carlo simulations. In the simulations the
values of maximum excitation energy have been chosen sufficiently large in order to fully cover the
experimental acceptance. The results are shown in figure 6.14.
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The results show that the mean value of the missing momentum for a certain process is not very
sensitive to the summed energy, or equivalently, the excitation energy. The values for the
experimental data range from Q4A-equivalent values at low summed energies to Q3A-equivalent
values at high summed energies. That for low summed energies the full shape of the missing-
momentum distribution of the data is reasonably well reproduced by the Q4A simulation, is shown
in figure 6.IS. Here the missing momentum distribution is plotted for summed energy values
smaller than 120 MeV.
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Figure 6.15 Missing-momentum distribution for an event

selection with summed proton-kinetic energy lower than 120

MeV. Data (black lines) is compared with the Q4A distribution.

The angular correlations of the three emitted protons are represented in the following way.
Histograms of the angle between the second and the third proton are plotted for four regions in the
relative angle of the first and second proton. Here, the protons are counted counter-clockwise in the
top view of the setup (see figure 6.16). All relative angles are calculated from the scalar product of
the momentum vectors; the values range from 0 to 180 degrees. The results are presented in figure
6.17a, b and c for three different regions in the summed kinetic energy of the three protons. For
each energy region the four resulting plots have a common normalisation. The same analysis has
been performed on the simulated data for the Q3A and Q4A processes, both with the same energy
selections as in the measured data. The results of the Q3A and Q4A simulations are compared with
the measured data in the figures 6.17a and 6.17b. In figure 6.17c, which represents the region of
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Figure 6.16. Definition of opening angles and selected regions

used in the analysis of the angular correlations qfppp-coincidences.

high summed energy, the data are only compared with the Q3A distribution since the Q4A process

can hardly contribute in this region (compare fig 6.12). The normalisation of the simulated angular

correlations has been chosen such as to match the total number of measured proton coincidences in

each of the three regions in summed energy; this means that the normalisations of each of the

angular correlations have not been adapted individually.

The justification for this rather inclusive way of representing the angular distributions is that there

is no strong angular dependence expected for a single proton, since there is no way of selecting one

of the three identical particles unambigiously.

Figures 6.17a and 6.17b show rather marginal differences in both types of simulation. Four-

nucleon kinematics (Q4A) represents the data somewhat better in the region of low summed energy

(<120 MeV) than the Q3A process (figure 6.17a). In the region of intermediate summed energy

(120-150 MeV; fig.l7b) the situation is reversed. In this plot the Q3A distribution slightly

underestimates the data in region HI at opening angles near 90 degrees. This behaviour, which is

also seen in figure 6.17c, could point to a contribution of a two-step mechanism where the two

protons involved in a final-state interaction form an opening angle of 90 degrees. As was mentioned

before in the introduction of this chapter this can only be the case if the intermediate state, i.e. after

the first-step pion absorption reaction, is on the mass shell.

The general trend of the results is in qualitative agreement with figure 6.14, which indicates an

increasing contribution of the Q4A process for low summed energy.
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6.17b Exp. and Q3A
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6.17c Exp. and Q3A
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Figure 6.17 Angular correlation plots of the second and third proton for four regions

in the angle between first and second proton and for three regions in the summed kinetic

energy of the protons: < 120 (a), 120 -150 (b) and > 150 (c).

The missing-momentum distributions (figs. 6.14 and 6.15) and the angular-correlation plots (fig
6.17) suggest the presence of a non-negligible four-nucleon absorption component. The cross
sections of the Q3A and the Q4A components have been determined in the following way. Monte-
Carlo- simulated data files have been produced for both processes, for adjacent regions in excitation
energy with a width of 25 MeV. Either three Q3A (0-75 MeV) or two Q4A files (0-50 MeV) were
sufficient to cover almost the total region in the measured summed kinetic energy. In the Monte-
Carlo calculations the number of simulated reactions determines the normalisation of the simulated
process. For each produced data file these numbers were determined such as to reproduce the
experimental summed-energy spectrum (see fig. 6.18) and the analysis of center-of-gravity of
missing momentum as a function of summed energy (fig.6.19).
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Figure 6.18 Summed-energy distribution (gray line) of the Monte-Carlo
simulation representing the measured distribution. Separate total Q3A and Q4A
distributions are indicated by black lines.
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Figure 6.19 As fig. 6.14 with the combined total simulation.
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Figure 6.18 shows the simulated summed-energy spectrum (gray line) obtained for the resulting
decomposition of the five Monte-Carlo data files. This decomposition was obtained under the
assumption that the Q4A distribution determines the behaviour at very low summed energies. The
normalisation of the total Q4A part has been estimated from the low-energy side of the experimental
summed-energy spectrum. In the region of higher summed energies the shape is determined by the
nuclear response for the Q3A mechanism. Subtracting from the full experimental distribution (see
figure 6.12) the obtained Q4A contribution results in a spectrum of which the shape can be
represented by a combination of the three Q3A simulations.

Figure 6.19 is a similar to figure 6.14. In addition the analysis for the found combination of the
five Monte-Carlo files is drawn. The experimental points are excellently reproduced except for the
lowest summed-energy point which suggests still a minor Q3A contribution at very low summed
energies.

The total cross section for the emission of three protons can be found in the following way. For
each region in excitation energy the cross section is determined from:

N E x p (E) N°

with:

N "p (Ex) : the number of ppp-coincidences of the experiment in the given Ex region and

N (Ex) : the equivalent in the MC- simulation for Nn reactions in the given region of Ex-

Since the Monte-Carlo distributions have been normalised absolutely to the data, the cross sections
for each of the five contributions is found directly from the following ratios:

N f ( ) ? ( )
< W E * > = - 1 ^ - d % A ( E ) = - 2 — i - . (6.5.2)

The resulting values for the total 3-nucleon and 4-nucleon absorption mechanism contributions
are 8±2 mb for oQ3A (Ex < 75 MeV) and 8±3 mb for <JQ4A (E, < 50 Me V). The apparent lower
contribution of the Q4A process as compared to Q3A in the summed-energy distribution (see fig.
6.18) does not result in lower cross sections for this process due to its smaller experimental
acceptance. The quoted errors are a combination of the total statistical error, including the error in
the normalisation, and an estimate of the error introduced by the separation of the Q3A and Q4A
process.
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6.5.2 ppd-Coincidences

In the experiment the number of detected ppd-coincidences amounts to about 60% of the number
of detected ppp-coincidences. There are always at least four participating nucleons in absorption
reactions leading to the emission of a ppd-triplet. The only direct absorption mechanism with four
participating nucleons is the absorpion on a ppnn-cluster. The ppd-channel confirms the importance
of 4-nucleon absorption processes, which was already found in the ppp-case.

Since all the particles in the final state of the ppd-reaction channel are charged- and hence their
energies can be determined- the excitation energy spectrum for this process can be calculated
unambigiously. The result is given in figure 6.20. A comparison is made with a Monte-Carlo
simulation of the same process with an uniform excitation-energy distribution extending to 75 MeV.

0 20 40

Excitation energy (MeV)

60

Figure 620 Excitation-energy spectrum deduced from the energies and
momentta of two protons and one deuteron measuired in coincidence;
comparison with a Monte-Carlo simulation.

On the average the shape of the experimental distribution is flat up to an excitation-energy value
of about 50 MeV. At large energy values the falling behaviour is caused by the experimental
acceptance as predicted correctly by the Monte-Carlo distribution. Some structures are visible in the
experimental spectrum: a bump around 0 MeV and one around -13 MeV excitation energy. These
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values could be indicative for pion absorption on a (Pi/2)2(Pi/2)2 a n d a (P1/2P3/2) (P1/2P3/2) cluster,

respectively. This part is obviously not being reproduced by the Monte-Carlo simulation.

The experimental missing-momentum distribution is compared with the Monte-Carlo distribution

in figure 6.21. The agreement is good and suggests that most of the detected events comprise no

further undetected fast particles.

t
. 0

oo

0 200 400 600

Missing momentum (MeV/c) —

Figure 621 Missing-momentum distribution calculated from measured

ppd-coincidences; comparison with a Monte-Carlo simulation.

The ppd-channel offers the possibility of investigating the dynamics of the process in a direct

way since one of the detected particles (ths deuteron) is distinct. This is in contrast with the ppp-

channel where the three protons are identical and average easily into a pure phase-space-like

behaviour. The angular distribution of the detected deuteron with respect to the beam axis is plotted

in figure 6.22 for three regions in excitation energy. The results are represented in terms of the

absolute differential cross section, directly obtained by dividing the experimental angular

distribution by the simulated (phase-space-like) distribution. As the figure shows, there is a clear

deviation from pure phase-space. The higher probability of the backward deuteron is independent

of excitation energy. The cross sections can be integrated and summed to yield a total value for the

ppd-channel of 9±1 mb.
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Figure 6.22 Differential cross sections for the detection of the

deuteron from a ppd-coincidence as a function of angle. The three

regions in excitation energy are indicated in the figure.

The angular distribution of the deuteron from ppd-coincidences reminds to the one of the

deuteron from pd-pairs (compare fig. 6.9). A two-step pd+p process with an on-shell pd-

intermediate state, which could explain this behaviour, however cannot be significant as will be

concluded from the analysis of the next section. Another way of producing ppd-triplets could in

principle be a three-nucleon absorption process followed by nucleon pick-up. This two-step

mechanism implies however in addition a significant contribution of pnd- and pdd-triples. Of these

possible triple coincidences, pnd is rejected (see the next section) and pdd was seen only very

weakly with respect to ppd (see fig. 5.5). In summary, it seems that the (7t+, ppd) reaction channel

originates mainly from a direct pion-absorption reaction on a ppnn nucleon combination.
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6.6. Detection of two particles from three generated particles

In this subsection the effects of the detection of two particles out of three generated particles is
discussed. This effect can be studied using the Monte-Carlo simulation code. Starting from the
generation of ppp or ppd triple coincidences normalised to the data special files are produced
containing coincidences containing the two particles which would have been detected by the
experimental setup. The in this way generated pp and pd "Monte-Carlo data files" are then used to
correct the measured two-folds. The simulated processes used as the input for the procedure are
taken in the same decomposition as in the calculation of the cross sections of the ppp- and ppd
reaction channels. In order to obtain the correction for the pd-coincidences only the ppd-prccess is>
needed whereas the pp correction comes from both ppp- and ppd-simulations. We will therefore
start with the simplest, the pd-case.

The phase-space-like process has been used to describe the ppd reaction channel. In this way the
backward peaking of the deuteron has not been taken into account. Nevertheless it is still thought to
give a reasonable estimate of the correction. In figure 6.23 the summed-kinetic-energy spectrum is
plotted for the measured pd-coincidences together with the results for the correction file. The
normalisation of the correction is absolute; i.e. directly obtained from the measured ppd cross
section.
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Figure 623 Summed-kinetic energy for measured pd-coincidences (black)

and for the correction of pd-coincidences from the ppd-simulation (gray).
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The correction matches the low-energy part of the measured distribution of which the change in

the slope is reproduced. Since the correction exhausts the low-energy part of the spectrum there is

no room left for any further correction. This means that there cannot be a significant contribution of

the direct pnd reaction channel (originating from an absorption reaction on a pnnn cluster). A

second conclusion is that the process leading to ppd is unlikely to be significantly a pd production

followed by a proton knock-out, for the following reason. This two-step mechanism is included in

the measured ppd cross section. A possible significance of this process would imply the occurrence

of a two-step pd+n mechanism with comparable (or larger) cross section. The last contribution

leads to a pd-correction with a magnitude roughly one half of the correction from an initial two-step

pd+p mechanism. If the latter is significant, inclusion of the former would lead to a substantial

overestimation of the total pd-correction.

It is interesting to compare the corrected pd excitation-energy spectrum with the experimental,

Q4A corrected, ppp excitation-energy spectrum. The following direct reaction mechanisms are

connected to these spectra, respectively: n+ + pnn -» pd, and jt++ npp -i ppp. In the isospin-zero
I6O nucleus, there exists an equal number of equally distributed pnn and npp triplets. Due to the

isospin difference of the pnn and npp triplets, the total cross sections for both quoted reactions will

be different. However, the distribution of excitation-energy levels in the final-state mirror nuclei
14N and 14C will be comparable for both reaction channels. Figure 6.24 shows that this is indeed

true. It confirms in addition that the imposed Q4A correction on the ppp-spectrum is reasonable.
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Figure 6.24 Excitation-energy spectrum for the Q4A-corrected

ppp-coincidences; comparison with the shape of the ppd-corrected

pd spectrum. The normalisation of the distributions are arbitrary.
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The correction for the detected pd-coincidences out of a generated ppd-triplet results into a new

estimate for the total pd cross section. In order to obtain this value, the proton angular distribution

was obtained in a similar way as described in subsection 6.4.2. In this case, however, no selections

on the excitation energy were required. The resulting angular distribution - whose shape is identical

to the one shown in figure 6.9 - was fitted by a 3-term Legendre-polynomial expansion, resulting in

a value of 7.3±0.7 mb for the total absorption cross section leading to pd pairs. The quoted

error includes the uncertainty of the correction from the ppd-triples.

In the following, the equivalent topic of pp-corrections are discussed. As was mentioned before,

Monte-Carlo simulations of ppd, Q3A and Q4A processes are needed in this case. The contribution

from the original ppd-triples is taken with the measured normalisation. The strength of the

contribution from the Q3A-case, however, has to be considered with special care since ppn-triples -

which have not directly been measured - contribute also to the pp-correction. A ppn-triple is

produced in a pion-absorpu'on reaction involving a pnn-cluster, either directly or in a two-step pp +

n process. As was already mentioned, ppn and nnp combinations are equally distributed in 16O.

The elementary 3-nucleon cross sections can be compared with the n+ - and 7C" - cross sections as

have been measured on 3He [Ani 86]. Due to isospin symmetry one has for nucleon triplets with

the Helium quantum numbers:

q (fl+ + ppn -»ppp) a (Jt++ He -> ppp)_ _ . _ _ j

a (Jt + pnn -»ppn) a (n + He -> pnn)

If part of the measured 3-nucleon ppp cross section originates in a two-step pp + p process, at least

the same strength is expected to be contained in the pp + n channel. It then follows that it might be

reasonable to suppose equal strengths for the total ppp and ppn channels. Since there are three times

as many combinations of detecting a pp from a ppp-lriple as from a ppn-triple, the total

normalisation for the Q3A-pp correction has been taken as Vj times the measured Q3A-ppp

strength. For the Q4A-pp correction the measured normalisation has been taken. In addition a

contribution from the Q4A mechanism with excitation energies of 50-75 MeV was included, since

this leads to a non-negligible contribution of two detected protons (the third proton being too low in

energy to be detected). The strength of this last contribution has been chosen equal to the strenght

of the 0-50 MeV region in excitation energy. The justification of this uniform behaviour stems from

the rather flat excitation distribution of the other 4-nucleon mechanism, i.e. the ppd-reaction

channel. In the ppd-case the excitation energy can be measured up to higher values than in the pppn-

case, since the individual energy of the three detected charged particles is higher and suffer less

from the cut-off energy. In figure 6.25 the corrected summed-energy spectrum of the measured pp

coincidences is shown together with the uncorrected spectrum. It appears that the low-energy tail is

reduced appreciably.
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Figure 6.25 Summed-energy spectrum of measured

pp-coincidences compared with the corrected spectrum.

The resulting pp-correction data files were included in the analysis of the pp-channel. The pp
cross section as determined by means of the proton-angular distributions results now in a value of
73±7 mb, 22 % lower than the unconnected value earlier found in section 6.4.1. The error includes
the uncertainty of the correction from the ppp- and ppd-triples.

6.7 Composition of absorption cross section

In this thesis the measurement of two- ant* threefold coincidences between charged particles
emitted after pion absorption in 16O has been discussed. In total four reaction channels have been
analysed. The study directly resulted in values for the absorption cross section for reactions in
which the three outgoing charged particles were either ppp or ppd. In the analysis of threefold
proton coincidences the decomposition of the absorption cross section into a three- and four-
nucleon component was estimated. For the twofold coincidences pp and pd, the directly obtained
cross sections have been corrected for effects of three energetic particles in the final state. In this
correction the contribution of possible absorption channels involving neutrons have been included.
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The results for the different absorption processes are summarised in table 6.2. The "cluster size"

refers to the number of participating nucleons in the kinematics of the selected reactions.

reaction

(Jt+, PP)

(JI+, pd)

(7t+, ppp)

n+, pppn)

(jt+, ppd)

cluster size
2

3

3

4

4

cross section (tnoi
73±7

7.3+0.7

8±2

8±3
9±1

Table 6.2 Summary of measured reaction channels.

The result of the (it+, pppn) channel has been obtained for missing energies up to 50 MeV.
According to section 6.6. it seems reasonable to assume a contribution extending to 75 MeV
missing energy, with an additional cross section of 4 mb. In order to obtain the decomposition of
the total cross section or pion absorption in * O at 65 MeV incident pion energy, the reaction
channels involving neutrons in the final state also have to be included. Assuming a 4% contribution
of pion absorption on T=l nucleon pairs relative to that on T=0 pairs (see e.g. [Nak 86]) results in
an estimated cross setion of 3 mb for the (it+, pn) channel. Equal strengths for the (rc+, ppn) and the
(JT+, ppp) reaction channels has already been' suggested in section 6.6; this gives an additional
contribution of 8 mb for the ppn-channel. The strength of the pnd-channel, finally, has been
predicted to be negligible relative to that of the ppd-channel (see section 6.6). Altogether the
mentioned reaction channels sum up to a value of 120±18 mb for the total absorption cross
section for 16O at 65 MeV incident pion energy. This value should be compared with the results
from measurements of the total absorption cross section as obtained in transmission experiments
[Nav 83], [Ash 81]. Interpolation of both the energy and target-mass dependence of the results
given in these two references leads to an estimate for the total absorption cross section of 140+40.
This comparison shows that there is not much room left for other, undetected reaction channels as
those in which three or more neutrons participate and which lead to final states as pnn, nd, pnnn,
ppnn, pnd and nnd.

6.8. Error discussion

In this work, the specified errors in the obtained results include a statistical contribution, a 3%
normalisation uncertainty and an estimated uncertainty due to Monte-Carlo calculations. All
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resulting cross sections were obtained by an integration over the non-measured parts of the phase-
space using a Monte-Carlo simulation code. This introduces an additional error by the model
dependence of the simulation. This error is expected to be of most importance (-20%) in the
separation of the measured ppp-triples in three- and four-nucleon processes since the excitation-
energy distribution of the residual system could only be estimated. For the other reaction channels
the measured excitation-energy distribution could be accounted for unambigiously in the Monte-
Carlo simulation. In these cases the integration was performed over the angular distribution of
either the outgoing protons (in the pp-case) or the outgoing deuteron (in the pd- and ppd-case). In
this way, the strongest deviations from a pure phase-space-like behaviour of the absorption
processes have been taken into account and no additional error was included.
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Chapter VII

Summary and conclusions

In this thesis the experimental study of several reaction channels in positive pion absorption in
16O is described. The experiment was done with a detector setup consisting of 16 scintillator
telescopes combining a large fragmentation with a high coverage of solid angle. Two- and threefold
coincidences of charged particles were measured simultaneously. As target material liquid D2O was
chosen in order to enable us to use the Jt+D-»pp reaction for calibration and normalisation
purposes. In the calibration procedures considerable effort was devoted to the correction for the
instabilities of the detector response and to the correction of the time-walk effect. This resulted in
good, sub-nanosecond timing which was sufficient to separate detected protons from deuterons in
the pd and ppd reaction channels. In several data-reduction procedures the data have been reduced
considerably in storage size. This allowed for a fast analysis of the measured data.

Four reaction channels were selected and analysed in detail; i.e. (Jt+, pp), (Jt+, pd), (jr+, ppp)
and (it1', ppd). For positive-pion absorption reactions these channels are likely to be the most
important ones, since in these reactions at least one charged particle is produced and absorption on
T=l nn-pairs is known to be strongly suppressed. The distribution of the measured particles in
phase space has been compared with Monte-Carlo simulations. For each analysed reaction channel
a simulation was generated based on absorption processes leading to the final state of the reaction,
with quasi-free reaction kinematics and a uniform pion-absorption matrix element. Effects of
geometry and particle interactions in the detectors, which arc included in the simulation code, have
been tested on the "calibration" protons from the 7t+D-»pp reaction. The Monte-Carlo code
generates events in list-mode format, which can be analysed in the same way as the measured
events. In this way, the Monte-Carlo code served as a powerful tool to deduce the acceptance for
each analysed reaction channel, needed in the determination of the cross section.

The measurement of the twofold coincidences has been corrected for effects of events with higher
multiplicity. For the (JI+, pp) reaction channel this procedure leads to an estimate for the two-
nucleon absorption cross section. Even after these corrections, the largest pan of the measured
cross section goes in the emission of two fast (Tp > 25 MeV) protons. This is an important result of
this study, since it means that the gap between the two-nucleon absorption cross section and the
total absorption cross section as measured in transmission experiments, is not as large as has
generally been thought. Moreover, the total strength of the three- and four-nucleon absorption
channels as has been found in this study, including reasonable estimates for non-measured
channels, comes very close to the size of that gap. The total cross section of the discussed reaction
channels together agrees within 15±3O % with the value as obtained from an interpolation of the
results from transmission experiments. This shows that the processes which were not considered
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(like the absorption on three or moi^ neutrons) are not likely to form an important contribution to

the total absorption cross section in 16O.

In the angular distribution of the protons in the outgoing pp channel, the signature of the quasi-

deuteron absorption mechanism is seen up to high values of excitation energy of the residual

system. Similarly, the angular distribution of the proton from a detected pd-pair has roughly the

same shape as that measured for the n++3H —> pd reaction. More evidence for a quasi-free three-

nucleon absorption reaction leading to the pd-final state was found.

The kinematics of the (7t+, ppp) events were studied. This resulted in a decomposition of such

events in a three-nucleon and an (even stronger) four-nucleon component. The detection of many

ppd-triples stresses the importance of four-nucleon processes even further. In this case, a large

deviation from pure phase-space like kinematics was found; i.e. the peaking of the deuteron at

backward angles. This might point to interesting physics. The measured strength of the processes

leading to ppd and pppn in the final state indicates the importance of absorption on "a-like" ppnn

nucleon combinations. It is interesting to compare this with the observed jump in the total-

absorption cross sections as a function of nuclear mass at 4He, suggesting that at this mass new

pion-absorpn'on channels are opened. This observation seems contradictory to that of [Bac 88], in

which a rather low four-nucleon contribution was found in a study of pion absorption in 4He. The

contradiction is, however, attributed to the rather low acceptance for four-nucleon kinematics of the

setup used by Backenstoss et al.
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Samenvatting

In dit proefschrift worden de resultaten beschreven van een experimenteel onderzoek betreffende

verschillende reaktiekanalen die kunnen optreden bij pion absorptie aan I6O.

Bij pion-absorptie reakties aan atoomkernen komt de rustmassa van het pion (140 MeV) vrij in de

vorm van kinetische energie van de geëmitteerde nucleonen. Een verschillend aantal nucleonen in de

atoomkern kan deelnemen aan dit absorprJeproces. Doordat een grote energie-overdracht samengaat

met een relatief kleine impulsoverdracht zijn minimaal twee nucleonen noodzakelijk om het proces

v aarscLiHilijk te maken. De werkzame doorsnede van pion-absorptie reakties aan twee nucleonen

binnen atoomkernen, zoals die in het verleden is bepaald met tweevoudige coincidentie-

experimenten, is echter maar een fractie van de gemeten totale absorptiedoorsnede. Dit heeft geleid

tot de suggestie dat absorptieprocessen aan meer dan twee nucleonen binnen de kern belangrijk zijn.

Om dit nader te onderzoeken werd een experiment uitgevoerd met een opstelling, opgebouwd uit

16 telescopen, ieder bestaande uit twee grote scintillatie detectoren. Dit resulteerde in een grote

omspanning van de ruimtehoek, gecombineerd met een goede granulatie. Twee- en drievoudige

coïncidenties tussen geladen deeltjes werden simultaan gemeten. Als target materiaal werd vloeibaar

D2O gekozen om het mogelijk te maken de n*!)—»pp reaktie te gebruiken voor calibratie en

normering van het experiment. In de calibratie procedures werd onder meer gecorrigeerd voor de

instabiliteit van de fotobuizen gedurende de lange experimentele runs. Tevens is veel aandacht

besteed aan de correctie van de tijdmeting als functie van de signaalgrootte. Dit laatste had als

resultaat een goed tijdoplossend vermogen, voldoende om gedetecteerde protonen van deuteronen te

kunnen onderscheiden in de pd- en ppd-reaktiekanalen. De data werden in diverse stappen

gecomprimeerd, hetgeen een relatief snelle analyse van het gecompliceerde experiment mogeHik

maakte.

Vier reaktiekanalen werden geselecteerd en nader onderzocht: (jt+, pp), (n+, pd), (7i+, ppp) en

(JI+ , ppd). Dit zijn waarschijnlijk de meest belangrijke reaktiekanalen bij absorptiereakties van

positieve pionen, aangezien bij dit soort reakties altijd tenminste één geladen deeltje wordt

uitgezonden. Bovendien is pionabsorptie op T=l paren sterk onderdrukt ten opzichte van de

absorptie op T=0 paren. De verdeling van de gedetecteerde deeltjes in de faseruimte is vergeleken

met resultaten van Monte-Carlo simulaties. Ieder geanalyseerd reakriekanaal werd gesimuleerd door

quasi vrije kinematica en een constant matrix element voor absorptie aan te nemen. De geometrie

va/i de opstelling werd in rekening gebracht, evenals de effecten van interacties die kunnen optreden

in het detector materiaal. Door middel van de 7t*D->pp reaktie werd getest of deze effecten juist zijn

beschreven. Met het simulatieprogramma werden gebeurtenissen gegenereerd in het zelfde formaat

als bij het experiment. Gesimuleerde gebeurtenissen werden op dezelfde wijze geanalyseerd als de

gemeten gebeurtenissen, d.w.z. met dezelfde programmatuur en met dezelfde selecties op de data.
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Zodoende kon voor ieder geanaliseerd reaktiekanaal de acceptance van de opstelling met behulp van

de Mome-Carlo gebeurtenissen worden bepaald, alsmede de werkzame doorsneden voor dit kanaal.

De meting van de tweevoudige coincidenties werd gecorrigeerd voor effecten van gebeurtenissen

met een hogere multipliciteit. Dit heeft geleid tot een schatting van de totale werkzame doorsnede

voor absorptiereakties op twee nucleonen. De bijdrage van dit soort absorptiereakties (waarbij twee

protonen met een kinetische energie groter dan 25 MeV worden uitgezonden) bleek de belangrijkste

te zijn van alle gemeten kanalen. Dit vormt een belangrijk resultaat van het onderzoek. De som van

de werkzame liuorsneden naar alle onderzochte eindtoestanden tezamen ligt in de buurt van de totale

absorptiedoorsnede zoals bepaald in transmissie-experimenten, welliswaar met een grote fout. Dit

betekent dat er waarschijnlijk weinig ruimte over is voor bijdragen van reaktiekanalen die niet in

beschouwing genomen werden bij dit onderzoek, zoals de absorptie aan drie of meer neutronen.

In de hoekverdeling van de protonen in het pp-eindkanaal werd een duidelijke signatuur voor het

quasi-deuteron absorptieproces waargenomen tot in hoge waarden van excitatie energie van het

restsysteem. De proton-hoekverdeling van het pd-reaktiekanaal lijkt sterk op die van de ic++3H-»pd

reaktie. Voorts bleek dat de gemeten pd-cointidenties bij excitatie-energieën kleiner dan 35 MeV

voldoen aan quasivrije kinematica.

De kinematica van de (JC+, ppp) gebeurtenissen werd eveneens bestudeerd. Dit resulteerde in een

opsplitsing van dergelijke gebeurtenissen in processen, waaraan drie en vier nucleonen binnen de
16O kern in belangrijke mate deelnemen. Hierbij heeft het laatste (vier-nucleon) proces tot de

uitzending van een (niet gedetecteerd) neutron geleid. De detectie van vele ppd-coincidenties

vormde de verdere bevestiging van het feit, dat vier-nucleon processen van belang zijn in pion-

absorptie reakties. De gemeten hoekverdeling van het deuteron is duidelijk afwijkend ten opzichte

van een gesimuleerd proces met een puur faseruimtegedrag. De gevonden bijdrage van processen

die leiden tot pppn en ppd in de eindtoestand wijzen op het belang van absorptie op "alpha-achtige"

ppnn-combinaties.
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Stellingen behorende bij het proefschrift

'Nucieon multiplicities after pion absorption in 1 6O'

R. Hamers

1. De discrepantie tussen resultaten van berekeningen in de vlakke-golf stootbenadering voor de

laagenergetische flank van de quasi-elastische piek in elektronverstrooiing en experimentele

gegevens heeft geen dwingende gevolgen voor de juistheid van de beschrijving van de nucleaire

begintoestand.

(H. Hajduk, thesis Universitat Hannover, 1986)

2. Bij kemreakties tussen zware ionen is het gebruik van de Fermi-verdeling in de beschrijving

voor de verdeling van het impulsmoment van de 'compound'-kern niet altijd correct

(JJ.M. Bokhorst, thesis Australian National University, 1986)

3. De gemeten fusiedoorsneden van de 16O + 176Hf en 16O + 130Hf reakties bij energieën beneden

de klassieke fusiedrempel weerleggen de door Rhodes-Brown en Oberacker veronderstelde

gevoeligheid voor hexadecapooldeformaties van de Hf-isotopen.

(M.J. Rhodes-Brown en V.E. Oberacker, Phys. Rev. Lett. 50 (1983) 1435;

J.J.M. Bokhorst, thesis Australian National University, 1986)

4. Het gebruik van een opstelling met coplanaire detectoren bij de meting van drievoudige

coïncidenties tussen' nucleonen na pionabsorptie in atoomkernen leidt gemakkelijk tot

onderschatting van de bijdrage van absorptie op vier nucleonen.

5. Bij het optimaliseren van dosis verdelingen in de radiotherapie met fotonenbundels verdient het

gebruik van 'score functies' de voorkeur boven lineaire programmeringstechnieken.

(R. van der Laarse, proefschrift Universiteit van Amsterdam, 1981)

6. Toepassing van additieve ritmische cellen in muziek verstoort de cadansverwachting van de

luisteraar. Verfijning van deze compositiemethode door toepassing van additieven ook binnen

antimetrische figuren werkt in nog grotere mate desoriënterend op de gewaarwording van het

metrische zwaartepunt.

('Saxophone quartet (1985)', Bernard van den Boogaard, uitgave Donemus Amsterdam)

7. Door overheveling van medische kindertehuizen en medische kleuterdagverblijven naar de Wet

op de Jeugdhulpverlening wordt het in zijn ontwikkeling bedreigde kind het kind van de

rekening.


