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Preface

'his work was carried out within the scope of the PROMICE 1 research prograrn
[20] at the CELSIUS [12] cooler-storage ring of the The Svedberg Laboratory in
Uppsala, Sweden. The aim is to study the fundamental mechanisms for production
of mesons in Iight ion collisions and their interaction with nuclei and nucleorts.
The rote of different resonances in nuclei as well as meson-meson interactions will
be examined. In order to enable even measurements of rare mesonic decays, the
PROMICE detector setup will Iater be extended to the füll 47r WASA 2 apparatus
[22] . PROMICE/WASA is a collaboration between laboratories in Japan, Poland,
Russia, Sweden and Germany . The present stage of the setup has been used to
measure 77 production in p-d collisions by detection of the recoil nucleus in the
channel d(p,31le)77 at beam energies of Tp=1250 and 1276 MeV using an internal
duster target.

1 PROMICE=PRoduction Of Niesolls In CELSIUS
2 WASA=Wide Angle Shower Apparatus

in





He who has corrte so far that he no langer= makes mistakes,
has stopped working.

Max Planck





Chapter 1

Motivation

1 .1 Introduction

The dominant model of the nueleon-nudeon interaction involves the exchange of
mesons between the nucleons (hoson-exchange models) . At Iow energies, the Iong-
range pion exchange dorninates (one-pion-exchange model), whereas at higher ener-
gies heavier mesons (ri,p,u2,9' . . .) becorne increasingly important.

High intensity and high precision medium-energy accelerator fadlities (SAT-
URNE, IUCF, TRIUMF, CELSIUS, LAMPE, PSI, COSY . . .) have opened excel-
lent opportunities to study the production of mesons and their interaction with the
nuclear medium. Phase-spare cooling of the beam leads to very good momentum
resolution combined with small emittance, and the use of internal windowless targets
provides high luminosity with (i) a minirnum of background from secondary interac-
tions with non-target associated partides, (ii) acceptable perturbation to the stored
beam, (iii) acceptable gas load an the ring, and (iv) minimized multiple Coulomb
scattering. These properties are particularly useful for preeision experiments aiming
at rneasurements dose to the nucleon-nucleon threshold, where the total energy is
used to produce the otherwise virtual exchange-mesons an the mass shelli The num-
ber of participating angular momentum states is restricted, and tlms a comparison
of experimental data with theoretical predictions is more stringent at Iow energies
since there are fewer degrees of freedom to tope with.

The rote of mesons heavier than the pion as exchange partides has received in-
creasing attention . A comparative study of the interaction of various mesons with
nuclear matter could reveal new phenomena which mied contribute to a better un-
derstanding of intra-nuclear degrees of freedom . Furthermore the theoretical models
which have been derived from pion production can be tested with respect to their
ability to explain the interactions of heavier mesons with nuclear matter . Following
piorts, the r7 meson with a mass of (547 .3 ± 0.1) MeVie' [31] is the next heaviest
meson to study. Due to its short lifetime (r iss- 5 .540'9 s), the cannot be used as a
separate beam probe like the pion (r = 8.4 10'7 s) . The high peak to background
ratio found for i7-production in Proton-deuteron scattering [31] led to the idea of
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creating a tagged beam. Investigations of the interaction of 77 mesons with nuclear
matter are foreseen in the COSY experiments [7].

In r1-production reactions, two-body final states are an attractive object to study
since the measurement of only one particle in the exit channel together with the kine-
matical constraints fror the known beam and target pararneters provides sufficient
information about the other particle or resonance.

L2 Production of r) mesons in proton-deuteron
collisions

One of the first extensive studies on the production of neutral rnesons in the reaction
pd-+ 3 11eX was carried out in 1973 by Brody et al . at the CERN 1 missing mass
spectrometer [8] . At that time not many of the predieted states below 1 GeV/c2

had reliably been established . Within the scope of their systematic search for neutral
mesons in this mass region, they reported 2 a mass for the ig of (548 + 1) MeV/c 2 .
The most recent result was given by F . Plouin et ad . [31] in 1992 . They state
(547.3 + 0 .1) MeV/c2 for the mass . The particle data group [29] reports a value
of (547 .45 ± 0 .19) MeV/c 2 .

In 1985 Berthet et al . [2] presented results of a rneasurement of the reactions
pd--+'Heri and at 0, = 0,7 = 180° . The excitation curve shown in figure
1 .1 was measured at SATURNE with the SPES IV spectrometer tuned to detect
3 lie at 0° . The oscillatory pattern seen fiere is one of the most direct evidences
for three-body mechanisms in p-d capture reactions since it refiects the importance
of the Sll N*(1535) resonance near the threshold as well as influences of higher
baryonic resonances3 like the P11 N''(1710) . These resonances are known to have
large branching ratlos to the i7-nueleon channel.

Another Feature of this excitation curve is the depression of the r + cross section
at the energy corresponding to the threshold for r7-production . This and the fact
that the backward deuteron tensor analysing Power t20 of the reaction
measured by Kerboul et al . [23], exhibits a narrow peak at the threshold, points
to a correlation, which could be due to a coupling of the trN and

	

channels.
Berger et ali measured the reaction very near threshold [3] and found

a forward-backward cross-section ratio dose to 1 for 'He final state centersof-mass
momenta up to ae. 50 MeV/c, in contrast to the anadogous 3r° data, which display

a very anisotropic behaviour [23] . This indicates the strong influence of the p-wave
A(1232) resonance in r'-production, whereas the ri-production is dominated by the
s-wave N*(1535) resonance . Disregarding internal energy, the mass of the pion-

i Centre Europeenne poar la Recherche Nucleaite, Geneva

2Among five different missing mass specifications, the one with the smallest error has been cited

3The arrows in figure 1 .1 indicate the thresholds for the reactions pd-+dX where X stands ihr

the respective resonanee .



L2. PRODUCTION OF 17 MESONS IN PROTON-DEUTERON COLLISIONS 3

10 3
E

10

d(p,31-le)1l
0 d(p,311e)e
A d(p,t)it (:2)

N ' (1710)

A (1232) N6" (1535)

1N«1990)

-1

10 -
0

	

0.5 1.5

	

2

	

2.5

	

3

T [GeV]

Figure 1 .1 : Excitation curve [21 of pd-+ 3Iien and pd--4'11eir' for

	

= 0, = 180 0 .

nucleon system is only 160 MeV less than the mass of the A, and the mass of the
r1-nucleon system is as dose as 50 MeV to the N* mass . Therefore these broad
resonances will dominate the production dynamics near threshold.

Another striking Feature of i production in p-d collisions was reported by Plouin
et al. [301 . The threshold excitation function for the reaction pd-+'HeX shown in
figure L2 was obtained by focussing the SPES IV spectrometer an the highest kine-
matically allowed rnesonic mass produced in association with 3 He for each incident
proton energy . Two prominent peaks haue been observed corresponding to rr° and

.i7 production at high raten with a surprisingly high peak to background ratio . The
cross sectimt at threshold was found to be of the saure order of magnitude as the

one for 1r 0-production .
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Figure 1 .2: Threshold excitation curve [30] of pd--+SeX.

1 .3 Theoretical approaches

Basically two theoretical caIculations haue been performed to explain the experi-
mental data on ri-production from proton-deuteron collisions . Both are based on
rnodels previously forrnulated for the reaction pd

1 .3 .1 Extensions of calculations for 7r 0-production

In 1988, Laget and Lecolley presented a microscopic, fully relativistic calculation
without any free pararneters based on six diagrams, shown in figure L3, contributing

10



.1 TBE ORRTICA L APPROACHES

	

5

to i production by p-d capture, which are summed coherently [251 . Compared to the

SAT»E
pd- 3 He
O n .20*

tel
2 .0 T,IGeV1

Figure 1 .3 : Relevant diagrams used for the eaIculations of [251 and result of the
calculations. The dashed line includes only the S-wave part, the Full curve S- and
D-part of the wave function of the nueleon which interacts with the 77 . Data frorn
referenees [2] (open circies) and [31 (falll eiteles) . 1, 11 and 111 show one-, two- and
three-body meson exchange graphs, respectively.

7r' caleulation, they included the elementary 7rN-4 77N amplitude, the partial waves
of which are pararnetrized in terms of the various N* resonances . They claim that
plane-wave and two-body mechanisrns are suppressed due to the higher momentum
transfer in 77-production compared to 7r°-production because of the larger mass of the
77, giving cross sections which are too small by two orders of magnitude . Therefore
three-body mechanisms haue been considered which allow the momentum transfer
to be shared between all the nucleons, thus leading to a larger scattering amplitude.
In addition, the amplitude is enhanced since an exchange meson in the dominating
meson double-scattering process can be produced on-shell in contrast to other three-
nueleon mechanisrns where baryonic resonances decay by emission of two virtual
mesons. As the right hand side of figure L3 indicates, their theoretical results are
not in good agreernent with the experimental points at lower energies.

In the year following this publication, Germond and 'Nilkin [161 presented results
using the graphs displayed in figure L4 . In this, the graph on the left hand side was
included in the caleulation of the upper vertex of the graph on the right hand side.
The 3He nucleus was assumed to be a two-body duster (p-d or N-d*) . The analysis
included 7r, 77 and p exchange as well as D-state eiTects . The result underestimates
the reaction rate of pd-+'Herl, and the deuteron tensor analyzing power t 20 is only
weakly reproduced . A problem in caIculating this reaetion is that huge momentum
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d .d .

Figure L4 : Graphs used in the calcttlations by Germond and Wilkin.

transfers (e-13.5 fm' or 2.66 GeV/c) are involved, and thus the model is highly
sensitive to poorly known wave functions . The bad agreement with the experimental
data is believed to be due to the lack of three-body terms.

1 .3 .2 An empirical mode].

Miau and Nann [24], a.nd Germond and Wilkin [61, noticed that the meson produc-
tion cross section might be enhanced by the kinematic conditions . They consider
a two-step sequential mechanism of meson production as illustrated in flgure 1 .5.
In the First steil, a Iight intermediate particle is produced from a nucleon-nucleon

Figure 1 .5: Kinernatical relations in the empirical two-step reaction model [6].

collision . By interaction with a second nucleon of the saure target, the intermediate
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particle produces the outgoing meson . These two steps combine for instance [24
like :

StepA :

	

p + p

	

+ d

Step B :

	

7r+ + n --a X° + p
Total :

	

p +d-}X° + 3 1cle

The point is that if the velocities of the baryons produced in each step are matched,
i .e. their relative energy e is dose to zero, then the fusion to a three-nucleon duster
will be enhanced since the fusion probability P increases with smaller excess energy
c compared to the binding energy ET, of the three-body system:

P = exp(-e/Eb ).

The momentuni transfer in each reaction step is of the order 900 MeV/e, i .e . 4.5
fm' . The short range of this field (corresponding to r = 0.22 fm) is quite small
compared to the dimensions of a deuteron which has a radius of the order 4 .3 fm [27].
This suggests the assumption that the reaction basically proceeds as a sequence of
on-shell proeesses, and there is no need for large Fermi momenta . Furthermore, a
burnp in the excitation funetion has, according to this model, nothing to do with a
resonance.

In the example of a two-step process given above, forward Boing interrnediate
pions decrease the threshold for this two-step reaction to T p =897 MeV compared to
the nueleon-nueleon threshold of Tp=1254 MeV. This two-step threshold is as dose
as 6 MeV to the threshold for the over-all reaction pd-+ 3He 77 which is at Tv,891
MeV. This means that the reaction essentially proceeds as a sequence of on-shell
proeesses.

Kilian and Mann performed Monte Carlo calzulotions an several reactions where
the result of reaction step A. was used as input for step B . Average Fermi momenta
of 150 MeV/c were induded as well as energy dependent differential cross sections.
They found that the relative energy between the firm] . baryons becomes small dose
to threshold giving rise to an increased fusion probability, and hence they obtained
a rather narrow enhancement of the excitation funetion for the total pd 'Her/ cross
section dose to threshold due to the "velocity matching".

A possibility to single out the importance of resonances

	

comparison to the
two step proeesses would be to look at reactions involving three partides in the
exit channel such as pd--apdX' or pd--indX + . the cross sections can be well
deseribed by two-step process kinematies, then Dalitz plots of the squared nasses of
subsysterns will Show density modulations which differ fror the shapes resonances
would create,

4The fusion of a proton and a deuteron to 311e releases 5 .49 MeV .
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1 .4 Properties of the -° and 77 i comparison

In table 1 .1 some properties of the meson are listed in comparison to the neutral
pion, both rnernbers of the SU(3) pseudoscalar meson nonet (JE = 0-1 . In contrast

Particle
Mass [MeV/c 2 ] 134 .9739 ± 0 .0006 [29] 547 .3 ± 0.1 [31]

(jPc`-
1

	

(0_+)
0+

(0_+)

Principa.l decay modes 2'y (98 .8 %) 2-y (38.9 %)
irr° (3L9 %)

rr + 7c- rr° (23 .6 %)
7r "rr

	

-y (4.88 %)
Main quark content (uü

	

dd)%\

	

_ uü +

	

2s- :) W6

Table 1 .1 : Some properties of the 77 in comparison to the neutral pinn.

to the isovector rr°, the is isoscalar and therefore couples only to (1 = -)-baryons,
the N* resonances, because of isospin conservation in strong interactions at the i NN-

vertex. Thus the Srl N x'(1535) and the Plx N*(1710) resonances are the dominating
low mass baryonic states coupled strongly to the 77N channel.

Furthermore the r~ has strange quark contents in its wave function (and possibly
even a gluonic component) . The - as weil as the - meson is a mixture of the
pure SU(3) states

which can be written as

cos 8 -sin8 ) ( ~s )

sin 8

	

cos 8

	

rlx

In this, 8 denotes the mixing angle which is of the order [17, 32]

8 = -20°,

so that the ri consists of 94 % i - hence the entry for the dominant quark content
in table 1 .1. Unlike the rr°, the rj is sy'rnmetric in its u- and d-quark content and
thus has positive G-parity in contrast to the pion.

z = (uü. + dd + sg )/ / and
rys =(uü+dd-2ss)/v



Chapter 2

Experimental setup

Gental Detector

	

Forward Detector

Veto
3 80

Bearn

Veto
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T-

H00

	

FRH

Figure 2 .1 : Top view cross section of the PROMICE setup as used.

Figure 2 .1 Shows the PROMICE detector setup used in the experiment described
hexe . The CELSIUS proton beam enters frone the left and interacts in the Center of
the cylindrical scattering chamber wich deuteron (proton) clusters which are injected
vertically (source an the top) .

9
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2 .1 The CELSIUS beam

The CELSIUS storage ring is fed with ions from the Gustav Werner synchrocyclotron
[21: at the The Svedberg Laboratory ; the injection energy for protons is 48 MeV,

using stripping injeetion . With a magnetic rigidity of 7 Tm, CELSIUS is able to
score particles with momenta of up to 2 .1 GeV /c per unit Charge, corresponding to a

maximum 1 proton kinetic energy of 1360 MeV . An electron cooler has been installed
in order to increase the phase spare density and to compensate target heating of
the bearn. The cooled beam has a momentum resolution of Ap/p < 2 10', the
uncooled beam a relative momentum resolution of -- 2 - 10-3 . The electron cooler
accelerates electrons up to a kinetic energy of 300 keV, thus lirniting cooling to beam
energies less than 550 MeV per nucleon.

2 .2 Target stand

The duster jet is produced by pressing gas under pressure-temperature conditions
dose to the transition point to liquid through a cooled thin nozzIe . A cooled skim-
mer and a set of collimators is used to define the width of the target beam. A

cryogenic beam lump finally collects the Clusters . At the interaction point, 25 cm

away from the nozzle, the Clusters are ovally shaped with a cross section of 8 mm
along and 5 mm vertical to the beam [131 . The target thickness is typically about

3-10" atoms/cm2 . Witte a beam width of a few millimeters and -- 1010 protons

stored in, the ring, a luminosity of 10 30 cm' s' can be achieved with a rninirnum
of Background from secondary interactions with non-target associated particles, ac-
ceptable perturbation to the stored beam and acceptable gas load an the ring as is
a general advantage of windowless internal targets apart from the rninimization of

multiple Coulomb scattering . The half-Iife obtained for stored protons at, e .g ., 600
MeV is --20 minutes . Differential pumping along the duster beam, instead of along

the eiretürding bearn, allows for wide angle detection of particles emitted from the
interaction vertex. The scattering chamber of the CELSIUS duster jet target opens

in a forward ebne with a thin 800 ym aluminium window allowing for scattering
angles of up to 25° relative to the beam direction.

2 .3 Centrat detector

The scattering chamber is surrounded by the central detector (CD) consisting of
two boxes with 7x8 pyrarnidally shaped CsI(Na) crystals, each box nearly forming
a 60° x 60° spherical sector (see flgure 2 .2) . The crystals are 30 cm Jong (i=t' 16X0 ,
X0

	

radiation length) and haue a front face of 4 .2x4.2 cm' . For this experiment

1 Aecording to caiculations, the magnetic Held in the CELSIUS magnets could be increased

from 1 .0 T to 1 .2 T without severe saturation effects, which would inereuse the maximum possible
kinetic energy of protons to L75 GeV . An application for subsidy has beeil. submitted .
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Cosade
tnigger

Figure 2 .2: Sketch of a central detector box containing 7 x 8 Csl crystals . Also
plastic scintillator veto counters are shown as well as scintillator strips to provide a
trigger for calibration using cosmic muons.

the boxes have been positioned syrrirnetrically centered at +60° to the beam axis.
Their purpose is mainly the detection of photons with high energy resolution, but
also measurement of charged particles . These calorimeters are called CEC, which
stands for Central Electromagnetic Calorimeter . Using conventional photomulti-
plier readout, the relative energy resolution is expected to be approximately 6 %
(FH) for photons with energies of 50 MeV and above.

In front of each CsI box, a cylindrical plane of 8 vertically positioned 8 mm
thick plastic scintillators is mounted to provide a veto for charged partieles entering
the CsI crystals, named CDEr--Central Delta Energy connter . Upstream of the
scattering ehamber, plastic scintillator veto counters are mounted in order to veto
all online triggers if a charged partiele Passes the target region outside the beam
tobe . The Csl crystals of the central detector are completely screened by these
counters .
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In figure 2 .2, two plastic scintillator strips an top and below the CsI box are

shown. These counters have been used in a first calibration using cosmic muons
[35].

2.4 Forward detector
Charged pa,rticles which are emitted in a forward cone at laboratory angles between
3° and 23° with respect to the beam axis are measured in the PROMICE/WASA
forward detector.

2 .4 .1 The forward trigger hodoscope

The geometry

At a distance of 1 .1 m to the interaction vertex, three layers of 5 mm +10 % thick
plastic scintillators are mounted, named Forward Hodoscope (FIM). Figure 2.3
shows a schematic view of the forward hodoscope . In reality, there is only a space of
5 mm left between the planes, laut for the sake of clearness this representation has
been chosen . The first two planes of this hodoscope are composed of 24 scintillators
whose shape is described by archirnedie spirals, i .e. the boundaries are described in
polar coordinates by

(p i (r) =

	

i + k r, i=1,24

~ßi F1 -

	

= 15°,
(piii../rrria.,

= 180°,
58 cm,

with

chosen in the present design . In this is the azimuthal angle for element number
i, and r is the distance to the eenter of the detector, all measured in the detector

plane. The positive sign is valid for the description of the "left" bent elements, the
negative for the "right" bent, respectively. The third plane consists of 48 triangle
shaped scintillators, two of these matching one wedge in the FREI.

At the rnandmum radius the outer edge of a scintillator is geometrically given by
the straight connection of the end points of the spirals describing the edge curves
of the element . The light guides which are glued to these straight ends have a
reetangular cross section a.nd a thickness of 6 mm . Since the photomultipliers used
have a eimulm cathode with an effective diameter of 46 mm, the light guides are
adiabatically carried over into a cireular surface which matches the photomultiplier
window.
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Figure 2 .3 : Schematic view of the forward hodoscope .
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Features of this setup

Sinee all planes are eornpletely symmetrie urtder rotations around the beam axis
in steps of the azimuthal angular width of an element, the forward detector plane
is hertee divided up into equal, radially symrnetrie areas . Therefore, having no
polarization, all individual scintillators in a plane are exposed to the same integral

counting rate since they cover the same Part of the phase spare . This is an advantage
regarding the an-Iine setup, e .g. in view of the dead time.

In figure 2 .3 sonne elements are highlighted which indicates hits by two charged
particle tracks, the coincidence between signals from each plane defining a cell be-

ing the overlap area of the corresponding scintillator rnodules (in total 1104 active
pixels, due to the hole for the bearn tube which is 84 mm in diameter). By such a
combination of the signals from all three planes it is offline possible to deterrnine the
direction of a charged particle track in the forward detector and to resolve rnulti-hit
ambiguities.

Furthermore, the hodoscope gives a fast online multiplicity and timing trig-
ger, and allows for dE/dx measurements . This device can even be used as a fast
kinematic filter by online deterrnination of polar and azimuthal angles of charged
particle tracks because the hit radius is proportional to the difference between the
hit right and left berat seintinators, and the azimuthal angle is related to their surr.

The solid angle resolution

The radial height of all pixels is constantly equal to

A(p
Ar =

k
- = 4.83 cm

and their azimuthal width equal to

Asp

	

7 .5 0 ,

taking the third FIID plane into aceount . Thus one rnight ask how the three-
dimensional phase-space volume c1. 3r r 2drd cos 9d0 respectively the solid angle
covered by a pixel behaves at different radii and distanees of the detector to the
interaction vertex, r being the distance to the vertex, the azimuthal and 9 the
polar angle in the spherical laboratory system coordinates . Ihluminafing the erhole
forward hodoseope with particle tracks, the mornenturn vectors of which are isotrop-
ically distributed in a sphere (center-of momentum system), a pixel hit statisties like
figure 2 .4 will be obtained . Iiere the number of hits, normalized to the phase space
distribution an input, in each one of the 23 pixels of a straight FIID element is
plotted for several distances of the detector frorn the vertex . Small pixel numbers
correspond to large radii' . Since the phase space density is constant in this case, the

21n this simulation the detector has been regarded as one plane with zero thickness containing
1104 pixels which are formed by the overlap of all the three detector planes .
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Figure 2 .4: Laboratory solid angle covered by the 23 pixels in a forward hodoscope
wedge at different distanees to the vertex . Small pixel numbers correspond to large

radii.

normalized number of hits per pixel is directly related to the phase space volume or
solid angle, and according to figure 2.4 one concludes that, at small vertex distances,
the solid angle covered by the respective pixels increases to small radii (high pixel
numbers). This implies that, at a distance of ld m to the target chosen for this
experiment, the highest resolution is at outer pixels, i .e . at large scattering angles.
This is very suitable since in the reaction studied here the maximurn statistics is
expected at large laboratory scattering angles around 16 .6«Jaeobian) . However,
at large distances to the interaction vertex, of course all pixels cover approximately
the saune solid angle

	

the unit sphere.

At the present stage of the experimental setup, the FHD is the only device in the
forward detector, delivering information about the direction of particle tracks . By
1994 a tracker will be instnlied consisting of four planes of thin walled (10'Xe) straw
chambers . This will give a considerable improvement of track reconstruction, which
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is desirable, e .g., with respeet to missing mass caIculations from forward detector

tracks.

The material properties

The scintillator material used in the forward detector is Bicron's BG-404 ; some

physical properties [4: of it are listed in table 2 .1 . In a mixture or compound, the
rate of energy loss is approximately

wehere A is the fraction by weight of the i-th element and M) the mean rate of
da. i

energy loss in this element . This has been used to determine an effective Charge

number and atomic weight of the scintillator medium needed for the Monte Carlo
caiculations . Table 2.2 gives some information about the material used for the light
guides [33], and table 2 .3 contains data for the EMI 9954 B photomultiplier [37] used
for the forward hodoscope . This photomultiplier type is Mai& plastic sleeved with
a graphite coating connected to the cathode potential, to minimize Bark current.
A ,a-metal shield is mounted on every device in order to rninimize effects of stray
magnetic fields on the multiplier performance.

Since the detector is exposed to light in the experirnent area, all seintinators have
to be wrapped so that they are absolutely light tight . The materials used for this are

listed in table 2 .4. Because of the limited space between the elements in a plane, the
mechanically more stahle, hut thicker Cobex foil has only been used on the broad
sides of the scintillators . The Maat mylar foil used on the edges is totally light tight
already in one layer, trat had to be protected from mechanical stress by another
thin mylar foil . The aluminium strips on the edges viere folded onto the broad sides
and fixed these with some strips of transparent Tesa Cape . The whole wrapping
sits quite loosely on the scintillator laemuse contact with the surface decreases the
probability for total reflection . The total material on the broad scintillator surface
corresponds to an equivalent of - 680m mylar taking into account the radiation
lengths of rg, -- 28.6 cm and \A1 . 8 .9 cm respectively.

2 .4 .2 The forward range hodoscope

After passing through the trigger hodoscope, the energy of the charged partieles
is measured in a Tour-layered plastic scintillator hodoscope, called Forward Range

Hodoscope (FRII) . Each plane has a thickness of 11 cm (o:--0 .25X0) and consists
of 24 triangle shaped seintinators - wedges like the last forward hodoscope plane
(see figure 2.3), but thicker . The radii of these planes are 53, 59, 65 and 71 cm in
the order as seen from the target . The forward range hodoscope stops protons up

to -.320 MeV kinetic energy, deuterons up to -400 MeV, 'He up to --880 MeV,
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base material polyvinyltoluene (PVT)
density [g/cm3 ] 1 .032
II-atoms per cm' 5.21 . 10 2
C-atoms per cm 3 4 .74

	

10"
electrons per crn 3 .37 . 10"
H :C ratio (in volume) OBOOOMIafflIl
hydrogen content [% in weight] 8 .6
carbon content [% in weight] 91.4
eifective charge nurnber 5 .612
effective atomie weight Iffl11111Mäll1111111111
radiation length [cm] 43.5
darnping length [cm] 111111111lEellffl1111I
mean pulse width (FWIIM) [ns]

EnnZU 0I0010.7M310.
decay constant (main component) Ins] 1 .8
fiert output [% anthracene] 68
emission maximum 406
mean refractive index 1.58
softening point [°C] 1111111111111121111111111111

Table 2 .1 : Properties of BC-404 plastic scintillator.

material polymethylmetaacrylate (PMMA)
meart refractive index 1 .49
density [g/crn 1 .18
damping length [cm] 600 (for 380 to 780 nm)

Table 2 .2 : Properties of the plexiglass used for the light guides.

and pions up to --170 MeV . The energy resolution for 100 MeV protons is < 5 %
(FWHM).

2.5 Data acquisition system

Figure 2.5 gives an overview of the data acquisition system [19] . At the present
stage, the PROMICE/WASA experimental setup 3 consists of more than 320 active
channels which are cortnected to charge sensitive ADC's, and 136 of them are also

3The final setup will hold about 1000 analogue and 4000 binarer channels.
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cathode material RbCs

effective cathode diameter [mm] 46

quantum efficiency 26 % at 400 nm

sensitivity region [nm] 300 - 700

nominal cathode sensitivity [AA/Im] 110

no. of dynode stages 12 (linear focused)
dynode material BeCu
nominal anode sensitivity [A/lzn] 500
typical voltage (cathode-anode) V 800
voltage at max. anode sensitivity (cathode-anode) [V] 2300
maximum voltage (cathode-anode) [V] 2800
maximum voltage (dynode-dynode) [V] 450
maximum cathode current [nA] 50
maximum anode current [AA] 200
nominal gain 4.5

	

106
typical rase time n Inn»BZE
typical pulse width (FWHM) [ns] ilEUEZIESEI
typical transit time [ns] 41
typical time jitter (FWHM) [ns] 1 .9
typical dark current at nominal sensitivity [nA] 2 .4
maximum dark current at nominal sensitivity [nA] 20

Table 2 .3: Characteristics of the EMI 9954 B photomultiplier.

broad side edge

24 Am alurninium foil 12 Am aluminium foil
sowie strips of 165 Am

	

1
Tesa tape for fixation

14 p,rn black mylar foil

250 gm Cobex foil 45 Am aluminized mylar foil
for mechanical protection

185 Am black Scotch tape

Table 2 .4: Materials used for the Iight tight wrapping of the scintillators.

connected to TDC's . The central processing unit is based an VME, using a Motorola
68020 rnicroprocessor as a core, running the VALET operating system . Via VME-
based interfaces data is read fron CAMAC and FASTBUS front-end equipment,
CAMAC crate controller (CCC) arid FASTBUS "smart" crate controller (FSCC),



2.5. DATA ACQUISITION SYSTEM

	

19

VME

	

Exa Byte

DAQ ready

	

CCC

	

FSCC

CAMAC dataway

	

FASTBUS dataway

Scaler

	

Pattern unit

	

TDC

	

ADC

Master
trigger

Delay

Fast logic

Timer magnetic Field

	

Detectors

Delay

Trigger unit
Triggers

Figure 2 .5 : Schematic Iayout of the data acquisition System.

respectively. After an-Iine processing, selected data is sent through an SCSI interface
to an ExaByte magnetic tape unit . This tape drive is able to sture data at a
maximum rate of about 200 events per second, having a fixed event length of 2460
bytes. Thus the total data rate written to tape was 492 kbytes per second, Glase to

the maximum ExaByte Speed of 500 kbytes per second . Pedestal subtraction was
not yet implemented at that time . Not only ADC and TDC information, but also
data from CAMAC scalers, Pattern unit and magnetic field timer are written to
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tape.
The fast logic was irnplemented under CAMAC ECL logic . Leading edge discrim-

inators (LeCroy 4413) were used . The next stage ineluded Iogics for each detector
such as OR's of elements, coincidences between subdetectors, multiplicity conditions,
vetos etc. The resuits of these operations were then fed into programmable delays
and faxtouts as well as permanent coincidences and programmable logic matrices.
The final signals were then used to control the data acquisition (master trigger),
gate ADC's and TDC's, and haue partially been given on scalers, TDC and Pattern
units.

The table 2 .5 contains a list of triggers used for this work . Triggers T3*, T32
and T33 were used for the detection of 'He in the forward detector.

Label Description

Ti > 1 hit in > 1 plane of FHD
T2 > 2 hits in > 1 plane of FHD
T3 threshold on analog sum of signals

from Ist FRH plane
T3* T3 wich higher threshold

for 'He identification
V3 > 1 bit in the 3rd FRH plane

(veto for quasi-elastie channels)
T4 > 2 non-adjacent hit clusters in first

FRH plane (Li(p > 45»
T5 > 1 hit in right or left CDE
V5 T5 used as veto for charged

particles in the CD
T6 > 1 hit in left and right CDE
T7 > 1 hit in left or right CEC

(central 7 x 5 elernents)
T8 > 1 hit in left and right CEC

(central 7 x 5 elernents)
T14 T8 x V5

( rry coincidence)
T32 Tl x T3 x V3 x T2

(= 1 high energy FD track wich skort range)
T33 T32 x T7 x V5

(as T32 and one photon in the CD)
LP light pulser trigger

Table 2 .5 : Sorne important triggers.



Chapter 3

Simulation of the detector
performance

Detailed detector phenornena haue been simulated using Monte Carlo methods . In

this con.text, rnainly the results of simulations concerning the reaction pd--+ 3 Ier7
around 4=1250 MeV will be described, since they are essential for this work . The
experiment was performed at two slightly different (2 %) beam energies, 4=1250
and 1276 MeV. The sirnulation results concerning angular, rnomentum and missing
mass resolution are in a good approach deseribed by olle Monte Carlo caleulation.
The threshold for this reaction is at 4=891 MeV (4=1 .57 GeV/e).

3 .1 Kinernat ics

For the reaction pd-+Seri at a beam kinetic energy of 1250 MeV (1276 MeV), the
excess energy, i .e . the energy above threshold in the eenter-of-rnom.entum system

(CMS), is 195 MeV (209 MeV) . Since the ratio of the velocity ,3ems (the CMS

velocity in the laboratory system) to the velocity /:3"11e (the 'He velocity in the

CMS) is g3 =

	

> 1, there exists a maximum scattering angle for the 'Hee 2
nucleus . This so called "Jacobia.n" peak is at a laboratory scattering angle of 16.6'
with respect to the beam axis, well within the acceptance of the forward detector
covering a tone with 23° half operting angle . Figure 3 .1 shows the kinematical
relation between transversal and longitudinal momentuni of the recoiling 3He nucleus

in the laboratory frame for some reaction channels at 4=1250 MeV . In this picture,

the area between the phase space Iimitl and the channel pd-- 31-ler°Ir' will be filled

with background frorn multi-pion production because at this energy up to five pions
can be produced per event (see figure 3 .3 below). In the laboratory systern,

momenta at the Jacobian peak around 1 .48 GeV/c will show a peak . Of course, all
the discrete momenta shown will be smeared out by the finite detector resolution.

'The maximum mass whieh ean be produced in conjunction with a

	

nucleus is 742 MeV/c 2

at this beam energy .

21
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Figure 3 .1 : Transversal versus longitudinal momentum of the recoil 'He nucleus for
some reaction ehanneis at 4=1250 MeV.

Irt figure 3.2 the angular distribution in the CMS for rnesons fron the reaction
d(p,3He)9 at 4=1450 MeV [261 is plotted, indicating quite strong forward peaking,
i .e. the 'He recoils are dominantly einitted backwards in the center-of-momentum
system . The main angular dependence can be described by a phenomenologicai2 fit

[261 according to the funetion
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with parameters

Al = 7.939 + 1 .146 and A 2 = 0.8706 + 0 .1238.

At a beam energy of 4=1250 MeV, far beyond the production threshold, up
to five pions could theoretically be produced per event . The diagram 3 .3 shows
the kinematical relation between scattering angle and missing mass reconstructed
fror one track ("He) in the forward detector for some discrete kinetic energies of the
recoil nucleus . For the sake of clearness, some reaction ehanneis involving multiple
charged pion production as well as bremsstrahlung have not been included in this
picture. The rrain difference between the single and the multi-meson production

charmels, i .e. between two-body and multi-body reactions, is that the latter cover a
continuous region in this two-dimensional picture due to the variable internal energy
in the subsystem, whereas the single-meson channels are vertical lines due to the

'PhysieaLly, it would be more instrnetive to perform a Legendre polynomial fit as is dorre in

section 7 .5 .
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Figure 3 .2: Angelar distribution in the CMS for the reaction d(p,'He)n from Saclay
data at 4=1450 MeV [261.

discrete missing mass calculated from one of two particles in the exit channel (to
be folded with the detector resolution) . Figure 3 .4 is filled with Monte Carlo events

for the reactions pd-+'Hen and pd--9. 'Her'r° at 4=1250 MeV corresponding to
diagram 3 .3. Isotropically distributed momentum vectors of the reaction products
in the center-of-momentum Frame were assumed . The two-body final state is clearly
distinguished from the three-body channel by the constant missing mass calculated
from the 'He track . In the projectiort onto the abscissa, a relatively sharp (depending
an the detector resolution) 77 missing mass peak is expected ort a broad background
from (dominantly) 27r° events giving missing masses between 270 MeV/c2 and 740

MeV/c«phase space lirnit).

3 .2 Detection efficiency
The geornetric detection efficiency of the forward hodoscope is diminished by the
space necessary for the light tight wrapping of the individual scintillator elements.
This space between single elements in each Iayer is 400 ym. The length S of the
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Figure 3.3 Kinematical Iimits for some reactions of the type pd--4.3 eX at a beam
energy of Tp .1250 MeV.

path &lang the edge of a spiraled scintillator is given by

S sf:

	

+ v 2 4

= ü

	

+ (p +

	

+ vl + y2)j ::

wich the previously defined k = 1800 , rl,nax = -- 58 cm . Thus the
length of a berat element is 1086 mm measured fror the hole for the beam pipe (42
mm radius) to the rna3dmum radius . Since there are 24 elements in such a plane,
the irrsensitive area is 24-1086 . 0 .4 mm' = 104.3 cm' which corresponds to 0 .99 % of
the active area in a twisted plane . In the straight plane, the "deal" area amounts to
48 . 538 . 0.4 mm' = 103.3 cm', i .e. 0 .98 % of the active area in the last plane . When
demanding at least two planes hit by a Crack, the particle has to pass through the
overlap area of the slits, which is of the order -- 23 . 24 . (0.4 mm) 2 88 mm' . Thus
the total geometrical inefficiency due to the wrapping of the scintillators amounts
to as little as 8 - 10% which is negligible compared to other losses.

The hole for the beam pipe covers all scattering angles below 3«laboratory
system) . This decreases the efficiency for the reaction pd 3 lie77 at Tp 1250 MeV
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Figure 3 .4: Scattering angle versus rnissing mass extracted from 'He tracks in the
forward detector for the reaetions d--,'Hei and at T=1250 MeV
(Monte Carlo).

by 0 .1 % (see table 3 .1) only, because the Jacobian is at 16 .6° laboratory scattering
angle.

Thus the total geometrical acceptance for this reaction is 99.9 %. Table 3.1
gives information about the geometrical efficiency of the PROMICE/WASA detector
for some reactions . The ehannel pd--+ 3He7r°Ir' is the dominating background after
successful reconstruction of a 'He Crack, since the main part of the cross seetion
for single pion production with formation of a 3He recoil nucleus is outside of the
aceeptance of the forward detector . 3He can easily be selected by a hyperbola shaped
Cut in the dE E plot using the forward hodoscope as dE counter and the range
hodoscope as total energy E eounter . Since data acquisition Systems are lirnited in
accepting high counting raten (fiere dominating background from p-d quasi-elastic
channels), an an-Iine threshold of 190 MeV for the energy deposition in a single
element in the first range hodoseope plane was set.

25
z1.J

eiJ
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Reaction
at Tp = 1250 MeV

pd-Serl pd---43 1leir'r° pd-4pd9 pd

	

pd7r°7°

=1 FD track 99 .9% 99.9 % 83 .4 % 78 .2 %

=2 FD tracks 5 . 10'% 1 .3 - 10'% 0.69 % 1.8 %

=1 FD track and
� l CD tracks

17.7 % 19.6 % 17 .9 % 28 .2 %

FD track and
=1 CD track

17 .3 % 18 .3 % 16 .6 % 25 .5 %

FD track and
=2 CD tracks

0 .46 % 1 .3% 1 .4 % 2 .7%

190 MeV online
threshold an
Ist FREI plane

77.8 % 77.2 %

1
0 .29 % 0.27 %

Table 3 .1 : Geometrical acceptance for some rea.ctions under different conditions,

3 .3 Resolution of the central detector

3 .3 .1 Shower sie in the CsI crystals

The photons from decays have energies ranging from 70 to 970 MeV with
maximum probability at ---350 MeV . The electrornagnetic showers they produce in
the CsI crystals have been looked at . Figure 3 .5 shows the number of CsI crystals
hit in a 7 x 8 box of the central electromagnetic calorimeter when one photon from
a decaying (dashed line) of the reaction pd s Iea~ at Tp=1250 MeV is absorbed.

The solid line shows the saure for rr° decay photons from the exit channel 31le1r°7r°.
An energy deposition threshold of 1 MeV per CsI element has beeil assumed . lt
turned out to be useful to dernand a minimum number of crystals hit per impinging
photon in order to obtain best possible separation between photons fron rr° decays
and the ones from decaying 9's [35] . Dtte to their lower energy, ar° decay photons
produce showers with less CsI crystals hit an average . Demanding at least 3 (4)
crystals hit by every neutral track will decrease the efficiency for detection of one of
the two decay photons by 4 .4 % (8.3 %), for a single Tr' decay photon by 21 .1 %

(40 .2 %) . Therefore, as an optimum solution, at least 3 hit elements were demanded
when identifying an ri decay photon.

3 .3 .2 Energy resolution for photons

The energy resolution in detection of these high energy photons is approximately 20
MeV (FWIIM). For the relative energy resolution - as shown in figure 3 .6 - one gets

(2"±i .'' )% . Producing that picture for determination of the relative energy
E

	

E[GeV]
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Figure 3.5: Number of Csl crystals hit in one central ealorimeter box by absorption
of one decay photon (dashed 1ine), respectively

	

decay photon (solid line).

resolution is useful in this case, since we're dealing with a range of photon energies.

3 .3 .3 Angular resolution

The angular resolution in the central electrornagnetic calorimeter is limited by the
granularity of the CsI crystals (each element covering approxirnately 7 .5° in the
horizontal plane and 8 .6° vertically). Figures 3.7 and 3.8 show the resolution in
the polar and azimuthal angle, respectively. The angular resolutions obtained
are 3.1«FWHM) for the polar angle and 3 .8«F WI-IM) for the azimuthal angle
in the laboratory system . This resolution is much better than expected from the
gra.rmlarity alone because of the significant shower development in the CsI from
photons at these high energies (around EI, -- 350 MeV) as was shown in figure 3 .5.
Therefore the weighted surrt over all CsI energy depositions regarded as belonging to
the saure photon gives a very good Crack reconstruction . This situation gets worse at
lower photon energies where orte has smaller electromagnetic showers . The fast that
the histograms for the angular resolutions are not completely syrnrnetrie is due to
the kinematics of the specifie reaction which has been simulated here . The decay
photons of the reaetion d(p,311e)77 at Tp =1250 MeV do not illuminate the front of
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Figure 3 .6: Relative energy resolution for reconstructed 't7 decay photorts in the CsI,

the CsI box homogeneously. center-of-gravity of the angular distribution lies
at the edge between two crystals thus leading to a preference of a certain - in this
case larger scattering angle . ilowever this illustration has been shown because it
provides a more realistic picture of the resolution which can be expected in this
specific reaction . The sarne features will be seen in the simulation of the response
of the forward detector to this reaction ehanrief.
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3 .4 Performance of the forward detector

The PROMICE detector is not designed to perform time-of-flight measurements ; the
distance between target and forward detector is 110 cm . The idea is that dE E

measurements using the forward hodoscope as dE detector and the range hodoscope
as total energy absorber' are sufficient for particle separation at least to separate
'He fron single charged partieles . Knowledge of the direction and the absolute
value of the mornenturn of the 'He track, i .e. three Parameters, will then allow for
missing mass analysis which shall Show a elear signal an the continuous multi-pion
background.

3 .4d The angular resolut ion

The polar angular resolution in reconstructing forward detector tracks is given by
the trigger hodoscope (FHD) only because there exists no other device which can
provide such information at this time . Later in 1994, a tracker in front of the
hodoscope will improve the situation . Figure 3.9 shows the polar angle resolution
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Figure 3.9: Polar angle resolution in the forward detector (solid histogram : Monte
Carlo results, dashed live : gaussian fit).

more advaneed rnethod is to cornpare the energy depositions in all seven FD planes to the

ones expeeted fron'], Monte Carlo for different particle types, calenirrte a x2 for eaeh particle type,

and assign the type wich lowest x 2 to the partiele track (see section 7.2 .2) .
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obtained by reconstruction of the recoii nucleus from the reaction channel d(p, 3 1e)r1
at 4=1250 MeV. At a glance one notices the two sharp peaks an this basicalTy
gaussian distribution. The reason for this is - analogous to the results obtained
for the central detector that the Jacobian of the 'He scattering angle distribution
(e- 16.6° laboratory angle to the beam axis) is Iying between two radii (defined by
the center-of-gravity of the respective Pixels) in the forward hodoscope . In figure

Number of elements bit

Figure 3.10: Expected hit rnultiplicity in the FHD planes frorn one 'He track.

3 .10, the number of elements hit in each FHD plane is shown for Monte Carlo events
with one 'He track . Obviously the particle tracks very seldornly hit two elements
at a time (inclined tracks hitting two elements at their respective edges or nuclear
interactions), and there exists no significant shower development when a eltarged
particle Passes through the thin scintillator material . Thus the scattering angle
of the reconstructed track is determined by one pixel mainly, where the center-of-
gravity of the pixel has been taken as push-through point . Having the Jacobian lying
between two pixel radii will therefore give either a too large or too small scattering
angle in most eases' . The basic gaussian distribution, indicated by the dotted line
in figure 3 .9, comes from the more equally distributed smaller scattering angles.
The mean resolution of the scattering angle in the laboratory system relative to the
beam axis is 1 .2«FWHM).

The azimuthal a.ngular resolution can be seen frorn figure 3 .11 . The fall width

possibility to improve the resolution is to use the time information from all three scintil-
lators connected to the pixel in question (see section 7 .4) .

FHD 3
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Figure 311 : Azimuthal angular resolution in the forward detector.

at half maximum of the reconstructed azimuthal angle is found to be 4 .1°, slightly

larger than the half angular width of a pixel (3 .75».

3 .4 .2 Energy measurernent in the forward detector

Mean energy loss by ionization

When passing through matter, a charged particle loses its energy primarily by ion-
ization . In the early 1930s Bethe and Bloch treated the Problem of this energy loss
in the framework of quantum mechanics using first-order perturbation theory. For a

moderately relativistic particle wich charge ze they found the following well known

expression for the mean energy loss dE in a layer dx of the rnedium

dE

	

2z 2

dx

	

NAre2m e

	

ß2
In 2

mec 27 2ß2

ß2 2

rohere Z is the atornic number and A the atomie weight of the elements in the
medium. As usual, m, devotes the electron mass and the classical radius of the
electron, and the product 41rNArm,e' is equal to 0 .3071 MeV g' cm' . The mean

ionization potential 1 is approximately given by 16Z0 eV for Z > 1 . Disregardirtg
density effects (see chapter 5), integration of this formula leads to the average energy
loss eurves shown in figures 3 .12 and 3,13 for a 5 mm thick forward hodoseope plane

and an 11 cm thick range hodoscope plane, respectively . Thus the energy loss of a
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Figure 3.12: Mean ionization loss for protons, deuterons and 3He (bottom to top)
in 5 mm plastic scintillator (forward trigger hodoscope).

minimum ionizing proton in a forward hodoscope plane is expected to be 1 MeV,
and in a range hodoscope plane 20 MeV . 'He particles of 350 MeV kinetic energy
lose approximately 11 MeV per FHD plane, and alter passing through the forward
hodoscope they are stopped in the first range hodoscope plane since 11 cm plastic
scintillator stops 'He particles up to a kinetic energy of 400 MeV.

Energy resolution

Since no time-of-flight information is available in order to separate forward from
backward scattered 'He particles in the center-of-momentum franze, the energy de-
position in the forward detector is essentially necessary for the determination of the
3 He CMS momentum vector . In figure 3.14 the difference between the total measured
energy in the forward detector and the original kinetic energy at the vertex given by

the Monte Carlo event generator is plotted, thus showing the energy resolution for
3He recoils from the reaction d(p, 311e)ti at Tp =1250 MeV. These nuclei have kinetic
energies ranging from 200 to 700 MeV in the laboratory system at scattering angles
up to 16 .6° . The width of this distribution is 14 .5 MeV (FWHM). The mean value
is shifted by 30 MeV, indicating a relatively high amount of unmeasured kinetic
energy of the order 10 % . Sonne inevitable "dead" material such as the scattering
chamber window and wrapping of the scintillators is responsible for this loss .
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Figure 3 .13 : Mean ionization loss for protons, deuterons and 'He (bottom to top)
in 11 crn plastic scintillator (forward range hodoscope).

Correction for insensitive material

When using the rneasured energy deposition to reeonstruct the kinetic energy of
a particle, one has to eorrect for these losses in the offline analysis . The amount
of unreconstructed energy of course depends ort the kinetic energy of the travers-
ing particle and an its scattering angle, since the path length within the materials
changes . However, the angular dependence was found to be very weak, an the eon-

trau to the energy dependence. Figure 3 .15 shows the quotiert of Monte Carlo and
measured energy in the forward detector versus reconstructed energy (EFD) and

scattering angle (OREC) . Thus in the data analysis, for eaeh scattering angle and
measured energy deposition, the energy has been rnultiplied by the corresponding
function value given by the diagram.

3 .4.3 Missing mass resolution

When extracting the (missing) mass of the 7-1 meson in the reaction lad-->Sei,7
from orte measured track (Se) in the forward detector (see figure 3 .16), the reso-
lution is expected to be limited to --SO MeV/c2 (FWI-IM) 5 due to the large Pixel

size . Usirtg a bin size in the graphical representation which is only half that large

'The resolution obtained using information from the tracker will be < 20 MeV/e(FWHM) .
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Figure 3 .14: Total energy resolution in the forward detector.

(dashed line), again a strong double peak structure is visible similar to the polar
angular distribution in figure 3 .9 . This indicates that the larger bin size (solid line)
is probably more appropriate to the problern . But an the other hand, here one sees
indirectly that the gedient of the missing mass formula with respect to the mea-
sured scattering angle is by far larger than the one with respect to the deposited
energy, since one discrete scattering angle direetly corresponds to a certain, discrete
missing mass value . For this reason, the performance of the forward detector will in
the future be improved by a better determination of the track direction instead of
an increased resolution in measuring the track energy.

The background in a measurement of the missing mass by detection of the
s ie recoil nucleus is dominated by multi pion production . In figures 3 .17 and 3 .18
the missing mass distributions expected franz double and triele pion production are
shown. Due to the detector resolution missing mass values below the kinematical
Limit are kund .

	 1	 (	 =	 1	 1
0.04 0.06 0.08 0.1



36

	

CHAPTER 3 . SIMULATION OF THE DETECTOR PERFORMANCE

25
0.1

0.2

	

20
0.3 0

.4 0

	

15

*5 0.6

	

5 10
OREc [deg]

E [Geil]

Figure 3 .15 : Quotient of Monte Carlo and measured energy in tue forward detector
versus reconstructed energy and scattering angle .
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Figure 3.16 : Monte Carlo missing mass distribution of the reaction pd--43Her us-
ing the present experimental setup (dashed 1ine : half of the bin size in the solid
histogr am )
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Figure 3 .17: Missing mass distribution extracted from simulated 'He Cracks of the
reaction pd 'He7r 0 7r°
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Figure 3 .18: Missing mass distribution extracted fron simulated 'He gacks of the
reaction pd
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3 .5 Nuclear interactions in the forward detector

The energy deposition measured in a detector plane may deviate fror the expected
loss by means of, e .g., break-up or nuclear reactions . Such reactions will lead to a
different response of the deteetor to the impinging particle since it "changes" its na-
ture during the passage through the absorber material which might affeet the energy
deposition, in the respective plane and lead to additional sampling fluetuations.

1000 r
.'E 900
- 800

700

600 H
500 H

10
50 Lee--

A

Figure 3 .19: Total 3He breakup cross section for some target nuclei.

The 3He particles entering the forward detector might break up during their
passage through the scintillator medium due to nuelear interactions . A. Djaloeis et
al. [11] harre measured the total breakup cross section for the reactions "Al, 59Co,
93 Nb, '"Au('He,d)X at T3 H,=130 MeV (see figure 3 .19) . The fit function shown
fiere is defined as

as ,u, [ b] = (80.4 ± 18.1)A1/3 - (57.5 + 71 .6),

with a x 2 of 0.7 . Thus for the average scintillator medium (A=11 .157) one gets a
total breakup cross section of o-b ,a--122 mb at T., He =130 MeV . With approximately
9.95 . 1022 atoms per cm' one obtains a probability for 'He breakup of

= 1 .22% per cm path length within the scintillator medium.
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This arnounts to --0 .6 % per forward hodoseope plane and -43.4 % per range
hodoscope plane . On average, this rnight lead to a higher hit rnultiplicity in the
following planes and a Iower energy deposition in the respective plane where the
breakup occurs . This has to be taken into account as an additional systernatic
uncertainty when defining cuts on, e .g ., the energy deposition in a forward deteetor
plane, or when caIculating the detection efficiency .



Chapter

Calibration of the forward
detector

The calibration procedure for the forward detector is aimed at getting energy depen-
dent calibration constants for each individual detector element and radial position
of the ionizing particle's irnpact point . The calibration leas been performed on data
samples containing protonsproton elastic scattering at beam energies of 75-100, 282,
500 and 1265 MeV by superposition of the corresponding Monte Carlo distributions.

4.1 Method

Monte Carlo samples for p-p elastic scattering at the different energies haue been
prepared . For that, events were generated using the S/R GENEV (FOWL) event
generator which is provided in the CERN library. The isotropic phase space di-
stribution in the center-of-momentum system was modified by a phenomenological
parametrization of the form

da-

dt

	

exP( AI' + A2'2 ) ,

where t is the four-momentum transfer . This exponential form lacks any fundamen-
tal theoretical significance, but is a convenient way to deseribe the results of Ryart
et al . [34] on proton-proton differential cross sections . From these measurements
the values for Al and A 2 were obtained by interpolation, and are shown in table 4 .1.

The (weighted) events produced by the event generator were used as Input for
a GEANT Monte Carlo study, including the forward range hodoscope, the forward
trigger hodoscope, wrapping of the scintillators, beam pipe, scattering chamber,
window and bars as well as flanges, i .e. the complete PROMICE setup as shown
in figure 2 .1 . For the calculation of energy losses and multiple scattering in the
quasi-continuous physical processes, the following setting of GEANT parameters was
used :

41
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Beam energy Bearn mornentum A2

[MeV] [MeV /c]

75-100 383-445 -0 .250 3 .900
282 780 -0 .821 3 .456
500 1090 -1 .268 1 .110

1265 1994 -8.000 6.954

Table 4 .1 : Parameters for the Proton-Proton elastic cross section.

• Decay in High with generation of secondaries

• Multiple scattering according to Moli'ere theory

No Photo-flssion

• Muon-nueleus interactions with generation of secondaries

• Continuous energy loss without generation of 8-rays and full Landau-Vavilov-
Gauss fluctuations

• Photo-electric effect with generation of the electron

• Compton scattering with generation of e-

t, Pair production with generation of e + /e-

• Bremsstrahlung with generation of "f

• No Rayleigh effect l

• Positron annihilation with generation of -y's

• Hadronic interactions with generation of secondaries

The energy depositions in the individual sensitive detector elements found by
GEANT viere written to a fl.le similar to real dato, fron the experiment . Then the
offline software was run on that MC sample . On input, all energy depositions
have been smeared out according to a normal (gaussian) distribution because of
the limited photoelectron statistics at the photornultiplier output . The number of
photoelectrons per MeV energy deposition can be estimated as follows . The photon
yield in the amplitude range of photornultiplier tubes is of the order 1 photon
per 100 eV energy deposition in plastic scintillators [29] . The efficiency is decreased
by the geometrical light collection efficiency which of course strongly depends on

iscattering of photons by atoms as a wh.ole, i .e . electron in the atom participate as a whole

"coherent" scattering
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the shape of the seintinators ; 10 % is a good estimate for this efficiency factor . The
attenuation length of BC404 is 125 cm, thus leading to an efficiency factor of, e .g" 70
% for 50 cm path length in the scintillator . The light colleetion effieiency in the light
guide might be of the order 60 % . The (Inanturn efficiency of the photomultiplier
cathode is (depending on the specific type) of the order 25 %, and the focusing
efficiency witliin the photomultiplier as 25 % (data fron Philips) . Thus the total
number of photoelectrons per MeV energy deposition is estimated to be about 25.
But this value strongly depends on the geometrical shape of the seintinators' and
on the amotmt of deposited energy (guenehing) . Therefore, only comparison to
measured p-p elastic seattering data cm, give the correct vaInes . 35 photoelectrons
per MeV energy deposition for the berat scintillators and 100 photoelectrons per
MeV for the straight forward trigger seintinators were found to give satisfactory
agreernent (see figure 4 .1) with the width of the measured energy distributions (30
photoelectrons per MeV for the range hodoscope seintinators).

The smearing was Bone by the transformation

(
	 	 GR 	

EDEP EDEP 1 + -	
i/NPEGEV EDEP

where EDEP is the energy deposition in GeV, NPEGEV the number of photo-
electrons per 0eV, and GR is a gaussian distributed pseudo random variable with
zero mean arid unit variance ( NpEG_m., ED .Ep is the RMS value of the photoelectron
statistics distribution) . A normalization is not necessary beeause the distribution
for GR is normalized to unit integral, and only the correct width of the energy
distribution is needed.

The distributions of the deposited energies for each radial bin in every detector
element have been extracted . These distributions were put on a "card" in the offline
job for later comparison to real data.

After that, the offline job was run on real p-p data . In order to make the selected
p-p elastic sample as clean as possible, the following conditions have been applied
(compare the listing of hardware triggers in table 2.5)

• Skip hardware triggers T4 (coplanar tracks in forward deteetor), T6 (central
deteetor "charged" coincidence) and T8 (CsI coincidence)

e Select software triggers 1 (single track in single forward detector, namely HM
tracks in non-overlap zone), 2 (forward detector FRH-FIID coincidertce) and
7 (forward detector track in coincidence with charged central detector track)

• Skip light pulser events

• Demand one and only one charged forward detector track

2 Photons which are emitted in a dixection perpendicular to the straight connection with the
photomultiplier tobe will be focused onto the muffiger due to the shape of these seintillators.
That is a great advantage eompared to scintillators with parallel surfaces .
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e Set software threshold slightly above the individual pedestal

• Demand total energy deposition in the forward detector to be greater than
EKMIN, deposition in the last FHD plane to be greater than DELOJ3 and

less than DEUPJ3, total energy deposition in the forward trigger hodoseope
to be greater than DELOJH and less than DEUPJH, and deposition in
the first range hodoseope plane to be greater than DELOR1 and less than

DEUPR1 . The values for these limits at the different beam energies are listed
table 4.2.

Beam energy [MeV 75 - 100 282

	

500

	

1265

EKMIN [MeV] 140 105 70
DELOJ3 [MeV] 3 1 0.5 0.3

DEUP.13 [MeV] 20 4 .1 3.2 2.7
DELOJH [MAL] 8 .0 2 .8 1 .0 0 .85
DEUPJH [MeV] 50 13 10 8.5

22 14
55 40

Table 4.2: Limits for energy depositions used when selecting elastic p-p events.

e Demand FHD-FRH coincidence if polar angle of the track lies in geometrical

overlap tone

Demand at least one FHD spiral plane hit (otherwise scattering angle is not
defined)

• Demand one and only one hit in each plane

• Demand TDC info for all hits

In order to obtain sufficient statisties, the radial dependence has been limited to 10
bins which seeins to be precise enough for interpolation, i .e. the possible hit radii

in the forward hodoseope between 4 .2 and 58 cm haue been grouped to ten hins.

Radial bin no . 3 was chosen as a reference which corresponds to a hit radius between
14 and 19 cm for the range hodoscope, and 15 respectively 20 cm for the forward
trigger hodoscope.

In the first nm on real data, no ADC to energy conversion and no correction
for radial nonuniformity of the outpnt signal was done . Superposition of the Monte
Carlo distributions on the real data at one radial bin gives a (1st order) calibration

constant for each element . The values for other radii may differ fror these due to
the nonuniformity of light output and to energy dependent response which is not
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considered in the Monte Carlo calnnation . In order to compensate for the firnt,
nonuniformity constants have to be extracted which are the inverse of the ratio
of the calibration constant at another radius and at the reference radius . These
nunabers are obtained as follows:

A second run on the real data is done with ADC to energy conversion . Fata
at high energy (1265 MeV) have been used for this because of minimum radial en-
ergy dependence . The nonuniformity constants are then extracted from the ADC
and Monte Carlo distributions . The reference radial bin is given Iight output ef-
ficiency 1, and all ADC calibration constants are resealed . For better control of
the superposition, the ADC distributions with Monte Carlo curves superposed are
plotted on output . An example of this can be seen in figure 4 .1 which shows Monte
Carlo distributions superposed on measured p-p elastic scattering data at 4=1265
MeV for the 10 radial bins of the third (straight) forward hodoscope plane . The
agreement is very good, i .e. the photoeleärdn statistics assumed fiere seeins to be
appropriate, and the superposition procedure (shifting and normalizing the Monte
Carlo distribution) works well . The energy depositions are of the order 1 MeV per
plane, slightly higher at the outer bins which is due to the increased path length
within the scintillator material and the (by about 200 MeV) lower particle energy at
larger scattering angles. Bins 9 and 10 show a significant lack of statistics due to the
fad, that these data were taken with a trigger including the range hodoscope, and
this device does not have snffident geometrical overlap with the forward hodoscope
at these large radii.

In order to single out the energy dependence of the ADC calibration constants,
histograms containing relative calibration constants (rneasured, nonuniformity cor-
rected energy deposition' divided by Monte Carlo deposition) versus the (uncor-
rected) measured energy from all energies are merged . A linear fit in these his-
tograrns relates the relative calibration constants to the measured energy deposition,
of which 2nd order ADC calibration constants are extracted as deseribed in section
4 .2. A quadratical fit and extraction of 3rd order ADC calibration constants have
also been tried, but the deviation from a linear dependence is very small, such that
the coefficients for 3rd order are about 3 orders of rnagnitude smaller than the 2nd
order values which in turn are about 3 orders of magnitude smaller than the Ist
order coefficients . Therefore 2nd order calibration was considered to be sufficiently
precise.

The formulae used for caleulation of energy dependent calibration constants (in
each iteration steil) are derived in section 4 .2. Equation 4.3 has been used to extra.et
2nd order calibration constants . With these constants, again a run on p-p elastic
scattering data at higher energy was done, and new nonuniformity parameters were
extracted . The whole procedure - running on data from all energies with extraction
of ADC calibration constants, and then running on high energy data with ealculation
of nonuniformity parameters - has been performed several times, because of the

3 calibration and nonuniformity constants taken frora last iteration
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Figure 4J : Monte Carlo distributions (smooth Ikes) superposed an measured energy
deposition curves at 4=1265 MeV for different radial bins in the third (straight)
forward hodoscope plane.

alternating calculation of calibration and nonuniformity Parameters which influence

4.
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each other.

4.2 Cal bration formulae

In a ferst approach the dependence of the relative calibration parameters on the rnea-
sured energy deposition for one element can be approximated by a linear equation

A - CAnc

1 - Emc

where CADc is the ADC content, Emc the expected energy deposition obtained
from Monte Carlo, 1 the light efficiency, A is the Ist order ealibration constant, A o
and B0 are the constants describing the linear dependence on the measured energy
deposition A- CA c . The left side of equation 4 .1, measured nonuniformity corrected
energy deposition divided by Monte Carlo energy deposition, might deviate from 1.
If there were no pulse height dependence at all, that expresssion would be equal to
1 . But in reality, the light output is regressive with increasing pulse height due to
quenching and photomultiplier nonlinearity, thus leading to a negative value for £Dp

in the ansatz above. Hereby one assumes that the contribution of the photomultiplier
nonlinearity is larger than any energy dependence of the nonuniformity parameters
which is therefore not included in this ansatz.

This equation gives an expression for the expected measured energy deposition
(MC folded with nonuniformity),

which can be approximated by

A

	

B A2
1- Emc

	

A C	 0	 C2A2 ADC +A,

The corresponding equation for 2nd order ADC to energy translation
tained by replacing A in equation 4 .2 by A + B . CADc . This gives

A

	

B B,A'

	

Emc

	

ADC -L-.

	

CA2 DC,
A0	A,

	

A

Just for eompleteness (because this parametrization was also tried), assuming a 2nd
order dependence on the pulse height (i .e. replacing A by A + B CAEic + C - C z~c
in a 2nd order ansatz for equation 4 .1), the equation for the energy reconstruction
would be

( A0 ) 3 (B2e _ A0C0) +

	

+ 3A2BB	 A 3
	 .?-AcC]

	

'-'-'-i

	

A.

	

CADC
+

	

-
	 + 3M-A0C;A(B2

Ac, + AC)] CXDC

+

	

-2 ABAf° +	 (6ABC +

	

CLc

+

	

CLC )°

= A0 + B, - A . CADc,

	

(4.1)

A. 1 + 11ACADc

is then ob-

1 - Emc
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Equation 4.3 was used for calculation of the 2nd order calibration constants.
Histograms containing A .cA -2 - versus A CADC from different rurts are fitted with a

1 . Emc

straight line, the crossing with the ordinate giving A0 , the gradient delivering Ba.
The new calibration constants for ist and 2nd order in CADC are then obtained from

equation 4.3 by + and ( - -BA , respectively, where A and B are taken from
the last iteration.

4 .3 Results
Generally it must be noticed that the precision of the calibration cannot be bettet
than a few %. The ADC to energy calibration factor for Ist order ADC dependence
is of the order 25 keV per ADC count . That corresponds to -- 0 .6 - 2 .5% of the
energy deposition in an element of the trigger hodoscope which is typically about 4
MeV for 80 MeV protons and around 1 MeV for 1265 MeV protons, as can be seen
from a simple ionization loss calculation according to Bethe-Bloch as is shown in
figure 3.12 for the FHD and figure 3 .13 for the FRH (see section 3 .4) . In addition
one has uncertainties due to fitting of the Monte Carlo distributions to real data.
In these histograms the bin size was chosen as 50 keV, which is at the limit for our
statistics . A misadjustrnent by only one bin therefore corresponds to a relative error

of 1 .2 - 5% . The fit quality can be judged, e.g., by observing the superposition of
the Monte Carlo distributions to the Monte Carlo data itself . lt was seen that a
misadjustment of up to one bin had to be accepted.

The resulting ADC calibration curves using the procedure described above are
shown in figure 4 .2 for all 24 elements in the second forward hodoscope plane . The
response of the system is far from linear . The energy depositions available from
the elastic p-p data used for the calibration procedure range from 1 to 4 MeV.
Caleulations according to the Bethe-Bloch theory predict -40 MeV mean energy
deposition in one FHD plane from 'He at 350 MeV which is the most probable
kinetic energy assuming an isotropie phase spare distribution . Therefore one has to

extrapolate by a factor of 2 to 3 out of the calibration energy range . This might lead

to quite large systematic errors . Calibration measurements using double charged
particles would be a straightforward improvernent of this situation.

Figure 4 .3 gives an impression of the radial dependence of the light output ob-
tained from elastically scattered protons passing through the 5 mm thick trigger
hodoscope planes at different radii . The number of radial bins has been lirnited to
10, according to the statistics available in the elastic proton-proton scattering data
sample. On.e bin has a radial height of 5.38 cm, the lowest bin tumber starting

at the inner hodoscope radius of 4 .2 cm. Furthermore, due to lack of geornetri-
cal overlap between trigger defining range hodoscope and forward hodoscope at the
most outside bin, the nonuniformity parameters for radial bin no. 10 have been set

equal to those for bin 9 and are not shown in the plot . The dashed lines indicate
the response curves obtained by more precise measurements [361 performed at the
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50 100 150 200 250 300 350 400 450 500

ADC channel number

Figure 4 .2 : ADC to energy calibration curves for all 24 elements of the second
forward hodoscope plane.

CERN Tll test beam . This facility provided a monoenergetic proton beam with a
nominal momentuni of 2 GeV/c (± 1 .9 %) . The position of the partiele's Impact
point was in these measurements determined by wire charnbers allowing for a scan
of the scintillator surface with a bin size of 8 x 8 mm2 . Contamination of the beam
by other partieles than protons was filtered out using the time-of-flight method.

In general, one ean see a decrease of the light output efheiency fror . large radii
down to a minimum at a radius of 30 cm (radial bin 5) for the berat scintillators,
and again an increase at the tip of the elements. For the straight triangle shaped
scintillators the light output at large radii near the photornultiplier was found to
be even lower than dose to the beam pipe, contradicting the results of reference
[361 (dashed bars), even within the error limits exemplarily shown an bin 7 . But
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Figure 4 .3: Nonuniformity correction factors (=-- ratio of the Iight output at the
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differenee to the test module.
For the reaction pd---s'Hen at es 200 MeV excess energy, the Jacobian is on the

edge between radial bin 6 and 7 . The angular range up to this hit radius seeins to
be described well enough, with respect to the fact that the energy determination of a
charged particle track is rnainly done by the forward range hodoscope behind these
planes . The forward hodoscope only takes 1 of the total 'He energy deposition
in the forward detector . Its offline purpose is mainly the determination of the track
direction.

The larger light output at the tip of the scintillators is due to a kind of mirror
effect which occurs because of the shape of the scintillators . Non-parallel surfaces
lead to a reflection of the scintillation light in direction of the photomultiplier, even if
the photons haue been emitted in direction to the tip of the scintillator . This focusing
obviously overcornpensates efficiency losses in the light collection by absorption and
reflection out of the scintillation volume.

4.4 Outlook
The density effect in scintiilator material has been neglected so far . In chapter 5
some more information about this Feature in general is given, and also with respect to
the passage of 'He through scintillator material which of course is of special interest
within the scope of this work . This effect which leads to less light output than
extrapolated from proton data has to be taken into aceount during reconstruction
of the energy deposition (--+ Idnetie energy) of particles other than protons, and
on principle even for protons at smaller energies than those used in the calibration
procedure.

Furthermore, light pulser signals are available now . In every lightguide an optical
fiber has been implemented which is supplied with short light pulses from a cornmon
LED (luminescence diode) pulser . The corresponding ADO peaks (easy to identify
via the hit multiplicity in a hodoscope plane) will be used to monitor the stability
of photomultiplier amplification as well as to rnake it possible to relate data which
has been taken at different times (temperature drift) and energies .
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Chapter 5

Quenching effects

The calibration of the PROMICE/WASA forward detector has been performed using
protons. Heavier particles like deuterons, tritons and especially double eharged
particles such as 'He and 'He will cause saturation effects in the scintillator material
(quenching) leading to less light output . E.g., the light output obtained from a-
partieles of 120 MeV kinetic energy is about a factor 2 smaller than the one from
protons at the saure energy [18] . This has to be taken into account during extraction
of energy depositions from particles other than protons, and even for protons at
smaller energies than those used in the calibration procedure.

5 .1 Introduction
Organic, plastic scintillators are widely used in detectors for charged nuclear parti-
cles . Though Nal or CsI crystals show better linearity in their fluorescent response,
the very high counting rates in some accelerator experiments can more easily be
handled with plastic scintillators which have very skort decay constants of about
2 to 3 ns (the decay constants of typical inorganic erystals are about three orders
of rnagnitude larger) . However, plastic scintillators show non-linear response to
heavily-ionizing particles such as multiple charged or stopping particles.

Organic scintillators respond directly to the exeitation energy deposited by a
penetrating charged partiele . Some part of this ionization energy is released as
radiation . The scintillation efäcieney is of the order of 3 .5 % (for anthracene, the
best organic material) . Absorption of the emitted light leads to an excitation of
molecular levels, i .e. of the delocalized valence electrons in the 7r-molecular orbitals.
Some more details about scintillators and the scintillation process in general are
given in appendix A.

The response to electrons is linear for partiele energies above --125 keil [10].
The most popular theoretical explanation for the non-linear light output at high
ionization densities from Keavier, higher charged or stopping particles is that this
density along the path of the penetrating partiele causes querndring, i .e. some kind
of saturation effect (ionisation defeet) . The luminescence Centers in the scintillator
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becorne saturated because of too large energy depositiori . This phenomenon is re-
sponsible for the faxt that the light output for different partieles is not the same
even if they lose the same amount of energy within the scintillator material . lt is
the objective of scintillator response theories to explain observations like this.

5.2 Parametrization of the relative Iight output

The tost cited because it is extremely successful approach to describe many of the
features of experimental data for organic seinfiliators sterns from B . Birks [51 . His
theory is based an the assumption that there exists two different energy absorption
modes for the molecules along the path of the penetrating ionizing particle . Sonne
part of the excitation energy can be released as radiation, or the ionization energy is
dissipated nonradiatively, mainly by losing vibrational energy to the lattice (phonon
emission) 1 . C . N . Chou [91 proposed a modified form of Birk's approach to describe
the fluoreseence light energy emitted per unit path length

dL

	

dE
	 dz	

)2dx

	

+ kB dE + (
dz

where dde is the specific energy loss for the charged particle and S the scintillation
efficiency. The eonstants k and B come from theory where B d---g is the ratio ofdz
the number of molecules dissipating the excitation energy mainly nonradiatively to
the number of "radiating" molecules, and k is the corresponding relative quenching
probability. The constant C, which is equal to zero in Birk's ansa.tz, was introduced
by Chou in order to optirnize the description of the phenomena at high values of dz °

This equation can also be written as

dL

	

S

dE

	

+ kB2 +C ( de

where dL is the quantity of fluoreseence light generated when a charged particle with
energy E loses a quantity of energy d .E through ionization along a path inererneut
dx within the scintillator [101 . The total light L(E) emitted by a cha.rged particle
which expends all of its energy E within the scintillator is then

L(E) = S

For electrons with energies above 125 keV, d.

	

0, and thus

Le(E) SE + L o ,

'In this, also some permanent darnage will occur which contributes to longsterm deterioration of
the properties of the scintillator, but it is not responsible for the quenching process being considered

[10] .
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where L 0 is an arbitrarily assigned oftset an a relative scale.
Thus, an energy deposition found in the forward detector has to be multiplied

by the correction factor

	

CORRth.(E) L
e(E)

	

SE +
-

	

L(E)

	

s foE d , (1 + k .B c!:i.. +C

where E is the true kinetic energy of the particle.
The rneasured particle energy is in general not equal to the true kinetic energy

of the particle before it entered the detector . Therefore an experimental correction
factor CORR,xp(E), to be multiplied wich each measured energy deposition, has to
be determined . lt is

Et..e

C RRd.i.(Ete.e )

where E,,eas is the measured (kinetic) energy of the particle, Et,e is the kinetic
energy of the particle before it entered the detector, and CORRth,,(Et,,) the cor-
rection factor at this particle energy. From this equation orte can - most easily
numerically - calzulote a new experimental correction function COR.F4,,p( E) which
gives a correction factor for each measured particle energy in order to obtain di-
rectly the "true" kinetic energy of the particle:

Eh , = C 0 R R e p (Eine

5 .3 Experimental quenching correction functions
What is needed in order to extract the quenching correction function for a given par-
ticle is a measurement of the relative light output obtained from this particle and
from electrons . The latter is necessary to normalize to the arbitrary chosen scale
for the relative Iight output and to fold out the intrinsic arnplification curve of the
measuring device (e.g. photornultiplier) . Craun and Smith [10] have measured pro-
tons, deuterons and even the response to electrons (no tabled values but diagrams),
but they did not measure heavier or even double-charged partieles such as e .g . 'He
which is of special interest within the scope of the PROMICE project . Becchetti et
al. measured protons, deuterons, 'He and even heavier ions, but they do
not show a reference curve for the electron response . Therefore these dato are only
useful to describe the light output obtained from heavier ions relative to the light
output from protons . Gooding and Pugh [18] have given light output response dato
for protons, deuterons, tritium and o-particles, and also give a reference point for
the electron response, but again, no dato for

The correction functions CORR th,0,.(E) for protons and deuterons according to
equation 5 .2 have beeil directly taken frorn [10], since Craun et al . also give the
reference curve for the response to electrons . The parameter values are listed in
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Partiele S
[a.u.]

kB
[g cm' GeV -r]

C
[g 2	' GeV"]

p 2113000 12 .9 9 .59
d 1915000 9 .17 4.6

Table 5 .1 : Parameters [10] describing the correction functions for protons and
deuterons according to equation 5 .2.

table 5 .1 . In order to get the theoretical correetion funetion for 'He, the data of
Becchetti et al . [1] haue been fitted according to equation 5 .1, with S, kE and C

as free pararneters . The result can be seen in figure 5 .1 . In this, d---g was calculated.ax

lo 3

10 2

10
10 3

102

	

10 1
Kinetie energy [GeV]

Figure 5 .1 : Response of NE102 to protons, deuterons and 'He (solid lines : date, of

Becchetti et al . [1], dashed Eries : fits according to equation 5 .1).

nurnerically according to the Bethe-Bloch formula with an effective 2 charge of the

medium of Zyned 5.612 and atomic nurnber Amed = 11 .157. Becchetti's data was

measured using NE102 scintillator material. This is very similar to BC-404 which is
used in the PROMICE/WASA forward detector . NE102 has 4 .75 10 22 C-atoms per

2In a mixture or cornpound, the rate of energy loss is approximately 2 E Aei , where A
is the fraction by weight of the i-th elernent and 1, the rnean rate of energy loss in this element.

Plastic scintillator material such as Bicron's BC-404 (used e .g . for the forward trigger hodoscope)

consists of typically 92 % carbon and 8 % hydrogen (percent in weight), i .e . H:Ceel.l (in volume).
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cm', BC-404 contains 4 .74 . 1022 C-atoms per cm', and the H :C ratio (in volume) is
1 .032 for NE102 resp . 1 .099 for BC-404 . The presence of oxygen and nitrogen, so
far as the density effect is concerned, can be negleeted [28].

From the fits one can derive a correction function for 'He relative to protons,
and by multiplying this function with the absolute correction function for protons
described above, one gets the absolute correction function for Se relative to elee-
trons.

As the goal is to obtain an "experimental" correction function for the parti-
des such that the measured energy deposition just has to be multiplied by the
corresponding correction factor for this energy, equation 5 .3 has been solved immer-
ically, and the result was normalized to the constraint that there is no correction for
quenching at very high energies (CORR(2 GeV)=1).

The original fit function 5 .1 is not of any practical use in an offline analysis
because of the integral term which is very cpu-time consuming . Therefore, the final
"experimental" correction functions have been fit again according to the function

CORRe ,,p ( E)

		

+ Ps .

	

(5 .4)
P2 + .ß + PE2 + PsE2

The correction functions together with the fit results are shown in figures 5 .2, 5 .3
and 5.4 for protons, deuterons and

	

respectively.

*nl df 0.slo080eiii 994 :-'
P1 0.2453
P2 0.1185
P3 20.29
P4 .43.46
P5 68.61
P6 0.9995

10-1 1
Energy deposition [GeV]
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4
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r.
4.)

c..,.)

	

1
0.9 1-
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	1	 i	 1
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Figure 5 .2: Experimental correction function for protons together with a fit accord-
ing to equation 5.4.
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df
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Figure 5 .3: Experimental correction function for deuterons together with a fit ac-

cording to equation 5.4 .
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Figure 5 .4: Experimental correction function for 3He together with a fit according

to equation 5 .4.

2,

g..

2

10 3	102 1



5 .4. OUTLOOK

	

59

5 .4 Outlook

The correction functions given by equation 5 .4 and the Parameters specified in figures
5 .2, 5.3 and 5.4 can now be used to correct for the quenching dient if one knows which
particle actually has been observed in the detector, because this determines which
one of the functions has to be applied . For this decision, a particle identification
is necessary which in turn depends on the energies deposited in the consecutive
detector planes. This demands some kind of iterative (fit) procedure. In a first
approximation which was done fiere, one can simply apply the quenching correction
for protons to each charged particle which has been measured in the forward detector,
then perform the particle identification using the resulting energy depositions, and
after that make a correction relative to protons if the particle was identified as a
heavier projectile .
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Chapter 6

Kinematica fit

6.1 General method
Kinematical constraints can be used to single out a specific reaction channel, i .e.
whenever a decision has to be made about whether the measured observables are
within their individual errors consistent with the assumption of a certain reaction
process. In that case, one is able to "improve" the measurements by a kinematical
fit . This is done by adjusting the measured arid unmeasured observables according
to their uneertainties in such a way that the set of kinernaticail constraints, which
connects them, is fulfilled as well as possible.

The four constraints used here are momentum and energy conservation . The tat-
get particle is assumed to be at rest at the vertex without errors . With masses fixed,
beam and identified particle in the forward detector give three measured observables
each, while the missing particle in a two-body exit channel leaves three unknown
parameters, thus leading to a one-constraint fit when applying momentum and
energy conservation.

The least squares method has been used since, for a linear dependence of the
parameters, this method has the virtue that it, even for smafl samples, produces
unbiassed estimators of minimum variance . All measured quantities are fitted to
give the best solution to the constraint equations, and the probability that the
hypothesis of a certain reaction channel is correct is also given. Brielly, the least
squares principle is as follows [15].

Let be a vector of Mobs ideal observables . The measured quantities are the
starting values (0

	

their respective errors given in the covariance matrixvrith
Denote that the measurements do not necessarily have to be independent . The
set of N., unmeasured variables is specified as vector e . The measurable and
unmeasurable observables are related by a set of N est constraint equations,

fk«,()=0, k = °" 9 CC. °

The least squares principle states that the best set of estimates for ( and e are those
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values for which

x 2 () «

	

Tv - « - (-0 ) = minimurn ,

Choosing the method of Lagrangian multipliers to solve this minimization problem,

N,, t additional unknowns are introduced, the vector A, and

x2«)=(T - ü)Tv'« (°) + 2 :5',T f(, e) = minimum

is required. The derivatives of x2 with respect to all unknowns shall be equal to

zero. That delivers the following equations:

Vcx2 = 217 1 «- () + 2Fj' =

7ex2 = 2FzT

=

	

,()= 6 >

where the matrices F( and

	

are defined by

Ofk
(Fc) k , :=	 (Fe)ki :=	

Thus
v-«Z'- + FT 5: =

= tJ,

f«,() =

The solution to this set of equations with (Nob + N + N,st ) unknowns has usually

to be found via an iterative procedure . In each step of the procedure, new values for

the unknown variables will be cakulated until the convergence criteria are fulfilled.
This is the case if the constraint equations and the change in )2 between successive
steps are sufficiently small . After the final step, the covariances of the obtained
"improved" measurements are calculated applying the Iaw of error propagation.
The errors an the fitted quantities are in general smaller than the errors in the
observations, and the fitted quantities will be correlated, even if the measurements
were independent.

6 .2 The fitting procedure

The following values haue to be specified for the kinernatical fit procedure:

e The nasses of all four partieles participating in the reaction .
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• Bearn particle momentum vector and errors.

• Momentum vector of the measured particle with errors.

• At least one convergence criterium, either a limit for the difference in x2 be-
tween successive steps, or Limits for the four constraints (momentum and en-
ergy), or both . Suitable limits haue to be found via. Monte Carlo studies in
order to optimize the efficiency of separation between different reaction chan-
nels.

• The maximum number of iterations per event.

• Optional, in order to make the selection of a specific reaetion. channel more
strikt, it is possible to lirnit the nage for variation of the input Parameters.
By doing this, the efficiency for "good" events will slightly decrease, but less
than for other reaction ehanneis, thus leading to a cleaner event sample.

a number of standard
deviations

3167 % 1
4 .55 % 2
0 .27 % 3

6.4 . 10 -3 % 4
5 .8 10' % 5

10 % 1 .64
5 % 1 .96
1 % 2.58

0.1 % 3.29
0.01% 3.89

Table 6 .1 : Confidence coefficients for gaussian errors.

In table 6.1 some confidence coefficients a 1 - confidence level) for gaussian errors
are listed . Frone that one can see the correspondence between variation interval
limits and efficiency loss.

lf an event is accepted, fit results for the momentarm vectors of beam, measured
and unmeasured particle are obtained together with their respective errors . Since
the fit procedure is shifting the measured observables in a way that the kinema-
tical constraints are fulfilled as well as possible, the missing mass distribution of
the undetected particle in a two-body exit channel calculated fror the improved
measurements of the observed particle in accepted events will of course be a very
sharp peak at the correct missing mass value specified an input, its width depending
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an how restrictive the convergence limits have been defined . For the plots shown
below, the kinematical fit has therefore only been used to decide whether an event
belongs to the desired reaction channel or not, and the missing mass was calculated
frorn the original measurements.

In order to find optimurn values for the convergence eriteria, one should perform
Monte Carlo studier with a realistic detector resolution for the reaction in question.
There one can malre the criteria as sharp as possible under the condition not to lose
"good" events . By choosing these parameters for a run an real data, one will get
optimum possible background rejection (as part of the total background subtrac-
tion) and selection of a speeifie reaction channel - in addition to the "improved"
measurements . In figure 6,1 the response of the kinematical fit to Monte Carlo data
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Figure 6J : Response of the IC-fit to MC data for the reaction pd--e›'Heri at Tp =1250
MeV when stssurrring a mass for the unmeasured particle between 0 and 1 GeV/e 2 .

3200 counts corresponds to 100 % acceptance.

is shown for the reaction pds--› 3 1-1e77 at Tp -= 1250 MeV. This picture was obtained
by assurning masses in the range 0 to 1 GeV/c 2 for the unmeasured particle and
studying the respanse of the fit to these wrong assumptions, i .e. scanning the "re-
jection efficiency" for a range of missing masses . The variation of the observables
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was unlirnited . The crude fit in figure 6 .1 is a double gaussian funetion,

2
f(xmm)

	

(2568 + 29) - exp (- 1 (zmm-(0-"a6±0-00'» \2

	

0,0964±0 .0011

+ (749 + 10) - exp

	

( ..um-(D .270.2±o - 0096» 2 )
2

	

0.2747±O .0081

i .e . the fall. width at half maximum of the dorninating peak at the true i mass
is 227 MeV/c2. This shows that events which involve another partiele than an

in conjunetion with the measured 'He particie will - within a fixed number of
iterations be less often accepted by the fit routine than truen events . Thus single
7r' production is strongly suppressed . Since within the experimental rnissing mass
resolution of 80 MeV/c«compare seetion 3 .4.3) the multi-pion channels are an
principle undistinguishable fror the channel, they eannot be rejected, but at least
also suppressed.

6 .3 Cleaning an event sample

lf the range for variation of the input Parameters is decreased, the selection of a
specific reaction channel becomes rnore restrictive, i .e. the final event sample will
be "cleaner" . When using the fit for a cleaning of real data, one may haue to
choose a wide range or even no range lirnit at all . In table 6 .2 the acceptance of the

variation acceptance of r max. nurnber
range 7r-° 77 of iterations

+Icr 0 .037% 34.3% 97.1% 10
±2cr 0 .55% 56.3% 97.8% 10
±3cr 10 .8% 64.1% 97 .8% 10

no limit 21 .4% 67.5% 97 .8% 10
no limit j42 .2% 77.8% 98 .1% 45

Table 6 .2 : Acceptance of the kinernatical fit for different reaction channels when
limiting the number of iteratiorts . cr stands for the errors in the measurements.

kinematical fit for single 1r°, double 7r' and production in the reaction pd 'HeX
at Tp = 1250 MeV is shown. The convergence limits were:

• change in x 2 between successive iteration steps < 3 - 10 -3

• difference between the beam momentuni x-component and the sum of the x-

components of the outgoing partieles < 6 - 10 -6 GeV/c

• y-components < 6 ' 10_
6 GeV/e



66

	

CHAPTER 6. KINEMATIGAL FIT

• z-components < 2 10 -6 GeV/e

• dilTerence between the total energy in the initial and the exit channel < 6 . 10'

GeV.

No cut on x 2 was done here . Without any limitation for the variation of the mea-
sured observables in units of their respective errors (u), the fit still accepts es, 22%

single sr' events . Orte can almost elirninate these events (without CsI and tracker)
by restricting the variation interval to e .g. +1v, beeause the errors of the input
parameters (especially track direction) are already very large with the present de-
tector setup 1 . By doing that, the efficiency for tisevents would be decreased by 0 .7
% cornpared to the efficiency without any variation limit, which is negligible . The

reduction is not of the order 30% as one would expect from table 6 .1 ; the fit is still
able to converge for "good" events even within the srnaller o--range employing suffi-
cient iteration steps . On the other hand, the maximum nurnber of iterations should
not be made too large because then also more backgound events are accepted, as
can be seen from the last row in table 6 .2. With a lo--interval the background from
single ir° production is negligible, still having 97 % acceptance for r-events . The
background from double sr' production can of course not be completely rejected but
at least reduced by a factor 3 . For a significant improvement of this background
suppression, the information from CsI and tracker is essentially needed.

The effeet of Iirrtiting the variation range for input parameters an the missing
mass resolution has been tested on Monte Carlo dato, for the reaction pd-et'Her) at
Tp = 1250 MeV in the saure way as described above, namely by assuming wrong
missing masses (in the range from 0 to 1 GeV/e» for the undetected particle and
checking the response of the kinematical fit, i .e. the rejection efficiency. Figures

6.2, 6 .3 and 6 .4 show the missing mass distributions for variation of the observables
within ±3u, +2u and ±lu, respectively, around their measured values . These have
to be compared to figure 6 .1 . As on.e ca.n see, the selection of the 3Herl channel
becomes cleaner with decreasing variation range without almost any loss in accep-
tance.

The method described here is a possibility to inerease the ratio of 3Hei7 to 3HeX

events without performing a cut on the x2-value obtained for each event after con-
version of the fit procedure . Unfortunately, this has the disadvantage that the final
event sample cannot be easily interpreted with respect to its content of "true"
events (--e confidence level) as is possible by a x2-eut only (and dose to iteration
steps allowed for each event) . Hut it was shown that a limitation of the number
of iterations per event has no signifieant influenee on the acceptance of 77 events
while it strongly suppresses other background ehanneis (compare table 6 .2) . This
was essential for the observation of the peak in the experimental missing mass di-
stribution extracted from measured 'He tracks in the forward detector as described
in chapter 7 .3.

l Errors speeified : ;,.'> s, .te- 1o-3 ,

	

6 MeV,

	

3,.q5 =
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The possibility to select an enriched Se sample by limitation of the variation
of the measured observables during the fit procedure has only been used for test
purposes in the beginning of the data analysis . The final missing mass and angular
distributions have been extracted without any such limitation but with maximum
45 iteration steps per event since this was found (by Monte Carlo) not to affeet
significantly the acceptance for "good" events while this demand suppresses back-
ground and thus spares cpu time . The effect is similar to a cut on x2 as figure 6 .5
indicates . The picture top left shows the relation between the missing mass and the
corresponding x 2-value, top right the projection onto the abscissa is shown, i .e. the
missing mass distribution without any cut on x2 . Per event 500 iteration steps were
allowed, i .e. eleven times more than in the final analysis, which should improve the
acceptance of the fit for "true" 3Her events beyond the 98 .1 % within 45 iteration
steps per event (see table 6 .2) . The limitation to a maximum number of iterations
per event during the kinematical fit procedure indirectly corresponds to a cut on x2
since, according to the picture top left, events with missing mass values far away
from the mass will need more iteration steps until the conversion limits are ful-
filled, i .e . the initial missing mass is shifted to the "true" value given as a constraint
to the fit routine . The effect of euts on x2 with stepwise decreased threshold is
shown in the six distributions below in figure 6 .5. With deereasing threshold the
confidence level for having "trete"

	

events of course increases, but when applying
cuts sharper than x2 5 it is not possible to estimate the amount of background
in the remaining peak . The correct determination of background is essential for the
extraction of angular distributions as described in section 7 .5. Therefore no addi-
tional cut on x2 was performed apart from the demand that the fit procedure had
to converge within 45 iteration steps which corresponds to x2-values below 7 .
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Figure 6.5 : x2 versus missing mass for all events (top left), corresponding missing
mass spectrum without a cut on x2 (top right), and the saure missing mass distri-
bution with stepwise decreased cut on x2 (helow) for all events fror the reaction
pd-o'HeX at 4=1250 MeV .



Chapter 7

Data analysis and resuIts

7A. The offline analysis scheme

The offline analysis scheme as sketched in figure 7d was applied to real data
from the experiment as well as to Monte Carlo data . This is favourable since the
Monte Carlo data underly exactly the saure cuts and reconstruction routines as real
experimental data. Espeeially when calculating the complete detection efficiency -
not only the geometrical, but including also reconstruction inefficiencies and cuts -
this feature becornes essential.

After initialization of processing flags, reconstruction parameters and definition
of the detector alignment, events are read from the respective storage medium (Ex-
aByte or harddisk) . In the following accelerator parameters (e .g. magnetic field,
tirne in cycle), hardware and software scalers are processed for each event . Then hit
coordinates are calculated and (previously determined) pedestals subtracted . The
next stage of the offline analysis is to convert the ADC contents to the corresponding
energy depositions . This has on principle to take into account a fully position and
energy dependent calibration of the detector elements which is only possible after
track reconstruction . The following track reconstruction in turn depends on the
energy depositions in the respective elernents since the center-of-gravity of a cluster
formed by the hit elements in the respective plane is used in the track finding al-
gorithm. After successful track reconstruction the corresponding particle types are
identified and their energy determined . Finaily physics routines are performed, e .g.
fitting of the measured observables to the kinematical constraints, and the output
is presented .

71



72

	

CHAPTER 7. DATA ANALYSIS AND RESULTS

PWMIAiN
I

	

main program

PW1NIT	 PRPRO

	

print processing flags

INEVIO

	

initiaiize EPIO

INEVDC

	

initialize decoding

PRDCPA

INEQM

PREQM

INTRA

PRWGEN

set up alignment

initiaiize track reconstruction

EVIO
read events
set decoding run, event numbers

EVDC 1

	

EVDCAC

	

decode accelerator cycle

WHFHT

	

fi11 decoding histograrrrs

EVSCLR

1

hardware scaler processing

EVTRIG

	

trigger processing

EVBEAM

	

beam processing

software scaler processing

coordinates, ADC :=ADC-threshold

ADC

	

energy

track reconstruction
partide Identification
energy determination

VERTEXJ event building, vertex reconstruction

scaler processing for selected events

physics routines

end event

end, histograrn output

EVSCLRL

EVREC

EVEND

PWEN

HITRAN

PHTRAN

TRAKF0

PARTF0

EVBUIL

event

Ioop

Figure 7 .1 : Fiow chart of the offline data analysis program .
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7.2 'He identification

7.2 .1 AE - E selection

The first task in the analysis of p-d reactions with respect to the channel 'Herr
is the identifieation of the double charged recoil nucleus in the forward detector.
That can be done using a two-dimensional E scatter plot where the total
energy deposition in the threeslayered forward hodoscope (FHD) is plotted against
the total energy deposition in the nage hodoscope (FRH) . Figure 7 .2 shows the
graphical data representation using the program package PAW (=Physics Analysis
Workstation) developed at CERN . By default, this program does not print one
dot in the scatter plot per datum entry but instead scales the number of points
with respect to the maximum bin content . Thus one dot in the two-dim.ensional
histogram does not correspond to one but to a number of entries . This is normally
useful since a fuge number of dots mostly conceals any structure in the distribution.
Hut in cases where the point density is changing drastically over the whole picture,
this automatic scaling has the disadvantage that it does not reveal srnall structures.
This effect becomes obvious when limiting the maximum number of entries per two-
dimensional bin in this scatter plot to a small number (50 in this case) . Now the 3He
band becomes visible (see figure 7 .3) . Without this manual scaling the minimum
ionizing single charged pattkies frorrt quasi-elastic scattering dominate the statistics
by far because of the immense difference between the quasi-elastic p-d cross sections,
which are of the order of tens of mb, and the 3 HeX ehanneis which are expected
to have a total production eross section of the order The 3He "band" appears
as a Spot, even though the kinematic Limits allow for a variation of the 'He kinetic
energy between 200 and 700 MeV ; the relative large eross section at the Jacobian
peak corresponding to a kinetic energy of 370 MeV is dominating the entries in figure
7.3 . The separation of candidates for 3He events from the quasiselastie channels was
performed by a hyperbola shaped cut slightly above the band resulting from single
charged partieles (see figure).

7 .2 .2 AB sampling method

An advanced method to identify partiales is offered by the energy depositions in
several planes the particle has passed through . The rate of energy loss per unit path
length is sampled - the results becoming more precise with increasing number of
planes . The eornparison of measured energy depositions with those obtained from
detailed Monte Carlo caleulations for the particles in question 1eads to a x 2 for each
particle type,

N 1 / edeln,' - edeprie1
2

Npl - 1 ,...„1

	

cr

where

	

stands for the number of planes and cri for the error in the measurernent.
For every particle type x2 is minimized, and the type giving the Iowest x2 , i .e.

2x
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deposition in the range hodoscope.

optimurn correspondence to the simulated response, is assigned to the Crack . The
only free parameter in this variation procedure is the kinetic energy of the incident
particle . After successful conversion of the fit procedure one obtains in addition to
the particle type an improved value for the incident energy.

The Parameters needed for this identification procedure are the energy deposi-
tions for all individual planes together with the spread on the lower und upper side
of these distributions for each particle type and kinetic energy range in question.
Special care has to be taken in the regions where particles start to penetrate a plane,
i .e . if the particle range is of the sarne order as the thickness of a set of detector
planes. Further problems can arise if the sarnpling is too coarse, i .e. if a hege part
of the particle's energy is contained within one plane. Then different particles will
give the saure AE in that plane thus leading to bad identification . Similar problems
arise for minimum ionizing particles which deposit the sa.me amount of energy in
the consecutive planes.

The software routines necessary for this identification have been tested on the
Monte Carlo data itself . There the identification was working perfectly well . But
on real data the multi-particle background caused severe problems since it produced
energy depositions in the consecutive planes which led to similar x2 values as those
expected fror 'He . Therefore the E curves for the identified particles showed
strange structures at their respective edges . Although it was possible to take this
information as an additional constraint muhen selecting a very clean sample of 'He
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Figure 7 .2 : Total energy deposition in the forward hodoscope versus total energy
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Figure 7.3 : Total energy deposition in the forward hodoscope versus total energy
deposition in the raue hodoscope with limited maximum bin content.

Cracks, the method alone was not sufficiently reliable.
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7.3 MIssing mass of the

The niissing mass of the is calculated from the measured 'He track in the forward
detector . The distribution obtained frorn data at Tp=1250 MeV is shown in figure
7.4. The dashed line is a fit to the background taking only missing mass values below
490 MeV/e' and above 560 MeV/e' into account . The result after subtraction of
this background is shown in figure 7 .5 . The tail down to Iow rnissing mass values
corresponds to the results from Monte Carlo calculations (compare with figure 3 .16).
Integration gives 170 r 's in total. In the sample at 4=1276 MeV 35 i7's in total
were found applying the saure method . That corresponds to the rates measured at
Saturne [261.

The Cracks in this final 'He sample had to firn several conditions:

o In each forward hodoscope (FHD) plane one and only one hit element (ADC
content above pedestal) has to be found together with a signal in the TDC
range. This condition was confirmed by Monte Carlo results.

• Fach track has to give energy depositions in the forward detector planes such
that in the !iE - E distribution (see figure 7 .3) the entry lies above the hy-
perbola shaped cut.

• No signal above pedestal in the veto counters was allowed.

• The energy depositions in the forward hodoscope planes may not deviate from
each other by more than a factor of three.

• Every plane upstream from the last hit has to have a sufficiently high energy
deposition.

• The third range hodoscope plane was used as a veto . At the present energy
conditions the 'He particles stop in the second FRH plane.

• Already online, at least 190 MeV energy deposition in the first range hodoscope
plane was demanded during data taking at 4=1276 MeV ; at Ta--1250 MeV
at least 130 MeV in the first range hodoseope plane was demanded and rnore
than 3 MeV per hit in two of the three forward hodoscope planes.

• The final traek has to be accepted by the kinematical fit routine, i .e. it was
demanded that the kinematical fit procedure converged after 45 iteration steps.

If one of these conditions was not satisfied the track has been skipped .
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7A Internal timing

The intrinsic missing mass resolution of the forward detector is limited by the angular
resolution which is determined by the pixel structure of the trigger hodoseope placed
at a distance of 110 cm to the interaction vertex . One possibility for obtaining more
information about the push-through point of a particle within a pixel is to Look at
the time information given by the three hit scintillators - one per hodoscope plane.

From the path length along the center Eine of a spiraled scintillator as described
in section 3 .2, a relation ean be derived between the hit position, given by the plane
polar coordinates r and and the corresponding shift dt in the light collection
time. One gets

dr

	

1	
v dt

+ k2r2

and
k dr,

	

(7 .2)

where the positive sign is valid for the "left" bent scintillators and the negative for
the "right" bent ones, and k is the constant defined in section 3.4 . The velocity
v of the scintillation light from its origin to the photomultiplier has ti n,, x = a,s
maximum, where c denotes the velocity of light and n the refractive index of the
seintffiator medium, i .e. vra,,x = 19 cm/ns . This maximum will be reached if the
light travels to the photomultiplier without any refiection . In the limit of an infinite
number of refiections at the surfaces of the scintillator medium the light velocity has
v

	

= 0 as lower limit . Experimentally, a mean velocity of (15 .3 ± 1 .2) cm/ns was

extracted [141 . For the straight elements, the relation dr v dt holds on average.
With respect to an improved missing mass caiculation only the radial hit position
is of interest which can, e.g ., be determined by the bent scintillators.

Multiple refleetion of the scintillation light is considered only to a certain extent
by this primitive ansatz, but still this should be sufficient for a first estimate of the
order of magnitude of a correction accessible by the time informa,tion . The order of
the change in time within a pixel is expected as follows . All pixels have the saure

radial height of 4 .83 cm, i .e . at the mean velocity given above the maximum time
difference will be 315 ps on average . In figure 7 .6 the time difference spectrum
between a left and a right berat scintillator is shown for a pixel at half hodoscope
radius ; the calibration factor is 50 ps per TDC cha.nnel. The difference of time signals
rejects a possible jitter in the trigger timing . A gaussian fit to that distribution gives
a er-value of 7 .8 channels, i .e . 390 ps, corresponding eitüte well to the time difference
estimated above. The two-dimensional scatter plot 7.7 shows the TDC distribution
of the right bent scintillator versus the time spectrum of the left bent one . Ilere one

notices directly the dominant diagonal structure which is caused by las where the
run-time of the photons to the photomultipliers is equal for both elements . If the
azimuthal angle of the push-through point varies, the path lengths to the respective
photomultipliers are not equal anymore which should result in a deviation from
this diagonal structure since a variation in the path length corresponds to a change
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Figure 7 .6 : Time diflerenee spectrum between left and right bent scintillator for one
pixel at 31 cm hit radius . The calibration factor is 50 ps per TDC channel.

in TDC time. This means that the hit Position information in one dimension (so-
direetion) is givert by the spread of the two-dimensional distribution in the direction
perpendicular to the diagonal structure . However no such non-diagonal structure
becomes visible here . Obviously, having a time resolution which corresponds to
the run-time of the scintillation light along the dimensions of the pixel, one might
only be able to see any off-diagonal structure in the scatter Plot using extremely
high statistics . In other words, the off-diagonal structure is hidden by the spread
in timing. However, on principle an improvement in the ca .Ictdatiort of the track
direetion, previously determined by the center-of-gravity of the respective pixel only,
should be possible by correcting the hit coordinates according to equations 7 .1 and
7 .2 using the measured, TDC times, . As a ferst test, this method has been tried with
the aim to visuaJize the geometrical shape of a pixel at half the radius of the trigger
hodoseope, i .e . one and only one hit element was demanded in each one of the three
FHD planes, by adjustment of the hit coordinates according to the measured times.
Within the limits of the present statistics, only a broad Spot was obtained and
no triangle like structure was seen . As rnentioned above, this is probably caused
by multiple reflection of the scintillation light on its path to the photomultiplier.
Thus an optieal verification of the method in this way rnight on principle not be
possible . However the missing mass distribution calculated fror 'He tracks in the
forward detector could possibly be improved by adjusting the impact points of the
measured tracks according to the time information . This has also been tried . The
time corrected missing mass distribution for the data sample at Tp=1250 MeV is
shown in figure 7 .8 and the result after background subtraction in figure 7 .9 . In

C.,„) -1'
_an
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Figure 7.7: TDC spectrum of right versus left bent scintillator for one pixel (1 CH
,-=- 50 ps).

total 190 r 's are found compared to 170 in the missing mass distribution without
timing correction . Thus it seems to be possible to improve the resolution in track
determination respectively missing mass calcu .Iation by an adjustment of the bit
position according to the measured times

Using information from the Cracker, the results from time corrected hit positions
can in the near future be compared to the track reconstruction with these straws
which will give very reliable information about the direction of a charged particle

track .
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7.5 Angular distribution of the r/

If angular momentum quantum nurnhers shall be deterrnined angular distributions
have to be extracted . Here one is facing the rain difficulty that a distinction between
a pd--a'Herf event and a pd-+'HeX, where X stands for two up to five pions at this
beam rnomentum (compare with figure 3 .3), can not be made on an event by event
basis . These two reaction types are on principle undistinguishable in ranges of the
phase space where the missing mass for the Inultispion system is in the range of the

missing mass within the resolution of - 80 MeV/e«eompare section 3 .4 .3) . Thus
a background subtraction can only be performed on a statistical basis . The channels

3 Hey and 'Her° do not plag a rote here as the missing mass spectrum (figure 7 .4)

indicates - the nurnber of accepted events from these reactions is negligible compared
to multispion production since the online veto on the third range hodoscope plane
suppressed these reaction channels involving high energetic and thus long-range 'He
particies.

For all angular distributions shown below the result of the kinematical fit has
been used. Since the statistics do not allow for a reasonable background fit in the
two dimensional scatter plot of cos(Or) versus the missing mass of the rest system,
another method was applied . Six slices with a width of 70 MeV/c 2 each were cut
out of the missing mass speetrum in order to extract the angular dependence of
the background with respect to different mass regions . For each slice the angular
distribution of the unmeasured neutral rest system (denoted as X) was calculated
and is plotted in figure 7 .10 . Then the arithmetic mean of the angular distributions
corresponding to the missing mass slice to the left and right of the one containing
the peak was taken as the "true" background distribution and is indicated by the
shaded area in the "17" slice in figure 7 .10 (mean of the distributions mid left and
bottom left) . The result after subtraction of this background is shown in figure 7 .11.

This distribution has to be folded with the efficiency curve in figure 7 .12 for
the reaction at this beam momentum including all online (e .g. trigger

threshold cuts) and offline selection criteria . The efficiency curve was caleulated in a
füll GEANT Monte Carlo run applying thresholds to the detector signals as they have
been set during the online data taking. The energy depositions found were processed
by the same offline data analysis chain as real data from the experiment . Finally
the distribution was normalized to unit integral . Dividing by the efficiency gives the

angular distribution shown in figure 7 .13 . The center-of-momentum scattering
angle is strongly forward peaked. The same was found in the analyis of data at

Tp=1276 MeV (see figure 7 .14) . In figure 7.15 the CMS angular distribution at
4=1250 MeV is compared to the resuits for the same reaction at 4=1450 MeV from
reference 26] . The comparison is only meaningful for cos(O7) > 0 .4 since nearly all
data points below are consistent with zero rneasured events within their errors fro'
the experiment described here . In this region where the mesons are favourably

ernitted in a forward cone (0« 66°) the shapes of both angular distributions are
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Figure 7 .10: Angular distributions (CMS) of the unmeasured rest system in the
reaction pd 11eX for six missing mass ranges (4=1250 MeV).

sirnilar to each other.

The fit functions shown in the final 77 CMS angular distributions are a superpo-
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Figure 7 .11 : angular distribution (Tp =1250 MeV) before efficiency correction . The
ordinate shows events per bin after background subtraetion, the bin size is 0 .167 an
the abscissas

sition of Legendre polynomials up to 6th degree:

AnP.,(c o s O).
du
dn

ra=--0

These A, are a measure for the contribution of different partial waves to the dif-
ferential cross section as explained in more detail in appendix B . Pure s-wave
production can be deseribed by Ao only, whereas p-waves involve amplitudes up
to A2 etc., i .e. n < 21 where 1 is the angular momentuni quantum number of the
partial wave . Table 7.1 gives a list of the coefficients from Legendre fits to the
CMS angular distributions. Only the ratio of the coefficients with respect to the
lowest order coefficient A 0 is meaningful since these quotients are independent of
the eross section calibration (Ao,'--o-to,) . In figure 7 .16 the Legendre fit coefficients
for the two dato samples, normalized to the lowest order coeffieient, are shown to-
gether with their ratio (bottom) . The lines are drawn just to guide the eye . The

comparison of both dato samples proves the consistency of the rueasurements since
the dato for both energies have been taken at different times, i .e. in the meantime
the beam energy had been changed, and another target had been used (hydrogen).
One may conclude that s-wave production is suppressed compared to p-waves or
contributions from higher partial waves . Possibly, at the by only 2 % higher beam
energy (1276 MeV compared to 1250 MeV) contributions from higher order partial
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Figure 7.12: Efficiency curve (normalized to unit integral) for the angular distri-
bution (C S) frorn the reaction pd-›'Hen at Tp=1250 MeV.

waves slightly increase . The dominante of p-wave production corresponds very well
to the experimental results from Saturne [2] (compare with figure 1 .1) . In these
measurements a peak in the excitation function was clearly seen at a bearn energy
of 4=1 .3 GeV, corresponding to the threshold (on-shell excitation of the center of
the resonance) for the reaction pd--,dN*(1710). Irt this picture, the resonance state
of these nucleons then forms a 'He nucleus with emission of an 17 meson from the
N* decay. Figure 7 .17 makes plausible that dose to this threshold the production
dynamies is expected to be dominated by the resonance . Only two baryonic
resonances are shown since these were experimentally found to couple strongly to
the meson. This is confirmed by table 7 .2 which gives an overview [29j of the N*
resonances (coupling of 3, resonances to the is forbidden by isospin conservation).
The (L>0)-resonances in the energy regime discussed fiere are candidates to explain
the contributions from higher order partial waves found in the Legendre eist
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Figure 7.13 : Acceptance corrected angular distribution (CMS) frorn the reaction
pd 'Elen at Tp=1250 MeV with Legendre fit.
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Figure 7 .15 : Comparison of the CMS angular distribution at Tp=1250 MeV to the
results for pd---+Se .77 at Tp =1450 MeV from reference [26] (open dreies).

Tp [MeV] 1250 1276
2X 6 A3 2.00

A I/Ao 2.537 ± 0 .289 2 .612 ± 0 .271
A2/A0 3.021 ± 0 .354 3 .496 + 0.330
A3/A0 2.556+0.333 3 .152±0.331
A4/A O 1 .570 + 0.247 2 .488 ± 0 .387
A 5 /A0 0 .610 ± 0 .110 1 .368 ± 0 .281
A6/A0 0 .069

	

(1 016 0.740

	

0 .366

'fable 7 .1 : Coefficients from Legendre fits to the ri CMS angular distributions.
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Figure 7 .16: Statistics of the relative Legendre fit coefficients for the two beam
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Particle L21 2.T Status as seen in [ Branching ratio for decay into
Ni j

	

Ni Nir

N*(1440) * * ** * 50 - 70 %
N*(1520) D 13 **** * 50-60%© ---0.1%

N*(1535) Sll * * ** * * ** 35 - 50 %© 45 - 55 %
N*(1540) Pia *
N*(1650) 5 1 , * * ** * 55 - 65 % ~-- 1 .5 %
N*(1675) D is * * ** * 35 - 40 % ^- 1 %
N*(1680) Fis * * ** 55 - 65 % < 1 %
N*(1700) D 13 * * * * 5 - 15 %© ~-- 4 %
N*(1710) P11 *** ** 10- 20 % •-- 25 %
N*(1720) P13 **** * 10-20% 3.5%
N*(1900) P i a *
N*(1990) F17 ** *

N*(2000) F i s ** *
N*(2080) D 13 ** *
N*(2090) S 11 *

N*(2100) P lI *
N*(2190) G17 * * ** * 14 % ^~ 3 %
N*(2200) Dis ** *
N*(2220) H19 * * ** * 18 % r, 0 .5 %
N*(2250) G19 * * ** * ^-~ 10

p
%n - 2 %

N*(2600) 11 11 * * * 'w 5 /0

N*(2700) KI 13 **

Takle 7.2 : The status of the N* resonances [291 . * * **: existence is certain, * * *:

existence ranges fror very likely to certain, ** : evidence of existence is only fair, *:

poor evidence of existence.



Chapter 8

Summary and outlook

The PROMICE detector a subset of the future WASA 47r-detector - at the CEL-
SIUS storage ring in Uppsala has successfully been used to study the production
of 77 raesons in the reaction d(p,3 He)77 at hemm energies of Tp=1250 and 1276 MeV
via both invariant mass determination of the two photons from the 77 decay [35]
and the detection of the recoil 'He nucleus . The double-charged 'He particles were
identified from the dE/dz information of the forward scintillator counters . On a
broad background fron' multispion production, a clear signal was observed in the
missing mass distribution calculated fror the forward detector tracks . Center-of-
mass angular distributions have been extracted, and those events corresponding to
rnissing mass values outside the range of the 77 missing mass peak have been used to
interpolate the structure of the background in the "true" 77 sample. Extensive Monte
Carlo simulations have been performed in order to esdel.date the total detection effi-
cieney. The final angular distributions obtained after folding with the efficiency are
strongly forward peaked, and Legendre fits indicate that at --MO MeV excess energy
s-wave is suppressed compared to p-wave or higher partial wave production . This is
reasonable since the rneasurements were carried out dose to a system where a P ll
N*(1710) resonance with a width of --HO MeV is embedded in a nucleus {d *};
th.e threshold for the reaction pd--adN* (on-shell excitation of the oenter of the reso-
nance) is at 1 .3 GeV beam energy, whereas the threshold for the on-shell production
of the Sjl N*(1535) with a width of -450 MeV is at a beam energy of 990 MeV in
this reaction . The measuremeats at the two beam energies are consistent in a way
that at the slightly higher energy also increasing contributions from higher partial
waves were found.

Additional rneasurernents of angular distributions at other beam energies would
help to verify this resonance behaviour . In order to clearify the importance of
resonances for r7-production dose to threshold reactions involving three partieles in
the exit channel should also be investigated since Dalitz plots can reveal information
about intermediate resonance states . Furthermore the production of 77 mesons ort
targets with A>2 is of interest because an enhancement in the excitation funetion
due to "velocity matehing" only occurs with the deuteron as target . With inereasing
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number of participating nucleons multi-step (cascade) processes will play a role in
the meson production since they allow for an efficient sharing of the high momentum
transfer . The WASA 4r-detector will in the future enable exclusive measurements
of the reactions discussed here . This will improve the efficiency for studies of the
intermediate Formation of resonances, their role in the nuclear wave furtctiort artd
their irnportance for bound nuclear systems.

The earth has many Tidelies;

but it has as many solutions
tuhich are a Mindre(' times more beautiful ihan the riddies.

Martin Liechti
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Appendix A

Some more details about
scinti11ators

A scintillator is any material that produces a pulse of light after the passage of a
particle, i .e. after absorption of a part of its energy deposited in the scintillator
material (lumineseenee) . There are two typest inofgarde crystals and organic
scintillators.

Inorganie scintillators:

• Principle : lonizing particles traversing the crystal produce free electrons and
holes (excitons), which diffuse through the lattice until they are captured by
an activator center . After recombination, the excited center emits light when
it returns to the ground state.

• Advantage: transparency to their own radiation, light output larger than that
of organic scintillators

• Disadvantage: bong pulse duration (- 1 .5 ßs) due to the laug penetration
time of the excitons in the erystal, and furthermore significant temperature
dependence

Organic seintinators:

Three main typen : organic crystals, liquid scintillators and pla.stie scintillators

• Advantage: transparency to their own radiation, short output pulses, and
emission spectra can be well adapted to the spectral sensitivity of the photo-
multiplier cathode using "wavelength shifters"

• Disadvantage: The light output saturates for large energy deposits.
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APPENDIX A . SOME MORE DETAILS ABOUT SCINTILLATORS

A.1 Electronic structure of organic molecules

The strueture of organic molecules is mainly determined by the structure of
the carbon atom . The electronic configuration in the ground state is 1s 22s 2 2p2 ,
but in forming compounds the electronic configuration appears to be 1s 2 2s2p3 ,

i .e. it has Tour valence electrons . These valence electrons are considered to be
hybridized in three alternative configurations:

1. sp3 hybridization (tetrahedral) : In this configuration the Tour equivalent
hybrid orbitals are directed towards the corners of a regular tetrahedron,
i .e . they are inclined at equal angles of 109'28' to each other . These
componnds are not luminescent.

2. spe hybridization (trigonal) : In this configuration one of the original p-
orbitals is not changed, arid three equivalent hybrid orbitals are produced
which Iie in the saure plane, and are inclined at equal angles of 120' to
each other . This configuration provides the ring structure of benzene
and polycyclic aromatic hydrocarbons, which are planar rnolecules . The
orbitals which are responsible for the binding in the hybrid plane are
known as cr-electrons and the bonds as u-bonds . The unchanged p-
orbitals are mirror symmetrie about the hybrid plane and are called ir-
electrons and the bonds ir-bonds . Not only the o-electrons can form
bonds between the atoms, but also the 7r-electrons . These ir-electrons
achieve maximum interaction when their nodal planes are coplanar, i .e.
the molecule is planar, producing an additional C-C-bond, known as a
rr-bond . In the cyclie ring structure of hydrocarbons, the ir-electrons
interact to form a common nodal plane . In this molecular orbital they are
completely deloealized . The excited states of these ir-electron systems
are responsible for the Inminescenee effeet.

3. sp hybridization (digonal) : In this configuration two of the original p or-
bitals remain unchanged in the hybridization process, and two equivalent
er-orbitals are formed which are directed at 180° to each other . Also in
this case the two p-orbitals can produce ir-bonds . These triple-bonded
rnolecules are also Inminescent.

Often used as seintillator materials are so called eata-condensed hydrocar-
bons eonsisting of condensed systems of benzene rings in which no C atom
belongs to more tham two rings, and every C atom is an the periphery . Be-
sides the singlet ground state and its excited states, there also exist trielet
states arnong the electronic levels of an organic molecule with unpaired elec-
tron spins . Bach electron level has a fine structure which corresponds to excited
vibrational modes of the molecule (spacing between electron levels -- few eV,
between vibrational levels -- few tenths of eV) .
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A.2 The scintillation process

Boome Part of the excitation energy deposited by a penetrating partiele is re-
leased as radiation. The scintillation efficiency, i .e. the fraction of the de-
posited energy that appears as radiation, is of the order of 3 .5 % (for an-
thracene, the best organic material) . Absorption of the emitted light leads to
an excitation of rnoleoular Ievels, i .e . of the delocalized valence electrons in
the r-molecular orbitals without changing the internuclear distances (Frank-
Condon principle) due to the fact that the position of the energy Bands does
not ehange within the short transition times.

The photon absorption is constrained by multipole selection mies for electric
dipole transitions, which irthibits transitions between singlet and triplet states.
The electromagnetic interaction is parity conserving, so the singlet and the
triplet state will have the saure parity . Therefore the rain component of the
transition matrix, the dipole operator which is of the form -E - F, will vanish.
In other words, the parity equation rs singlet

	

iriy rr triplet = ( - 1) I rtr,plet (with
1 = angular momentuni) cannot be satisfied with 1 = 1, so dipole radiation
cannot contribute. Therefore this transition is strongly suppressed (- 10').
Thus only the singlet eleetronic modes as well as their vibrational modes are
excited.

The higher singlet states decay immediately (< 10ps), without emission of
radiation, to the first excited singlet state ("infernal degradation") by losing
vibrational energy to the lattice ("phonon" emission) . The efficiency for this
process is near to 100 % . Due to the fact that the potential energy minimum
of the ground state and the excited state are shifted in spare, the emission
of luminescence photons takes plaee in another wavelength region than the
photon absorption . In other words, the first excited singlet state decays to
excited vibrational states of the singlet ground state . In this process photons
with lower energies are ernitted than those which are neeessary to populate the
first excited singlet state from the ground state because the lowest vibrational
subslevel of the ground state is the predominantly populated level at normal
temperatures . Therefore the molecule is transparent to its own radiation.

There is also a certain probability for a non-radiative decay of the first excited
singlet state to the ground state, called quenehing„ This process can occur if
the energy difference between the excited arid the ground state is in the region
of the (thermal) vibration modes of the moleettle . Then the molecule loses its
energy mainly via this mode.

Besides the fiuorescenee process as deseribed above, there also exists a similar
process called delayed fiuorescence, which also involves the triplet states of
the molecule . The excited singlet states can undergo radiationless transitions
into the triplet states ("inter-system crossing") . For the triplet states, there
is a similar non-radiative degradation process, but the decay of the triplet
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to the singlet ground state is highly forbidden by multipole selection rules
as mentioned above . Instead, the triplet ground state interacts with another
triplet ground state leaving one molecule in the singlet ground state and the
other in an excited singlet state (+phonons) . The excited singlet state then
decays as described into the ground state by emission of delayed photons
with an identical spectrurn to the fluorescence . The randorn excitation of the
scintillator material leads to an exponential time dependence for the photon
ernission. Therefore, for the two components of scintillator light output, one
can scribe

(N = A exp
t

+ B exp
rp 5

where rp and rd are decay constants for the prompt and delayed components,
respectively . Tiere we've neglected the finite rise time of th.e light pulses . This
cannot be ignored in the deseription of the extremely fast Signals of plastie
seintinators, which have decay constants of about 2 - 3 ns . The time evolution
of their output pulses is better described by

t»
N(t) No exp (- 2(7,2 exp

where es- - 0.5 ns and r os 2 ns.

What has not been mentioned here, is the phosphorescence . Phosphores-
eertee corresponds to a radiative transition front the longslived (10's up to a
few seconds) triplet ground state to the singlet ground state . This is most read-
ily observed in rigid solutions at Iow tem.peratures, where the non-radiative
quertehing process to the singlet ground state, which coinpetes with the phos-
phorescence, is inhibited . The phosphorescence speetrum has Tonger wave-
lengths than fluorescence, but shows a similar vibrational structure, since the
transition can occur into the various vibrational sub-levels of the singlet state.

The effieieney of light collection can be increased by the admixing of about
1 % of a "wavelength shifter" . These are dye molecules which absorb the
emitted photons front the scintillator and emit photons in a wavelength region
that is well matched to the spectral acceptance of the photomultiplier, and
also further decrease the probability for reabsorption of the photons in the
scintillator . Loading, however, usually causes a lengthening of the decay time
and a drop in light output because of quenehing . But much of the querte hing
elTect esst be removed by adding naphthalene, biphenyl and other compounds
to the solvent.

Plastic seintinators are the most widely used ones of the organic deteetors to-
day. They are so called "binary solution" seintinators containing two molecular
speeies X and Y such that the lowest 7r-electronic excited states of the solute Y
lie at lower exeitation energies than the corresponding states of the solvent X .
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The early stages of the scintillation process are similar to those in an unitary
scintillator, i .e. prirnary excitation, ionization quenching and internal degra-
dation of excitation energy take place as in an unitary system . The only rnajor
systematic differentes are in the rnechanisms of intermolecular energy transfer.
The energy transfers from X' to Y via a radiative or non-radiative process,
and the probability for a non-radiative transfer increases with increasing solute
concentration . In plastic seintinators, in which the 7r-electron systems which
carry the solvent excitation energy are localized in individual aromatic seg-
mers, X* and remain effectively stationary, apart from possible Brownian
rotation, and the transfer occurs by a long-range, radiationless dipole-dipole
interaction process . Furthermore a higher concentration of solute will Iead to
a faster scintillation rise time .
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Appendix B

Partial wave expansion

The differential cross section is the square of the scattering amplitude,

der
1f(k,0)1 2 ,

where k and 0 are the center-of-mass momentum and scattering angle, respectively.
This center-of-mass scattering amplitude f(k, 0) may be expanded in Legendre poly-
nomials (cos 0),

f(k,0) = 1

	

(2I + 1)a tPI (cos 0),
k 1_0

, o

	

77z 5_ 1.

with

is the Phase steift and (2.1 the scattering amplitude for the 1 th partial wave [29];
these quantities depend an the form of the potential and the energy of the incident
particle . The higher the particle energy the more partial waves may contribute . 77z

is a measure for absorption out of the purely elastic channel ; for elastic scattering
= 1 (unitary circle in the Argand diagram).
This expansion is possible since the Legendre Polynornials form a complete or-

thogonal basis, i .e .

f Pi(cos 0) .P1 ,(cos 0)dQ = 4 ir '1 ,1'

21+1

where 81>1 , is the delta function . Figure B .1 shows the Legendre polynomials up to
7th order . The functions are defined as

1),()=	
1	

(x 2
2nn!dx"

and have n real intersection points with the x-axis in the interval [-1,1] . The ferst
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eight are
Po(x) =
P1 (x) = x,
P2(x) = .1(3x 2 - 1),
P3(x) = 1-i (5x 3 - 3x),
P4(x)

	

1(35x4 30x 2 + 3),
P5 (x) = 1(63x 5	+ 15x),
P& (x) = -1(23123 - 315x' + 105x 2 5) and
P7 (x) = *(429x7 693x 5 + 315x 3 - 35x).

The differential cross section contains interference terms between different Legendre
polynomials P1 (cos and will therefore in general lead to asymmetric angular dis-
tributions. Tlie optical theorem states that the total cross section is given by the
irnaginary Part of the forward scattering amplitude,

0-t .t
= 47r1

f ( k , 0),

and thus the cross section of the 1' partial wave is bounded:

47r
k2 (21 + 1)

exp(2iSi ) -

2i

47r
<

	

(21+1).
k 2

contributions from partial waves with 1 L are negligible, then the differential
cross section can be written as a polynornial of degree 2L . lf an the other hand the
experimental center-of-mass angular distribution can be well described by a fit with
Legendre polynomials of degree up to 2L,

then mainly partial waves up to Lth order are involved. Pure s-wave production
involves only Po(cos 9), i .e . the differential cross section is constant, '124 , and
thus the scattering is isotropic . p-wave production involves Legendre polynomials
up to 2I d , d-wave production up to 4 th degree etc .
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Figure B .1 : Legendre Polynomials up to 7'1' degree.
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