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This thesis describes the preliminary data from the
photoproduction experiment WA69  performed at CERN (Geneva,

Switzerland) by the E¥ collaboration of physicists based at
Lancaster, Manchester, Sheffield Universities and the Rutherford

Appleton Laboratory in England, and Bonn University in West Germany.

A tagged photon beam, of energy 70 - 170 GeV, derived from the
CERN SPS proton beam, was incident on a liquid hydrogen target in the
magnetic field of the Omega Spectrometer. The beam 1line, photon
tagging system, the down stream particle identification detectors and
trigger system are described. The development of a high rate, high
resolution beam profile detector using a secondary emission cathode
and channel plate electron multipliers is also described.

The inclusive photoproduction of single charged pions has been
investigated and has been found to be broadly similar to that in
hadron-hadron scattering at similar energies. The charge-multiplicity
distributions have been compared with KNO scaling predictions and a
hadron-hadron model.

The inclusive photoproduction cross-section for the Rho(770)

vector meson was found to be 27 * 6 ub. The Rho meson production
distributions have also been investigated.

In the elastic photoproduction of 2m+2n-(p) a broad
enhancement at about 1600 MeV has been seen with an estimated

cross-—section of about 0°45 = 0°-26 ub.
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1 - Photoproduction
1.1 - Introduction

Photons are thought of as neutral point-like particles which
mediate electromagnetiic interactions, although above about 1 MeV they
cease to behave as point-like objects, due to vartual pair
production. As the photon propagates through space it can make
transitions to virtual e*e- pairs, which by the Heisenburg
Uncertainty Principle (and more accurately described by QED) can
exist for a short time before reverting back to the photon. At
energies above about 500 MeV the photon also exhibits a behaviour
similar to a hadron of the same energy. The process by which the
photon couples to hadrons is usually described by the vector
dominance model where the photon wath Jp =]~ couples to neutral
vector mesons (p, W, &, I/¥, ) which then interact
with the proton. Although the general features ot
photon-vector meson-proton scattering are similar to those of
hadron-proton scattering but with smaller cross-sections, details of
the interactions will be ditferent due to the different quantum
numbers of the projectile compared with those of the wusual beam

hadrons and the short life-time of the vector mesons.

Photoproduction experiments are used to investigate these vector
mesons, which are produced 1in large Qquantities by daffractave
processes. Charm production can also be studied in photoproduction

since the production of c¢C pairs in the form of J/¥ 21s as

probable as production of the laghter quark-antaquark pairs.
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Inclusive photoproduction can be used to compare photoproduction and
hadroproduction and can be used to study these interactions in terms
of the quark fusion model; inclusive vector meson production can also

give information on the quark content of the photon through leading

particle effects.

In the analysis presented in this thesis three aspects of the
photoproduction from protons are investigated in the photon energy
range 70-170 GeV. The inclusive photoproduction of single charged

pions is studied,

Y + P —> Tli'l‘x

and comparisons made with inclusive pion production in hadron
scattering. The scaling properties of the single particle production
distributions and the multiplicity distributions are investigated.
The inclusive photoproduction of the p(770) meson,
Y +P—>p +X
|
—>TtT-.
is also considered and compared with its photoproduction at lower
energies. Finally, the elastic photoproduction of the vector meson
p'(1600) is investigated through its decay into four charged pions,
Y+ P—> p'+ P

I
—> mruomrn-,
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1.2 - Photons and the Vector Dominance Model

In many respects the interactions of photons with nucleons are
similar to the interactions of hadrons with n;cleons. The hadronic
nature of the photon only becomes visible once the dominant
electromagnetic interactions have been taken into account. These
electromagnetic interactions are dominated by pair production and
have | a large cross-section of = 20 mb. The total hadronic
cross-section (Fig. 1.1, and Ref. 1-1) for photons on a hydrogen
target is by contrast = 120 u4b and shows many similar features to-
the total cross-sections for incident hadrons. The total hadronic
cross;section for incident photons shows resonant structures at low
photon energies (Vs £ 3"GeV). and flatfens out to a smooth
cénstant cross-section at higﬁer energies. The major difference

between the photon  hadronic cross-section and the hadron

cross—-section 1is that the photon hadronic cross-section is a factor

of 200 less.

PHOTON ENERGY-GeV _ .
QE QS ! 2 5 P 20 50 pO
! ' ' . ’
500- § SANTA BARBARA-SLAC _
' ¢ DESY-HAMBLRG
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| .
400- !} Tp ~+ LEBEDEV- YEREVAN SERPUKHOV -
4 SLAC-TUFTS-BERELEY
! § ABBHHM
4300 $ SLAC » BERKELEY
A bt $ CORNELL
3 'l ¢ | SBARBARA-TORONTO-FNAL
hard e
b.- 200 : | ] I Y ." I
y
WA -
‘ od- . ?'ﬂ\f’-)m.tl.I-..,‘.‘f".«.,..’.,, B R A
0 52 T3 58 0 15 20

Ep (PHOTON AND NUCLEOND-GeV.

Fig. 1.1 Total hadronic Photon-Proton Cross-Section
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This hadronic nature of the photon can be understood if a photon
couples first electromagnetically to a hadron, which then interacts
with the proton target hadronically. The photon has s8pin parity
= 1", so any hadron coupling electromagnetically to the photon
must also have Jp = 1. The neutral vector mesons p, w, ¢,
and J/¥ satisfy this requirement. These vector mesons, in terms of

the quark model ére bound state qg pairs with their spins

aligned. 1In the vector meson dominance model the photon makes
transitions to virtual, neutral vector mesons in the same way as it
can make transitions to virtual e*e- pairs. The total hadronic
photdn—proton cross-section is then given in terms of the

cross-sections for the vector mesons on protons with a coupling

strength of 4ﬂa/g%,
O(YP) = @ L, (47m/g2) O(VP).

The coupling constant gi/4ﬂ has been measured in many
different experiments for many of the vector mesons and is consistent
with predictions obtained using the quark model. Table 1.2 summarises
some of the properties of the vector mesons. All the vector mesons
with mass up to the centre of mass energy will contribute to the sum
above. In the energy range of this experiment the p, w, ¢ and
J/¥ and their radial excitations will contribute to the total

cross—section and at photon energies above 100 Gev there will also be

a contribution from the Y.

- 10 -
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Vector Quark Coupling Coupling Coupling

Meson Content Constant Constant Constant
(theory) (exp. e*e~) (exp. 7p)

Rho V3 (ud—dd) 1.21 0.64 0.61

Omega Vi (uii+dd) 10.9 4.6 9.6

Phi ss 5.45 2.8 5.9

Fig. 1.2 Properties of Vector Mesons

1.3 - Diffractive Photoproduction of Vector Mesons

Photons in the form of vector mesons can diffractively scatter

off protons and become real. The real vector meson will then

typically decay hadronically to a small number of pions and kaons.

Diffractive scattering is an elastic process

characterised by

sharp forward peaking in the angular distribution of the final state

particles with the

total and differential cross-sections roughly

constant with energy. The diffractive behaviour can be considered as

the exchange of a series of virtual particles in the t-channel, with

the same

guantum numbers

- 11 -

as the vacuum (B=0,S5=0,C=0,1=0,J=0),
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This series of particles can be interpreted in terms ot the Regge
Theory (Ref. 1-2). In this model the series of particles (poles) lie
on a well defined trajectory describing the relationship between the
spin and mass of the particles. Using the ideas of crossing symmetry
the t-channel exchange particles are the same as the s-channel
resonances seen at low energy. In the case of diffractive scattering

the exchanged particles lie on the Pomeranchuk trajectory.

Diffractive photoproduction can be used to study the vector
mesons because of the clear signature of the reaction; low
multiplicity and energy balance between the in-coming photon and out
going forward mesons (because the recoil proton takes very little
enerqgy). The ground state vector mesons
(p, w, &, J/¥ and Y)  have Dbeen well established in both
photoproduction and electron-positron annihilation experaiments.
Radial excitations of the vector mesons are predicted by both the
quark model and in Regge theory (in which they are said to lie on
daughter trajectories parallel to the vector meson trajectories). The
radial excitations of the high mass vector mesons J/¥ and Y are
well established from electron-positron annihilation experiments. At
the lower masses, the radial excitations of the p, @ and & are
less well established, but have been seen in photoproduction and
electron-positron annihilation experaiments. The first radial
excitation on the p was thought to have a mass of 1°25 GeV but it
is now believed to be at 1°6 Gev, but further experimental evidence
is needed to fully establish the state. ‘rable 1.3 summarises the

masses and widths of the vector mesons and their radial excatations.
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Vector Quark Radial Mass Width
Meson Content Excitation (MeV) (MeV)
Rho v3(ut-ad) 1 770 145

2 1600 400
omega V3 (ui+ad) 1 783 10

2 1670 166
Phi ss 1 1020 4.2

2 1684 126
Jy cc 1 3097 .063

2 3770 25

3 4030 52

4 4160 78

5 4415 43
Upsilon bb 1 9456 .042

2 10020 .03

3 10347 ?

4 10570 1a
Top tt ' 1 ? ?

Fig. 1.3 Properties of Vector Mesons and Their Radial Excitations

1.4 - Inclusive Single Particle Photoproduction and KNO Scaling

Scaling in high energy particle physics is normally associated

with deep inelastic lepton scattering (Ref. 1-3) in the reaction:
l1+P—>14+X

The point-like nature of the partons (quarks) in the proton imposes
constraints on the energy and angle of the scattered leptons. These
constraints depend only on the energy of the incident leptons and the

process is said to scale because the cross-section does not depend on

- 13 -
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any distance or mass scale to do with the proton. As the Q2 of the
scattering increases the effective wave-length of the virtual photon
probe decreases and if the partons cease to behave as point-like
objects the scaling will be broken. At even higher Q2 new point
like pre-partons may be resolved and a new set of scaling

distributions would be found.

A similar effect takes place in inelastic hadron-hadron

interactions:
h+P—>h+X

In this case the single particle distributions have a smooth regular
dependence on the centre of mass energy and do not depend on a
distance or mass scale within the hadrons. In the language of lepton
scattering inelastic hadron-hadron interactions may be regarded as
inelastic quark scattering off hadrons. The single particle scaling
is described in terms of the single particle differential
cross-section dg/dxfdnf using the single particle

Feynman function

*
1l 2E dg

F( X ’ P ) = . -
£ Fe 3
Opot(8) Vs axgdPy

’

x*
where E is the energy of particle, Pt is the transverse momentum
and xf is the longitudinal momentum fraction (xf =

x
ZP1 /Vs) of the particle in the centre of mass system. The

Feynman function P(xf,Pt) eventually becomes independent of the

centre of mass energy Vs as s increases (Ref. 1-4).

- 14 -
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By extending the ideas of single particle scaling to multiple

particle systems, the multiple particle Feynman functions can be
defined as

x
1 28" adr®
i = l'ooo'm'

(m) -
P(Xg ) 3

_,P.. . .
1" ti ]
Oior(8) = (VB) dXdP

where m is the number of particles considered and i the index of the
individual particles. These functions will become scale independent
if they asymptotically approach a constant value at large s without
any variation of the form 1ln(s). With this assumption and the
additional assumption that they are non-singular at xfi = 0°0,
these multiple particle Feynman functions can be integrated over the
transverse momentum and Feynman X of all the particles and the

moments of the multiplicity distribution

k
n

Cp(8) = Ly —x Pp(8)
<Nn>

can be calculated, where k is the order of the moment and Pn(s) the
probability of getting n particles in the final state. The
multiplicity probability distribution can be written in the form
tot

where an(s) and otot(s) are the multiplicity n and all
multiplicity cross sections respectively at the centre of mass energy
Vs. Using the scale independance of the moments of the
multiplicity distribution it has been shown that not only does the
mean multiplicity (<n>) scale (as constantxLn(s)) but also that the

shape of the multiplicity distribution is constant. This multiple

- 15 -
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particle scaling has become known as KNO scaling after the authors of

the original paper on the subject (Ref. 1-5). This can be expressed

in the form

where the KNO scaling function ¥(z) has no explicit dependence on

the centre of mass energy Vs except through the reduced
multiplicity
n
Z‘—-—.
<n>

Using an analagous argument it can also be s8shown that these

scaling rules also hold when the particles are classified according

to type, thus

o_.(s) 1 n.
ni i
Pi(8) = = 'V[ : )]

Orot(s)  IIj<ny>

where there are ni particles of type 1i. The multiplicity
distributions for individual types of particles would then also
scale. In particular, if the selection is made according to the
charge of a particle then the charge-multiplicity distributions will

then obey the KNO scaling rules,

o__(s) 1 n
Pnc(s) = nc = -V[ c ].

o (8) <n > <n >
tot

- 16 -
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The functional form of ¥(z) will in general be different for
different inelastic interactions and different choices of the types
of particles studied. Using statistical models for inelastic
interactions the KNO scaling function ¥(z) has been predicted for
hadron-hadron collisions, deep inelastic lepton scattering and
ete- collisions (Ref. 1-6). The hadron-hadron model can also be
applied to inelastic 7YP and soft inelastic e~P interactions
because through the vector dominance model, the real and low Q2
photons behave as hadrons. The model considers the beam and target
hadrons as spatially extended bodies with many degrees of freedom.
When these bodies interéct the energy is distributed into three
regions; a beam region, a target region and a central region. In each
of these regions a highly excited body (known as a ‘fire ball') is
formed which decays to multi hadron systems. Using this
‘Three-Fireball' model the KNO scaling function was predicted to be

¥(z) = * (3z)° e %,
5
It is traditional in KNO scaling involving only charged particle to
normalise ¥(z) to 2 because charged particles are only producted in
pairs. Hence, in complete Yp events only the odd multiplicities are
populated, so that I Pn(odd) is normalised to 1. Figure 1.4
shows the scaling function ¥(z) deduced from hadron-proton
scattering, from low 02 electron-proton and low energy

photon-proton scattering. The predicted scaling function, from the

model discribed above is plotted as a solid line.

- 17 -
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¥(z)=<cn>Pn
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¥(z)=16/5(3z)5exp(-6z)

[+}]
02
[+]]
00%
002 . B
|E| l:
L
00'0 S ] 15 2 25 3
z=n/<n>
TP : :
e'p(small Q,)}nonduffractwe
[ v ¥(z)=16/5(3z)5exp(-6z)
2F
1-
1€
Q?
w
D’ L 1B '22 L a v
22-28 ° L s
W in Gev
Q% in(Gev/c)?

65 16 15 20 25 a0
Z=n/<n>

Fig. 1.4 adronic O _Scalin

- 18 -
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1.5 - Inclusive Vector son Photo uction

In the inclusive photoproduction of vector mesons there are two
possible reaction mechanisms. It is possible for vector mesons to be
produced by double diffractive dissociation. 1In this process the
vector meson is produced and decays to pions in the forward direction
in a similar way to elastic vector meson production, and in the
backward direction, unlike the elastic case, the proton fragments
into hadrons. The other process producing vector mesons is quark
fusion, where a quark in the photon (in the form of a vector meson)
fuses with a quark from the proton. This process gives rise to
production of vector mesons in the central region. It has been shown
at lower energies that inclusive vector meson photoproduction in the

central region is similar to pion induced vector meson production

(Ref. 1-7 and Ref. 1-8).

The diffractive component can be estimated using Pomeron
dominance in the Triple-Regge formalism (Fig. 1.5). Using this
approximation the diffractive component of the inclusive

cross-section is given by

2

2
t)G
Wp  Appp(0)hyyp* oppp
dtdxf 16(1-xf)
where BppP and vav are the proton-proton-pomeron and

photon-pomeron-vector meson vertex factors and GPPP is the triple

pomeron vertex factor. This gives a prediction that
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¥ 20 1
2E" dog

. _~ . .

Vs dXg Vs (1-Xg)

The diffractive component has been calculated for p0 and w
inclusive photoproduction using this model and has been compared
with inclusive photoproduction data at 20 - 70 GeVv (Ref.. 1-7). This

comparison is shown in Figure 1.6 with the prediction as a band.

Y ByvP Byvp .
\ /
P\\ //E’
 Gppp

.

P ' BppP P

Fig. 1.5 piagram for Diffractive Vector Meson Phbto roduction

The non-diffractive component can be estimated using the quark

fusion model (Ref. 1-8), from the structure functions of the quarks

in the photon (Fz, Pz) and proton
qa 9
F:, F7).
( P P)
2
2£ do g - -
—._N_ _9 q q q
" [ ] [417 ] [E50x IFN(X,) + ry(xl)rg(xz) 1.

2 —
where gq /4m is the coupling constant between the qq and

the vector meson and x1 and XZ are the fractional momenta of the

quarks in the photon and proton respectively, where

- 20 -
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2
x1 xz xf and xl-xz-HJs.

Because of this constraint forward vector meson production at high
energy 1is dominated by fusion of the high X quarks (valence quarks)
in the photon and low X quarks (sea quarks) in the proton. since the
quark and anti-quark distributions in the photon mugt be equal and
writing the proton structure function in terms of valence and sea
contributions, the non-diffractive component of the inclusive vector
meson distribution may be parameterized;

2E d

.__..._o_’.‘ - "3"‘1’ [ar-*;(xz) + 35';()(2) ],

Vs dXg
Taking the quark distribution in the photon (Pg) to be the
same as that in the pion (™ X(X-1)) and suitable distributions for
the valence and sea quarks in tﬁe proton (P; and F:)
predictions for the vector meson distributions have been made. These
predictions have been compared with po, p* and p-

inclusive photoproduction in the energy range 20 - 70 GeV (Ref 1-7)

and are shown in Figure 1.7.
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Fig.
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1.6 - Conclusion

Photons can make transitions to virtual vector mesons which can
interact with protons hadronically. The process ot photons coupling
to vector mesons is well described by the vector dominance model for
both real and virtual photons. The vector mesons produced by the
vector meson dominance model can interact with a proton target either
elastically or inelastically. In elastic scattering the virtual
vector meson scatters and becomes real by a diffractive mechanism and
this gives rise to a small number of forwardly produced scalar mesons
from the decay of the vector meson. Elastic scattering accounts for
~ 20 ub of the total hadronic photon cross section of 120 ib an
the photon energy range 70 — 200 GeV. Almost all of éﬁe rest of the
hadronic cross section is characterised by soft inelastic scatterang.
At lower photon energies it has been shown that the s8soft 21nelastac
scattering is similar to that in meson-proton, proton-proton and
proton-antiproton scattering. This similarity shows up in the single
particle inclusive Feynman-X distributions (or equivalently the
rapidity distributions) and in the shape of the multiplicaty
distributions, as well as in the Ln(s) behaviour of the mean
multiplicity. Within the inelastic portion of the photon-proton
cross-section vector mesons can be produced. The inclusive vector
meson production has two components. The first component 1s due to
double diffractive dissociation and is similar to elastic-diffractive
production of vector mesons. The second component 1s due to fusion ot

leading quarks in the photon with the quarks in the proton.
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2 - The Beam Line and Tagging System

2.1 - Introduction

The incident photon beam was derived from a 200 GeV/c electron
beam using Bremsstrahlung in a thin heavy metal target (the Tagging
Target). In order to measure the energy of each photon it was
necessary to measure the momentum of the beam and scattered
electrons. The electron beam spectrometer was used to measure the
momentum and trajectory of each electron in the beam. This
spectrometer consisted of three assemblies of MWPC's (Multi-Wire
Proportional Chambers) and beam scintillation counter hodoscopes with
a series of bending magnets between the first two of these
assemblies. The forward scattered, reduced energy electrons from the
Tagging Target were deflected out of the photon beam into an array of
MWPC's, a pair of scintillation counter hodoscopes and an array of
lead glass shower counters. Reconstruction of the trajectory of the
scattered electron from the tagging MWPC's together with the incident
electron from the beam spectrometer enabled the calculation of the
energy of each tagged photon. Fast signals from the lead glass and
scintillation counter hodoscopes provided a fast trigger for the
experiment corresponding to a 'tagged photon' entering the liquid

hydrogen target in Omega.

The measurement of the photon energy enabled quantities involved
in photoproduction to be measured as a function of energy. The
precise measurement also allowed preferential selection of elastic

physics channels. If all the particles in the final state were

- 27 -
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detected, the energy loss (Ediff) between the photon beam and final
state particles would be consistent with zero. This selection of
elastic events was used to enhance the diffractive fraction of the
data. In this class of events the photon produces a vector meson
which interacts diffractively with the proton, producing a few
forward mesons from the vector meson decay and a low energy (possibly

unseen) recoil proton.

The electron beam used in this experiment was derived from the
E1/H1/P1 beam 1line (Fig. 2.1), in the up-graded West Hall at CERN
(Ref. 2-1). In electron mode this beam 1line was capable of
transporting 200 GeV/c electrons with an intensity of 5x106 for
2x1012 incident protons per SPS spill. The electrons were
produced by irradiating the primary target (T1) with an Extracted
Proton Beam (EPB) from the SPS. From the secondary particles produced
in this target the electron beam was created. High energy electrons
were then selected with a momentum ~ 200 GeV 12% and transported
into the West Hall and towards Omega. The last two bends of the beam
line also served as the Beam Spectrometer and Tagging System bends

respectively.
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2.2 - The Beam Line

Simultaneous slow extraction of protons at 450 GeV from the SPS
to the North and West Areas made it possible for experiments to run
in both parts of CERN together. At the West Area Switch Yard (TCCé)
the EPB for the West Area was focussed on to the primary Target Tl
(05 of a radiation length of beryllium). From this target two
secondary beams were extracted. The E1/H1/P1l beam line was provided
for the Omega facility and the H3 beam 1line for other West Hall
users. In an attempt to decouple the particle types and momenta in
the H1 and H3 beam line a Wobbling Station (Fig. 2.2) was set up
round the target area. The Wobbling Station allowed the angle of the
incident EPB on the target to be varied, hence controlling the
production angle of the two beams. In electron mode bend 3 of the
Wobbling Station was used to select photons from the decay of neutral
pions from the primary target. The photons were converted into
e*e- pairs in a silicon crystal target, from which electrons were
selected for the beam. An electron beam was chosen in preference to a
positron beam to avoid contamination of protons. Backgrounds were
further reduced by having the target station deep underground and on

a different plane to the West Hall Experiments.
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Fig. 2.2 The West Area Wobbling Station

The front end optics of the El1 beam line was used to defined the
acceptance and the momentum bite of the beam. The bending magnets in
bend 2 were used to bring the beam into the transfer tunnel TT61

(Fig. 2.3a). At the top of the transfer tunnel bend 3 was used to

corrected the vertical deflection caused by bend 2. The remaining

2.3b) brought the beam

vertical bends in the beam 1line (Fig.
horizontally into the West Hall. The horizontal bends 6 to 10 were
used to bend the beam south towards Omega and away from the H3 beam
line. The quadrupole magnets in this region served to increase the
beam size for the beam spectrometer (see section 2.3) to improve the
spatial resolution and reduce saturation effects in the MWPC's and
the beam on to the hydrogen target. Bend 9 was used for

then focus

the momentum resolving part of the beam spectrometer.

- 31 -



Chapter 1I

Horizontal Besm Profile /mn.

120. T T A RAGSS ARAGCILARA B RS Lasns RARAS LRSAN' T T
- -r - =
w00, § = i i

0.
.. ¥ 82 | 63 3
- . - - N E
v} T | Toss [
- L b1 3
g O e, 8 — Piaati
;o phie TP — H
AT T i ; = S
. nrac r B ~.L.- ‘i " Iy [
0. & . . > i £
b % v A N | v ]

- 7 3 Q38 7 Q0 1" (M) Q10
il ‘ @ ol . ¢ e ﬂms i
103, aLl.A &\ 42 3
w120. TR TTTE PR TUUVE TS I FTIT U FUTTE FUTES PUUTE P BURws S e il ol a3
s, 33, 3. 6. 100, 125. 1S3 175, 200. 225 353, 2. 306, 3. I 37S.  Wo0. W23, MS0. WIS, ST,
n
122. vl..,jl,...‘....‘....l..-v.w..-Tyw'.‘v-.w‘ryww‘....‘-.-.“-..]-1' | RALLAS B T T T ..vl..w.j'
103, £ P - ;\_{\ 3
(] - o . 3
7 'l \ 3
0. & 52 . s || Y B3 3
‘ A . i . A! H
e0. Lo i ~. 3
. F 'F“ T - ‘n| g }TJ‘._H—I}-—:;
. l ” . il 1.'g’ E
™ o, . ‘l ' Iu“i
-z B 68 | 'f I | MAHE
* k arad i {eii e
-\0. £ v < LRI
T y =
E
-3, = f =
«100. & - < 3;
2120, Bl bl I | ITUTE FUTTY BUEwe| | BTSSP | MUY NS ST
0.  2s. S0. 7Ss. 100. 125 3§0. 7. 203, 225. 20 2. 302, 3. . 875, W, W, e W 502
. n
Vertical Eeam Profile /mm.
Horizontal Beam Profile /mm.

AR REmAsERILLno ooy naass ——rr p
F -
CMEGA 2

3
E]
310 =
[ SRS | ' 2
830 G229, 883, eII.  eEZ. &Kl
Ty T T T
cMIse

sulmddoultuchudastsulaww el

N U BEUTE FTUWE BUSw
800, 820. O%J,  eCO.  ess.

n
«
«

Vertical Beam Profile /mm.

Fig. 2.3 The H1/El1/P1 Beam Line

- 32 -




Chapter II

In our photon mode bend 10, tagging magnets were set to deflect the
unscattered electron beam into a beam dump in front of Omega and to
allow the photons produced in the tagging target (between the tagging

magnets) to enter Omega. The Hl beam line parameters are summarised

in table 2.4.

Maximum momentum
Horizontal Acceptance
Vertical Acceptance

Solid Angle

Momentum bite

Dispersion at momentuﬁ slit
Intrinsic momentum resolution
Spectrometer resolution

Beam height in EHW1

Beam length

Particle Identification

. 4 arameters o

Por setting up and controlling the beam line elements, the beam
line was instrumented (independently of the experiment) with a series
of beam profile counters and trigger counters.
(provided Dby the EA division at CERN) were controlled and read out
using an EA division NORD computer. This computer also controlled the
magnet and collimator settings, which made it possible to monitor the
beam while varying their settings. Communication with and control of

the beam line was derived through the interactive program TREE (Ref.

2-2) running on the EA's NORD.

450 GeV/e
1.5 mrad at 200 GeV/c
0.64 mrad at 200 GeV/c

3.0 usr at 200 GeV/c
2.1 ysr at 350 GeV/c

2%

47 mm/%

* .08 % at 1 sigma

.05 - .08 % for hedrons
3.66 m |
822 m

2 CEDAR's

These detectors
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The intensity of the secondary beams as calculated using a
modified Hagedon—Ranft model (Ref. 2-3, Fag. 2.5) predicted an
intensity of about 1°-7x106 electrons at 200 Gev per burst for
1012 protons at 450 Gev on the primary target. It was found
that the actual electron intensaity was about 1°2x106 for
1012 protons with the original lead converter. However, using
the silicon crystal converter the design intensity was realised. Thas
improvement was due to coherent pair production in the crystal.
calculations showed that the loss of energy due to synchrotron
radiation in the beam magnets should be about 6 Gev $0°22 GeV at
200 Gev for this electron beam. Thus, as the beam started off at
200 Gev the magnet currents had to be gradually reduced from thear

200 GeV equivalent pion mode settings to allow for the 6 GeVv loss.

10 \

]

- :I :

10—

- .

-

50 100 0 CcC 0
o : 0 150 200\ 250 - 30 3% BEA M

. GeV
Fig. 2.5 pPredicted Hl Beam Line Intensities
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2.3 - The Beam Spectrometer

The beam spectrometer consisted of three regions containing the
beam profile detectors, and the bending magnets, bend 9 (Pig. 2.6).
Region 1 and Region 2 together with the horizontal bend, bend 9,
provided the momentum sensitive part of the beam spectrometer. Region
2, the straight part of the beam 1line and Region 3 provided the
position sensitive part of the spectrometer, used to predict the

interaction point at the tagging target and its projection in to

Omega.
------- BEAM ELECTRONS
———- LINE TOR V.
TAGGET PHOTONS
TAGGING TARGET —-— TAGGED ELECTRONS
TAGGING [. : :
St MAGNETS R 3 R 2 SPECTRCMETER BEND
TS T [T e {ZEEBC===~-C:::H.C::3
BEND BEND BEND 10 =, R
12 u BEND 9 f::DJ7§§\£

(Not to Scale) JW/10-84

Fig. 2.6 The Beam Spectrometer
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In each of the Regions 1, 2 and 3 the beam profile detectors
consisted of a set of 8 MWPC planes and two planes of scintillation
counter hodoscopes (Fig. 2.7). Each MWPC plane had 96 wires at 1 mm
spacing. The wire chambers were mounted in orthogonal pairs in
screened boxes together with their associated electronics
(amplifiers, discriminators and MECL line drivers). The chambers were
mounted in the region with four chambers in front of the hodoscopes
and four behind. The chambers were arranged in the order Y(0°),
2(90°), U(-45°), V(+45°) in the direction of the beam. Due to
experience in previous experiments using these chambers (Ref. 2-4) it
was found necessary to run them on a gas mixture of Argon, 1sobutane,
Preon and Meythalal (Magic gas), with the cathode planes between
4-0 and 5°0 KV to allow the chambers to run on plateau. This gave
good efficiency (98%) in the chambers and a long life despite the
high flux rate - through the chambers (about 106 electrons
cm—2s-1), The signals from the chambers were delayed
in twisted pair cable layed down the beam line then passed through
the ‘'Rate Gates'. The Rate Gates were used to reduce the rate from
the chambers and to select only the hits in time with interactions an
Omega. The information from the chambers then passed down more delay

cable to be read out using the CERN RMH (Read and Memorize Hybraids)

system (Ref. 2-5).
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Fig. 2.7 The Layout of the Beam Profile Detectors in each Region

The scintillation counter hodoscopes consisted of two orthogonal
arrays of 32 scintillator slats, each 3 mm wide and 0-5 mm thick.
These slats were individually wrapped with aluminized mylar to form
air light guides of about 15 mm diameter and were viewed with 19 mm
Photo-multiplier tubes (EMI Type 9826b). For economy only the centre
16 vertical slats and 24 horizontal slats had photo-multiplier tubes
and ;ead out. Despite the reduction in active area the hodoscopes
covered 95% of the beam. The signals from the hodoscope tubes passed
through local discriminators before being sent down delay cables.
They then passed through gated discriminators (serving the same
purpose as the Rate Gates) before being read out using TDC's (Lecroy

type 2228).
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The jitter time of the MWPC signals of about 15 ns due to
different arrival times at the wires, required a gate of about 25 ns
to be used at the rate gates. This meant that with a high intensity
beam (about 2x106 s-1) the chance of 8seeing more than one
track in the beam line was high. To resolve this ambiguity, 'in time’
hits in the hodoscopes with a time resolution of about 2 ns were used
to define areas in the MWPC's where the hits from the 'in time' track
would be found. Any remaining ambiguity due either to multiple hits
in the search area or failure of a hodoscope slat or MWPC wire to
fire could be resolved using the =45° wire chambers U and V as
well as the 0° and 90° chambers Y and 2. This combination

provided the spatial resolution of the MWPC's with the time
resolution of the hodoscopes. A Channel Plate Detector is currently
being developed to provide both of these features in a single
detector (described in Chapter 3). Following the identification of
the good chamber hits the beam line reconstruction program PEDRO
(Ref. 6-4) made a fit using all these hits and the field map for the
magnets in the beam 1line to calculate P, Y, 2, Y', Z' and their

errors at the tagging target.
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2.4 - The Tagging System

The tagging system (Fig. 2.8) was installed in Region 4 of the
beam line Jjust upstream of Omega. It consisted of three bending
magnets (bend 10), the tagging target, the recoil electron detectors,
monitors and veto counters. Electrons from the beam line passed
through the first tagging magnet on to the tagging target. 1In the
tagging target a small fraction of the electrons radiated a
premsstrahlung photon. These photons then travelled into the Omega
target unaffected by the other two tagging magnets. Electrons which
did not radiate a photon were deflected 2 mr by the tagging magnets,

through the beam stop counters and into the beam dump. The electrons
which did radiate a photon, because they had less energy, were
deflected more by the tagging magnets. These electrons passed through
an array of wire chambers (W4.1 to wW4.5), through two planes of
scintillation counter hodoscopes (B4.1 and H4.2) and then into the
Lead Glass shower counter (LG). The tagging target consisted of a
four headed rotating target assembly, with 3 thin metal targets of
4.2%, 7.6%, and 15% of a radiation length, the fourth head being left

blank to give a null reference target.

The arrival of a photon at the hydrogen target was tagged in the
sense that a signal from the scintillation counter hodoscopes (H4.1
and H4.2) and lead glass counters (LG) gave a fast trigger to the
rest of the trigger logic and read out system. The scintillation
counter hodoscopes and lead glass together with the field in the
tagging magnets defined the range over which photons could be tagged.

An electron beam energy of 194 GeV at the tagging target gave tagged
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photons over the energy range 64 to 172 GeV. The tagging hodoscopes
consisted of one plane (H4.2) of 16 slats of 10 mm plastic
scintilator 80 mm wide, and the other plane (H4.1), 12 slats of 10 mm
plastic scintillator of increasing width away from the beam giving
roughly equal energy bin widths. The time reference for the whole
experiment was taken from the 'OR’ of the slats in H4.2. The lead
glass counter consisted of three rows of 1lead glass Dblocks
80 x 80 x 400 mm3 (13+6 radiation lengths). In the experiment
only the centre row was used. The lead glass provided positive
identification of the scattered particle from the tagging target as

an electron and not a contaminant beam hadron.

- TAGGED PHITCNS
—=— BEAM ELECTRONS

LEAD GLASS — TAGGED ELECTRINS
(o , —- LINE TO R. V.
HWWeCls
e & & «
e B -] -]
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OMEGA =: | N
=T TARGET
= |Eli] TT~ TAGGING
! =3I ~. -
— = | BN . MAGNETS
[73 =4 i .
[ Ay 28 YU S g gyt S8 s P apmpen
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— o -] a -]
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Fig. 2.8 The Lavout of the Tagging System
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The lead glass and tagging hodoscopes on their own provide an
energy resolution of about 2 GeV. To improve this four large MWPC's
were installed between the tagging magnets and hodoscopes. These
chambers (W4.1 to W4.4) were 2 m long and spanned the full width of
the hodoscopes and lead glass. They had vertical wires at 2 mm
separation. To avoid damage in the region of the unscattered electron
beam, wires were removed at the beam line side of these chambers. A
fifth, smaller wire chamber (W4.5) was also installed in this region,
close to the unscattered electron beam to improve the momentum
resolution of the spectrometer at low photon energy (high electron
momentum). This chamber was of similar design to the beam line

chambers. It was 200 x 200 mm2 with vertical and horizontal wires

at 1 mm spacing. The information from the five wire chambers, the
hodoscopes and the lead glass was used together with the position of
the incident electron at the tagging target to reconstruct the
scattered electron trajectory. This was then used to accurately

calculate the photon momentum and its position at the Omega target.

The purpose of the first of the tagging magnets (upstream of the
tagging target) was to separate any photons in the beam line from the
electrons. These photons from synchrotron radiation in the magnets
and bremsstrahlung in the chambers in Region 2 and 3 fell on to a
lead scintillator sandwich shower counter, the Radiation Veto. The
amount of material in the beam line in Region 2 and 3 giving rise to
a false Tag signal was estimated to be about 2% of a radiation
length. Two Holey Vetos were also installed in the photon beam line
to remove events where the photon had the wrong direction. These
counters were lead scintillator sandwiches similar to the radiation

veto.
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2.5 - The Tagging System Electronics

The first stage of the trigger used in this experiment consisted
of forming the interaction trigger (INT). This trigger provided a
fast signal to the rest of the experiment signalling the presence of
a tagged photon interacting in the hydrogen target. At this stage of
the trigger no attempt was made to separate the hadronic events with
a cross section of 120 udb from the dominant e*e- pair

production with a cross section of 20 mb in the hydrogen target.

The first step in the interaction trigger (Fig. 2.9) was the
formation of the Quick Tag (QT). This was formed from the coincidence

of the signals from the tagging hodoscopes and the lead glass.

QT = B4.1 . H4.2 . LG

This corresponded to the occurrence of an electron of lower than beam
energy in the tagging system. The Quick Tag was improved by the use
of the Region 4 veto counters. The radiation veto (RV) detected
excessive beam energy loss due to synchrotron radiation in the
magnets and early bremsstrahlung in the beam line. Its threshold was
set to about 3 GeV. The holey vetos (HOV's) with holes 38 mm and
42 mm respectively ensured the photons were in-line with the hydrogen
target. Finally, a charged particle veto (S2+V2) was installed
between the second holey veto and the hydrogen target to veto any

remaining charged particles in the photon beam.
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This veto counter removed events where pairs were produced in the
air, chamber walls and helium between the last tagging magnet and the

hydrogen target.

TAG = QT.RV.HOV1.BOV2.S52+V2

The Tag-Int was then formed from the coincidence of a Tag and a
hit in the End-Cap, a 50 mm diameter circular scintillation counter

mounted at the back of the hydrogen target.

TAG-INT = TAG . EC

The time reference for the experiment as mentioned earlier was
taken from the °'OR' of the 16 slats H4.2. This was passed through
the tagging trigger by ensuring that the front edge of the H4.2
signal defined the front edge of the interaction trigger signal. The
time reference was used to provide a strobe to select only the
chamber and counter digitisings corresponding to events with a tagged
photon. It was also used to define a reference time for the Omega
Drift Chambers, Photon Detector time-of-flight, the RICH and the beam
line hodoscopes. In these detectors the time reference was used to
determine the position of tracks or resolve ambiguities. To improve
the time reference it may be possible to use a thick scintillation
counter in front of the tagging target. This would require special

electronics to cope with the high rate compared with the tag rate.
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Fig, 2.9 The Interaction Trigger

At this stage various monitor triggers were included together
with the Tag-Int to form the Interaction trigger, INT. Some of these
monitor triggers were used during normal data taking, providing a few
per cent of the final trigger rate. Other monitors provided triggers
for the experiment when running in non photon modes, such as setting
up modes where protons were used directly on the hydrogen target.
The monitor triggers were included in the interaction trigger by
including a suitably reduced rate signal (where necessary) into the
main INT °'OR'. All monitor triggers also went into the AUX 'OR' to
sigﬂal a monitor event and not a real event. The monitor triggers
were selected and controlled using a system of control 1levels and

reduced to & suitable rate with divide-by-2" boxes.
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The relaxed tag was used to monitor the tagging system. 1t
required two out of the three quick tag counters to fire (H4.1, B4.2,
and LG) and did not include any vetos. Thas allowed the monitoraing of
the beam line without any bias that might be included by requiring a
hadronic event. It also allowed the etficiency of the vetos and
tagging counters to be measured. A relaxed interaction was also
provided by forming the coincidence of the relaxed tag and the

end-cap.

The mini tag trigger provided a trigger for non photon events by
requiring a hit in the tag target counter (TTC) and a circular beam
stop counter (BSC). The mini tag was used to monitor the beam 1line
without the tagged photon requirement. It was also used to test the

Channel Plate Detector installed in Region 4.

The proton beam trigger, provided a trigger for setting up the
beam and Omega detectors on proton or pion beams. This traigger was
formed from the coincidence of a scintillation counter in Region 2,
and two similar counters in Region 3. This trigger, the so-called
pion trigger, could also include the charged particle vetos, part 1n
coincidence (S2) and part in anticoincidence (V2). 1t was also
possible to include the end cap to form the so called ‘pion

interaction' trigger.

At this stage of the trigger a pulse generator was also
included. It was used to help set up the electronics and also to
provide a series of calibration pulses atter the end of the real SFS

burst (but before the read out and data acquisition end-of-burst).
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2.6 - Beam Line and Tagging System Performance

The beam profiles for the three regions (Fig.

2.10) show that

the beam was contained and centred in the beam line with little léss.

The phase space plots for the beam in the three regions

(Fig.

2.11)

show the beam diverging in Z in Region 1 and weakly converging in Y.

In Region 2 the beam was diverging in both planes, and in Region

the beam was converging to reduce the effective spot size at Omega.
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Fig. 2.11 Beam Phase Space Plots in each Region

The hit distributions in the Region 4 scintillation counter
hodoscopes and lead glass (Fig. 2.12) show decreasing count rates
further away from the beam line. In the H4.2 hodoscope this effect is
less pronounced because the slats get larger further away from the
beam line. The hit distibutions in Region 4 MWPC's also show an
exponential like distribution with the maximum nearest the
unscattered electron beam. This corresponds to the lower energy (and

less frequent) electron being scattered the most.
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The rates in the wvarious parts of the interaction trigger were
Plotted as a function of tagging target thickness and with various
combinations of vetos (Fig. 2.13). These rates are shown as fractions
of the count rate in the hodoscope in Region 3 and have linearly
fitted line drawn on to each plot. The Tag rates plot (Fig. 2.l3a)
shows the Quick Tag (= Tag with no vetos) rising linearly with
tagging target thickness with a zero rate intercept of about -7% of a
radiation 1length. The addition of the tagging system vetos reduces
the gradient slightly and moves the intercept down to about —4% of a
radiation 1length. fhe zero rate intercept corresponds to the amount
of material over and above that in the tagging target giving rise to
tagged photons. The hard photon content of the fag signal can be
assessed using the coincidence rate of the Tag and Beam Veto signal
(not in veto). This coincidence would tire when there was a Tag with
a hard photon which did not interact in the hydrogen target. The
hydrogen target was about 0°-067 radiation lengths so that ideally
the Tag.Beam-Veto should be about 93% of the Tag rate (assuming
complete efficiency in the Beam Veto and all the non—interaction
photons reaching the Beam Veto). The Tag.Beam-Veto rate (¥ig. 2.i3b)
shows that the Tags with a good photons are not the tags killed by
the veto counters. The ratio of Tag to Tag.Beam-Veto was tound to be
about 80%. Table 2.14 shows the rates and efficiencies ot the various

interaction trigger elements.
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Fig. 2.13 Rates at Various Stages of the Tagging System

Trigger Trigger
Rate Efficiency
Electron Beam 1.31E6 0.75
(Hodo. R3)
Quick Tag 1.93E5 0.97
Tag 7 .36E4 0.97
Interactions 8.69E3 0.95
(Tag.EC)

Rates expresses as count rate per burst
(out-side 'dead time')

Fig. 2.14 Rates and Efficiencies of Tagging System
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3 - CHANNEL PLATE DETECTOR

3.1 - Introduction

The Channel Plate Detector (Ref. 3-1) was conceived a
alternative to the beam MWPC's. It was designed to have a time
resolution as good as the scintillation counter hodoscopes togetiher
with a spatial resolution as good as or better than the MWPC's in use
in the beam line. The detector had also to work at beam raies above
107 s-1 without saturation or 1loss of ef{ficiency. Since the
detector was for use in the electron beam 1line it had to have a
minimum amount of material in the beam. This was of particular
importance in the electron beam used in this experiment because of
bremsstrahlung emission. Low energy bremsstrahlung photons radiated
in a beam detector would add to the beam halo and hence cause
backgrounds in both the beam 1line and Omega detectors. More
importantly, the remaining electrons in the beam would have a reduced
energy, hence be wrongly measured by the beam spectrometer and so

reduce the energy resolution of the beam.

MWPC's used in high rate beam lines suffer from 1limitations in
the following ways. Thg practical wire spacing limit of 1 mm imposes
a limit on the spatial resolution (o=d/V1Z) and to a
certain extent on the time resolution (= 25 ns). The time
resolution is determined by two factors, the time taken for the
charge to drift on to the wire and the avalanche process at the wires
giving rise to the gas amplification. Decreasing the wire spacing

would improve the spatial and time resolution of the chamber at the
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expense of increasing the amount of material in the beam and
introducing serious mechanical problems in construction of such
chambers. Another problem is caused by the high rate and high gas
gain in the chambers. This can cause deposits to form on the wires
leading to ageing in the chamber and the loss of efficiency. It may
also cause the growth of whiskers on the wires and possible sparking
leading to broken wires. These problems can be alleviated by
expanding the beam at the chamber to reduce the beam flux density,
and reducing the gas gain at the expense of increasing the gain in
the chamber electronics and causing noise pickup problems.

The channel plate detector avoids these problems by having a
thin secondary emitting cathode in the beam. The secondary electrons
Created by the beam particles passing through the cathode were
extracted from the beam and focussed on to the face of a pair of
channel plate multipliers using an electrostatic 1lens. The channel
plates provided electron amplification (= 106) together with the
preservation of spatial resolution. The charge pulse from the back
surface of the channel plates was then collected on two planes ot
orthogonal wires, similar to a fine grain MWPC. The detector was
enclosed in a vacuum vessel with a pressure typically 10-6 torr.
This system provided good spatial resolution by the use of fine grain
multi-wire read-out arrays and the ability to use the lens to magnify
the image on the cathode. The time resolution was very good because
the secondary electrons travel quickly over a fixed distance in the
lens at 10 KV, and because of the channel plate multiplier's fast
transit time (< 100 ps). In addition, the operation of the
amplification process in the channel plate multipliers, rather than

in a gas chamber avoids some of the problems of a MWPC.
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In the EY experiment WA69 it was proposed to have one channel
plate detector in the beam line in Region 3 (Fig. 3.1), and one in
Region 4 (Fig. 3.2, the tagging region), in the unscattered electron
beam in front of the electron beam dump. The channel plate detector
in Region 3 was initially for test purposes, where the beam
spectrometer could be used to predict the position of hits in the
detector for comparison with the hits seen in the detector. This
information could then be used to find the efficiency of the
detector, the spatial resolution and any distortions in the
electrostatic 1lens. Eventually, this channel plate detector is to be
incorporated into the beam line reconstruction. The channel plate
detector in Region 4 was to be used to reconstruct the trajectory of
electrons that radiate little, if any, energy in the tagging target.
Comparison of these electron trajectories and the corresponding beam
track could then be used to measure the beam loss 8o help to
calibrate the Radiation Veto (where the energy lost between Regions 2

and 3 is detected) and to extend the range over which photons can be

tagged.
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Fig. 3.2 Channel Plate Detector in Region 4
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3.2 - The Detector Desidgn

The secondary emission detector (Fig. 3.3) consisted of a thin
secondary cathode at an angle of 30° to the beam line, where each
beam particle as it passes through the cathode emitted a few
secondary electrons. The secondary electrons were removed from the
beam line and focussed on to a pair of channel plate multipliers
(CPM) by an electrostatic lens. Inside the channel plates the few
electrons were amplified into an electron shower of about 3x106
electrons. This shower was picked up by a two dimensional array of
fine wires in the back-plane. A few wires in each array collected the
charge from the channel plates and passed it to the read-out
electronics. Thus, assuming 100% efficiency, for each beam particle
passing through the detector the read-out electronics provided
digitizings corresponding to the point the particle passed through
the cathode. For the early testing delay lines were used to read-out
the detector. However, for the high rates in beam line tests and in

the final configuration the full Multi-Wire Proportional Chamber type

read-out was used.
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A low density Caesuim Iodide (CsI) layer between 100 um and
300 um thick was used as a secondary emitting cathode. 1In this
layer the beam particles ionized the CsI producing secondary
electrons (Ref. 3.2). A large electrostatic field across the layer
(~ 20 Kvcm~1) was used to extract the secondary electrons and
provide some amplification. Electron amplification takes place in the
cathode because the secondary electrons are accelerated by the field
across the holes in the foam and attain sufficient energy to create

further ionization (Ref. 3-3). Hence, it was important that the CsI
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layer was thin and of low density so that the secondary electrons
could easily be extracted and amplification take place. In order to
ensure a high overall efficiency the mean number of secondary
electrons produced by the initial ionization had to be ~ 6. The
amplification factor (™~ 10x) then had to ensure sufficient
electrons were produced to get out of the cathode to the channel
plates. It was also important to have only a small amount of material
in the cathode to prevent degradation of the beam. It was estimated
that the detector had the equivalent of 0-2% of a radiation length
in the beam. The low density CsI layer was formed by evaporation of
dry CsI on to a cooled titanium foil in an atmosphere of argon at
5 torr. Once these cathodes were made they had to be kept under
vacuum or in dry inert atmosphere because of the hygroscopic nature
of Csl. The extraction field was provided by putting a potential
between the titanium foil supporting the CsI layer and a nickel
micro-mesh stretched across a pyropholyte ring above the layer (Fig.
3.4). The rest of the cathode assembly acted as a support for the
cathode itself and provided electrical connections to the foil and
micro-mesh. For the early tests a 300 4m layer was used with the
micro-mesh supported 0-5 mm away from the titanium foil but for the
beam line tests a 200 um layer with a foil micro-mesh separation of

1 mm was found to be better.
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Fig. 3.4 The Secondary Emission Cathode

The 1lens (Pig. 3.5) consisted of a four element axially
symmetrical electrostatic zoom lens. The lens was designed by scaling
up (Ref. 3-4) existing image intensifier lenses (Ref. 3-5). Similar
lens designs have also been used on different scales in position
sensitive photo-multiplier tubes (Ref. 3-6). The lens provided point
to point focusing between the cathode and the CPM with magnification
between O0-:5x and 2x., The voltages for the lens elements and the
cathode were provided by tappings of a resistor chain powered by a

variable high voltage supply.
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Fig. 3.5 The Lens Assembly

A tandem channel plate multiplier assembly (Mullard G25-70's)
was used to provide point-wise amplification for the electrons from
the cathode. Channel plates'are wafers of lead glass about 1 mm thick
with an array of many tiny (= 25 um) holes through them (Fig.
3.6). A thin film of nickel is evaporated over the surfaces of the
plates across which a voltage is applied. When electrons enters the
holes they are accelerated by the electrostatic field across the
plate. When the electrons hit the‘walls of the holes more secondary

electrons are produced by secondary emission and accelerated down the
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hole, hence amplifying the signal. In this way each hole can be
considered as 2 'continuous dynode’ photo—multiplier tube (Ref. 3-7).
The electron showers from the back of the channel plates was
collected on wire arrays connected to the read—out electronics. In
the detector the channel plates were run at about 1°3 KV each,
providing 2 gain of =~ 103 per plate. The channel plates werée
mounted in close proximity to each other and the back-plane with a
voltage of about 100 V across the gaps (=~ 0°'5 mm) to ensure
proximity focusing beween them. The channel plates output about
0-5 pC (~ 3x106 electrons) to the back-plane to trigger the

read-out electronics.

The location of the showers in the channel plates was detected
using two perpendicular arrays of 285 wires at 250 um spacing
mounted in the back-plane. One of the two arrays was formed as tracks
on a printed circuit board (PCB) and the other a grid of 80 um
stainless steel wires held above the PCB plane on notched spacers.
Electrical connections to the wire array was via a second set of
connections on the PCB. The back-plane PCB was sandwiched between two
stainless steel vacuum flanges and sealed with vacuum ceramics. The
tracks on the PCB came out through the ceramic seal to arrays of
sockets for connection to the read-out electronics. E. Kellogg et al
(Ref. 3-8) has shown that it is possible to obtain equal charge
sharing between perpendicular wire planes by biasing the wires by a

few volts (Fig. 3.7) but this piasing will have to Dbe determined

experimentally.
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" The whole detector was enclosed in a large high vacuum stainless
steel vessel. This consisted of a 220 mm diameter tube housing the
lens, with the back-plane flange at one end. At the other end the
lens tube intersected the beam pipe (100 mm Dia.) at an angle of
30° so that the cathode lay in the beam. There were also subsiduary
pipes and flanges for the test port, the vacuum pump connections and
pressure gauges. The lens and CPM were initially mounted on the
back-plane flange so that the whole detector assembly could be
removed with the back-plane flange. The electrical connections to the
cathode, 1lens and CPM were connected to feed through insulators on
the back-plane flange behind the wire arrays and the PCB. This
arrangement was changed due to electrical breakdown problems on the
feed through insulators in the back flange and the difficulty of
removing the back-plane and lens assembly. In the final arrangement
the lens was separated from the back-plane and supported directly in
the main part of the vessel. The electrical connections used high
voltage vacuum feed through insulators mounted in a port underneath
the detector. The vacuum system used a turbo-molecular pump
(Leybold-Beraeus: Turbovac) to maintain a pressure of about
10-6 torr in the detector, and a rotary backing pump. The
vacuum pressure was monitored with a VG Ion Gauge and a VG ANAVAC2

(vacuum mass spectrometer). The backing pressure was monitored with

an Edwards Pirani Gauge.

For the early tests of the detector with radioactive sources
delay lines and constant fraction discrimiators (Ref. 3.9) were used
to read-out the detector. For both planes in the detector, each wire

was connected to parallel strips on a printed circuit board. Upon
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these printed circuit boards delay 1lines were clamped providing
capacitive coupling between the read-out wires and the delay lines.
The position of the charge shower was determined by the difference in
the arrival time of the induced pulses at the ends of the delay
lines. A typical delay time of 300 ns limited the maximum rate at
which the detector could work to about 106 s-1 (not including
data conversion and computer dead times). This was adequate for
source tests. For the beam line tests the full read-out electronics
was used. This consisted of modified existing beam MWPC electronics
consisting of amplifiers, discriminators and MECL line drivers (Kake
amps) for each wire (Ref. 3-10). These amplifiers had a low threshold
of = 5 fC and had been modified to allow the biasing of the readout
wires. This was followed by the usual MWPC read—out system of twisted
pair cables, rate gates and the CERN RMH system. This read-out system
limited the maximum rate to about 5x107 s-1 (under the same
assumptions as before). This was an electronics limitation not an
intrinsic detector limitation. The detector also provided a very fast
signal from " the back face of the channel plate (<1 ns wide), which
corresponded to an inverted 'OR' of the signal on the read-out wires.
With suitable fast électronics this could be used as a fast trigger

giving a strobe for each particle passing through the detector.
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The channel plate detector was initially tested using radio
active sources at the Rutherford Appleton Laboratory and at
Manchester University. These tests were used to assess the imaging
properties of the detector and learn about the secondary emission
process. The detector was then taken to CERN and put in a test beam
to assess the performance of the detector in a particle beam and find
its operating conditions and overall efficiency. It is hoped to be
able to repeat the efficiency tests and investigate the imaging
properties of the detector in the WA69 electron beam line ready for

use in the main WA69 experiment data taking.

3.3.1 - Source Test Results

The early tests of the Channel Plate Detector used a source and
a shadow mask to illuminate the cathode from the test port, together
with the delay line read-out. Using an Fe55 source and a mask
containing a line of holes a time difference distribution (Fig. 3.8)
was obtained. The mask consisted of a line of 7 holes 5 mm apart,
with the holes increasing in diameter towards the edge in equal steps
of diameter from O0‘2mm to O0°8 mm,. The time difference
distribution shows 7 equally spaced peaks. The smallest peak in the
centre is due to the hole in the centre of the mask. The small peak
at the right hand side is due to a mask hole but because of
acceptance effects has a reduced area. Using this distribution and

other similar distributions the resolution was estimated to be better

than 250 um.
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Fig. 3.8 Delay Line Output

In order to find the operating conditions for maximum efficiency
the count rate from the delay lines (for events with a pulse at both
ends of the delay 1lines) was plotted against the channel plate
voltage, ch and extraction voltage, Ve. For this test the
Fe55 source illuminated the cathode from the down-stream beam
pipe rather than from the test port. This was because it was found
that the 5-9 Kev photons from the Fe55 source did not
penetrate very far through the low density CsI layer and it was
suspected that electrons were only being extracted from a surface

layer of the cathode. In this configuration the graphs of count rate
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and v

cp 3.9)

(Fig.

did not show any signs of

plateaus. It was found that due to coupling losses to the delay lines

the 'effective threshold' presented to the read-out wires was high

and so the read—out system was very inefficient.
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3.3.2 - Test Beam Results

The channel plate detector was installed in an East Hall Test
Beam (C13) at CERN in the summer of 1982 for its beam line tests. The
beam tests were carried out in conjunction with the early beam tests
for the Ring Image Uterenkov detector used in the WA69 experiment
(see Section 4.3). Five scintillation counters were set up in the
beam line to provide triggering on beam particles; two large counters
and one small counter were installed at the front of our beam area,
and one large and one small counter at the back. Coincidences between
the three large counters were used as a general beam trigger and the
coincidence of all five counters used to provide a trigger for a
pencil beam of approximately 1 cm diameter. An array of four MWPC was
also installed at each end of the beam area to enable reconstruction
of the trajectory of the beam particles. A PDP 11/34 together with a
small CAMAC system was used for data acquisition. The PDP 11/34 also
enabled on-line monitoring of aspects of the test experiments and the

writing of events to the MSS in the CERN computer centre via a CERNET

link.

Using the pencil beam trigger as a strobe it was possible to
detect positive going pulses from the back of the channel plates.
This signal was inverted using a transformer and amplified, then
split to drive both a CAMAC ADC (analogue to digital converter) and a
discriminator. The ADC was strobed with a dead time gated beam
trigger signal and read into the PDP 11 with every event. This
provided two methods of measuring the efficiency of the detector, the

first using the direct coincidence between the discriminator on the
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channel plate back face signal and the beam trigger, and the second
using the charge spectrum from the ADC. Using the direct coincidence
logic the efficiency was defined as the ratio of the number ot
channel plate back signals in coincidence with beam triggers to the
number of beam triggers. Using the charge spectrum it was defined as
the ratio of the number of events with charge above a threshold to
number of events recorded. For this the charge threshold was set just
above the noise on the ADC pedestal. Similar results were obtained by

both methods.

Figure 3.10 shows the efficiency plotted against discriminator
threshold and the ADC charge spectrum with fixed channel plate, lens
and extraction voltages. The discriminator threshold was set to a
value 3just above the noise. This value, in terms of charge leaving
the channel plates was about 50 fC per event (= 3x105 electrons
emitted from the channel plates) which is about the same as the
threshold chosen- on the charge spectrum to separate the noise on the
pedestal from the true signal. Using the ADC charge spectrum the
efficiency was measured as a function of channel plate voltage, lens
voltage and extraction electric field (extraction voltage). The
efficiency against channel plate voltage (Fig. 3.l11a) shows the
efficiency rising above 1°8 KV in a similar way as in the source
tests, then flattening out above 2-3 KV to a plateau at about 30%
efficiency. Against lens voltage (Fig. 3.11b) the efficiency rises
then plateaus out at about 9 KV. The efficiency against extraction
voltage (Fig. 3.11c) shows the efficiency rising at first, then
flattening out before rising again to reach a plateau at about 30%

with an extraction voltage of 1°6 KV (an extraction field ot

16 XV cm—1).
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The measurements of efficiency presented above were taken some
time (=~ 10 m) after the conditions were set up to allow the count
rates to stabilize. It was found that after the extraction voltage
was changed the efficiency varied rapidly. When the extraction
voltage was increased the efficiency was initially higher than
expected and then dropped to an equilibrium level. When the
extraction voltage was decreased the efficiency dropped and then
increased to an equilibrium level. In order to investigate this time
dependence and hysteresis effect the extraction voltage was switched
from =zero to 20 KV cm-1 with the channel plate voltage and lens
voltage set to 2-7 KV and 10 KV respectively. The efficiency was
then measured as a function of time after 'switch on' (Fig. 3.12).
Initially the efficiency was found to be = 90%, it then started to
fall, rapidly at first, before reach an almost constant value of
~ 25% after about 10 m. Similar effects have also been seen in

other detectors using dielectric secondary emission cathodes (Ref.

3-11).

The efficiency measurements against channel plate voltage and
extraction voltage were then repeated with the extraction voltage
switched off (with a high voltage read relay) between beam bursts on
during the beam spill. The extraction voltage was off for é s before
the start of burst then on during the 1 s spill and a further 3 s
after (The PS provided a 1 s spill every 10 s). The efficiency curves
obtained with the pulsed extraction voltage (Fig. 3.13) show the same
features as those obtained without the pulsed extraction voltage with

the plateaus at = 95% efficiency. Figure 3.14 shows the development

of the charge spectrum from the back of the channel plates with
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increasing channel plate voltage and extraction voltage. As the
channel plate voltage is increased the signal in the charge spectrum
was seen to move out of the pedestal as the gain of the channel plate
increases. With increasing extraction voltage the signal increases as
the chance of extracting any electrons increases. Then as the
extraction voltage is further increased the over all gain of the
detector increases as the chance of getting more than one electron

extracted increases without much increase in efficiency.
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Fig. 3.12 channel Plate Efficiency as a Function of Time
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3.4 - Conclusions

The early work on the channel plate detector showed that a
device of this type could be used as an imaging detector with a
resolution better than 250 um. The potential spatial resolution of
the detector should be =~ 70 um assuming the lens was not being
used to magnify the cathode image although this resolution has not
yet been attained. It is hoped to attain this resolution with the
full RMH read-out with the detector installed in the WA69 electron

beam during the main experiment data taking.

The tandem channel plate multipliers have been found to give a
gain of about 106 with a voltage of 2:7 KV across them. The
single electron efficiency of the channel plates was estimated to be
about 50%, most of this is accounted for by the fact that only 60% of
the channel plate surface is active, the rest being the glass between
holes. The lens was found to become efficient with a voltage drop of
over 11 KV across it, but the imaging properties of the lens at these
voltages are not known. The dependence of the overall efficiency on
the lens voltage is determined by three factors, the transport
efficiency in the lens itself, the quantum efficiency of the channel
plates as a function of the energy of the incident electrons (this
peaks at about 7 KeV and then fall slowly) and the efficiency with
which electrons are extracted through the micro-mesh in the cathode.
The cathode was found to require an electric field of about
30 KV cm-1 to get an overall efficiency of 95%. It was found that
the cathode has a time hysteresis characteristic when the extraction

field was changed. This is due to charging effects in the Csl foam in
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the cathode. The charging may be dependent on the beam rate but this
has not yet been investigated fully. To alleviate the hysteresis
effects and attain efficiencies of 95% it was found necessary to turn
off the extraction field between beam bursts and on during the beam
spill. Assuming a channel plate and lens efficiency of 40% the number
of secondary electrons leaving the cathode was estimated to be of the
order 8 although this number is poorly define. By assuming that the
initial secondary electron production determines the overall
efficiency and that this process is governed by Poisson statistics,
an overall efficiency of 95% implies that a mean of 3 secondary
electrons are initially produced. The amplification process then
increases this number to = 75 electrons 1leaving the cathode,
corresponding to a cathode gain of = 2-5. The actual gain in the
CsI foam will be higher than this due the loss of.electrons at the
micro-mesh. All these factors have a significant uncertainty at this

point in time as the physics processes involved in the cathode were

not fully undestood.
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4 - The Omega Spectrometer and Particle Identification

4.1 - Introduction

The Omega Spectrometer and particle identification detectors
(Fig. 4.1) were located at the end of the new E1/H1/P1 beam line in
the up-graded West Hall at CERN. The Omega Spectrometer consisted of
the Omega Magnet and a series of Multi-wire Proportional Chambers
(MwWPC's) and Drift Chambers inside the Omega field. The hydrogen
target was located in the Omega field towards the front of the
magnet, with the Omega MWEC's behind and on either side of it.
Charged particles produced in- the target were tracked through the
field using the hits in the chambers and from the curvature of the

tracks their momentum was measured. .

P=5GeV/c
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Fig. 4.1 Omega and Particle Identification Detectors
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Charged particle jdentification was done using two detectors
pehing Omega, the Ring Image Zerenkov Detector (RICH) and the
rransition Radiation detector (TRAD). The RICH discriminated between
7, XX and P in the energy range 30 - 70 Gev. The RICH acceptance was
closely matched to the size of the aperture in the back of the Omega
magnet. The TRAD Wwas used to identify the most forward particles
(> 70 Gev). This detector was located behind the RICH with two small

active areas either side of the projected photon beam direction.

Neutral particles produced in the target (7. 70 and 7
which decay to 7YvY) were detected in the Photon petector. The
Photon petector was located at 17°5 m behind Omega centre and had
an active area of 8 m2. It measured the position and energy

deposited of the incident photons.

A series of trigger detectors were placed between the particle
jdentification detectors. An End—-Cap scintillator placed immediately
behind the hydrogen target was used to trigger on all photon
interactions. The discrimination between hadronic interactions 1in the
hydrogen target and the electromagnetic interactions was achieved
using two scintillation counter hodoscope guillotines. These
hodoscope guillotines were located either side of the RICH. A Beam
veto Wwas used to remove events where a photon had interacted in the
hydrogen target and a second double premsstrahlung photon had not

interacted. The Beam Veto was located behind a hole in the centre of

the Photon Detector.
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4.2 - The Target Region

The Liquid Hydrogen Target was 60 cm long (= 0°-0067/
radiation lengths) and 4-8 cm diameter (Fig. 4.2), it mounted in
the forward part of the Omega magnetic field. In front of the target
were two scintillation counters (S2 and V2). The small circular
counter, S2 was normally used as a trigger with charged beam
particles, with the large concentric holey veto V2 to veto stray
tracks. In our photon experiment both of these counters were used 1in
veto in the trigger to remove events where photons converted between
the tagging target and the hydrogen target. Downstream of the
hydrogen target was the End-Cap counter. This scintillation counter
was 10 cm diameter and 6 mm thick. It was mounted on a long vertical
light guide so that it's photo-multiplier tube could be mounted
outside the Omega field (in the hole in the top pole piece). The
End-Cap was used in the trigger to detect charged particles leaving
the target. It therefore triggered on the full electromagnetic
cross-section as well as the smaller hadronic cross-section. Around
the target assembly was mounted the Barrel Hodoscope. ‘This counter
had 24 slats the length of the target which were arranged radially.
The barrel hodoscope was used to detect large transverse momentum
tracks from the target fragmentation region. It provided angular

measurement as well as a dE/dx measurement for these tracks.
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Fig. 4.2 The Liguid Hydrogen Target

4.3 - The Omega Spectrometer

The Omega spectrometer consists of the Omega magnet, three sets
of Multi-Wire Proportional Counters (MWPC's), and a pair of large

Drift Chambers (Fig. 4.3).

The Omega magnet has two superconducting coils about 2 m radius,

and cooled with high pressure helium at 4-2 K. The coils are

supported on iron pole pieces held apart by four brass pillars, with
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iron return yokes around the front and sides of the magnet. Omega
provides a maximum field of 1:-8 T in the vertical direction over a

volume of about 2 m radius and 1-5 m high. In the Wa69
configuration Omega was run at full field. Slight distortions were
present in the field due to a large hole in the top pole piece (used
to view the spark chambers used in Omega before the MWPC's were
installed), and the non uniform distribution of return yokes round
the magnet. These were taken into account in the off-line

reconstruction program TRIDENT.

TanGel
{ K—uiam
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Ab AS A4 A3 A2 Al Bsese4Bitled

Fig. 4.3 layout of the Omega Spectrometer

Inside Omega were the three sets of MWpPC's, the 'A’', 'B’, and

'C' chambers. On either side of the target were 10 'C' chambers to
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detect tracks from low energy, high Pt charged particles. Each 'C’
chamber had 2 planes of wires at 2 mm spacing and orientated (U,Y)
and (V,Y) in alternate chambers (where Y denotes planes with vertical
wires and U,V denote planes with wires at +10-14° to vertical).
These chambers had an active area of 60 cm either side of the target
and 80 cm high. Behind the target and End-Cap were the 8 'B'
chambers, each with two planes of 2 mm spaced wires orientated (U,Y)
and (V,Y) in alternate planes. Each of the 'B' chambers had an active
area of 120 x 150 cm?2 and were spaced at 10 Cm intervals. The 'B’
chambers were closely spaced to provide the spacial resolution
required to separate close tracks and accuretly find vertices. At the
back of Omega, still inside the field were the 7 ‘A’ chambers. Each
'A' chamber had 3 planes orientated (U,Y,V) separated by 16 mm, with
the wires spaced at 2 mm. The ‘A' chambers had the same active area
as the 'B' chambers but were arranged with increasing separation
towards the Dback of Omega. The 'A' chambers were further apart than
the 'B' because the tracks had been spread out by the magnetic field
and so there were less problems with the separation of tracks. At the
back of Omega, in the aperture between the side yokes were the two
drift chambers. Each drift chamber had four planes 1+8 cm apart,
with the wires 5 Cm apart and orientated (Y,U,Y',V) in Ssuccessive
planes (where y' denotes a plane with vertical wires displaced by
half a wire spacing with respect to the Y plane). The drift chambers
had an active area of 3°3mx 1*5m and had a single track
resolution of $0°2 mm and had a two track resolution ot
£1-6 mm. The chambers were used to improve the momentum

resolution of fast tracks and to improve two track resolution for

close tracks.
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Figure 4.4 shows two typical events from the on-line event
display showing the hit distributions in the Omega chambers. The
first event is a multi-prong hadronic event and the second a 4-prong

event which is probably a double pair.
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Fig. 4.4 Two Events from the Omega Event Display
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4.4 — The Ring Image Cerenkov

A Cerenkov detector is sensitive to the velocity Bc of
charged particles. When a particle travels through a medium with
velocity ABc greater than the velocity of light in the medium c/n it

will emit Cerenkov photons at an angle 6 to the direction of

travel.
cos® = 1/fn

The number of Cerenkov photons produced is given by
Ny = 370 L 8in28 I dE.

In a RICH (Ring Image Cerenkov) the photons from particle tracks

(which appear as rings at =) are focussed into rings on a

2—dimensional photon sensitive detector (Fig. 4.5). A RICH has the

advantage over convention threshold Cerenkov's in that it can

identify charged particles even if they are close together.

Ring
Radius

R/2.tan(Bc) W shotes

Charged Particle

Radius R/2 anpgle Bc=COS™ (1/nb)
Mirror Radius R

Pig. 4.5 A Schematic Diagram of a RICH
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A conventional Cerenkov detector could for example identify that a
pion and a kaon went through a particular cell but could not say
which was which. In a RICH this problem does not arrise until the two
particles pass through the detector so close and with just the right
momenta to produce coincident rings. In the RICH used in the
experiment (Ref. 4-1) the focussing was done with a concave mirror
and the 2-D detector a series of TPC's (Time Projection Chambers)
containing the photo-ionizing agent TMAE (Tetrakis dimethyliamine

ethylene). The number of Cerenkov photon detected is then given by

N, =370 L sinzej' Q(E)R(E)T,(E)T (E)E

=N, L sin26 L in cm.

where Q(E) is the _guantum efficiency of the T™AE, R(E) is the
reflectivity of the mirrors, TV(E) is the traqsmission of the
radiator (= 100%), and TU(E) the transmission of the windows
separating the radiator and the TPC'Ss. With the parameters shown in
Figure 4.6, N, % 150. Using a value of Ng = 90 and a 5 m

argon radiator the ring radii and number of photons detected are

plotted for 7, x and P (FPig. 4.7).

The RICH detector (Fig. 4.8) consisted of a 5 m atmosphericC
pressure gas radiator. The gas in the radiator (either nitrogen or
argon) was kept free of oxygen and water vapour to better than 2 ppm
and 10 ppm respectively. In front of the back wall of the radiator
was the multi-element mirror with a focal length of 5 m. Each ot the
g1 hexagonal mirror elements was made from & mm glass coated with
aluminium and magnesium fluoride on the front surface. The mirrors
had a reflectivity of better than 85% in the UV. At the tront ot the

radiator were 16 TPC'S (Time Projection Chambers) separated trom the
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radiator gas by quartz windows. The TPC's covered an area of
3:2 x 1°6 m2 and were positioﬁed at the focal plane of the
mirrors. The TPC's were run on a mixture of methane and isobutane
with traces of TMAE. The TMAE was used to convert the UV Cerenkov
photons focused on to the TPC's by the mirrors into electrons. The
electrons drifted on to the row of sense wires at the center of the
TPC's (Pig. 4.9) from which the position of the detected ¥ is

calculated. Each chamber contained 192 wires at a 4 mm separation.

MIRROR REFLECTION
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1500 1600 1700 1800 1900 2000 2100 2200 2300
' A(4)
83 7.8 7.3 6.9 65 6.8 5.9 56 54
E (eVv)

Fig. 4.6 Ring Image Cherenkov Efficiency Parameters
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MWPC— /- QUARTZ WINDOWS

Co e
T — I ——

L— FIELD SHAPING WIRES

l——RESISTOR CHAIN I__wac

e 1T "
e Uf‘:n fn i
i Vrk| Jvie L"
| 1E 1 =~
r IH || FIELD
[;6 i :'] enapine
L Uy CCNVESSION HWIRES
_— 4}~ _ PHOTOELECTRONS
/-:. -—
7 N
ot -—
/ \
— -_
1—. ‘—\‘

|

800

T

Fig. 4.9 The RICH Time Projection Chambers

Readout of the RICH TDC's used a system of TSE's (Time Slice
Encoders) to provide multi-hit time measurement on each wire. Each
wire was equipped with a hybrid pre-ampilfiers mounted on the
chamber, followed by a discriminator and serial bit memory. The
serial memory was clocked at a rate equivalent to 4 mm in the drift
space of the TPC's. If a hit sensed in a particular clock cycle the
current bit in the serial memory was set and if no hit was sensed the
bit was cleared. If an event occured, a strobe was sent to the TSE's
at a fixed time after the event. This strobe stopped the clock on the
serial memories. Readout of the event consisted of working back from

the address where the clock was stopped to find hits. For each hit
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found the chamber and wire numbers were recorded together with the

difference between the stop address and the hit address.

Analysis of the test beam data from the RICH, taken with a
100 GeV pion beam (with some K and P contamination) showed clearly
separated rings in the TPC's (Fig. 4.10). From events taken with a
100 Gev pion beam the ring radii and numbers of detected photons was
calculated (Fig. 4.11). From these plots an N, was found to be
about 75. With this value of N, rings are clearly visible 1in
single events. Off-line analysis of the RICH data and using the
information from the Omega Spectrometer identification of the tracks
was made. FPigure 4.12 shows a ring due to a pion and a ring due to a
proton with cirles drawn on qorresponding to the radii of the pion

and proton at the momentun given by Omega.
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Fig. 4.10 RICH TPC Hit Distributions
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4.5 — The Photon Detector

The Photon Detector, built by the WA70 experiment (Ref. 4-2) was
used instead of the old photon detector Olga, Penelope, and Sampler
used on earlier Omega experiments. The WA70 photon detector (Faig.
4.13) consisted of twelve modules of a lead liquid scintillator
calorimeter arranged in quadrants, with an active area ot
4 x 4 m2, Each of the twelve modules 2 m x 2 m x 10°4 cm
had 10 sheets of lead 4-2 mm thick, alternating with 10 sheets of
teflon tubes 4 mm diameter containing the liquid scintillator. The
teflon tubes were arranged in orthogonal 1layers and bundled into
channels to provide a crude 2-dimensional readout (Fig. 4.14). Each

channel was connected to a photo-multiplier tube.
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Fig. 4.13 The WA70 Photon Detector
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Fig. 4.14 Orthogonal Planes in the Photon Detector

Read out of the detector used ADC's to provide the energy deposition
measurement and TDC on the front modules to improve the spatial

resolution by time-of-flight measurement. The Photon Detector had an

energy resolution of
O/E = 0:16/VE + 0-04, (E in GeV)

and a spatial resolution of = 4 mm.

In the WA69 configuration the Photon Detector was placed at
175 m from Omega centre and had a 40 x 40 cm2 hole between the
quadrants. This hole was to let the non-interacting beam photon
through on to the Beam Veto. Ideally the hole should have been
6 x 6 cm2 to contain to full photon beam, but this was not

mechanically possible. To reduce the hole in the Photon Detector a
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small Photon Detector is being built and will be used for the main
WA69 data taking. This inner Photon Detector will be a
lead-scintillating fibre sandwich with the fibres arranged

longitudinally.

The Photon Detector on-line event display produced maps of the
photon detector showing the position and energy deposition of
showers. Figure 4.15 shows two such plots, the first an
electromagnetic pair with two large showers in the medium plane and
the second a multiprong hadronic event with small showers due to
hadrons and some large electromagnetic showers. The off-line analysis
déveloped to test the photon dgtector gave an inclusive 2 photon mass

plot (Fig. 4.16) showing a clear peak at the 70 mass.
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Fig. 4.16 Photon Detector Pi-Zero Inv. Mass

4.6 - The Transition Radiation Detector

The TRAD (Transition Radiation Detector) discriminates charged
particles according to their lorentz 7¥. By a process similar to
Ferenkov radiation, when a particle crosses a boundary between two
mediums with different refractive indices transition radiation
photons (in the X-ray region) are produced. The amount of energy
produced in the transition radiation is proportional to the ¥ oi
the particle. The effect is enhanced by having many changes of
refractive index in the radiator material. By careful choice ot
thickneses of the two materials in the radiator further enhancements

can be obtained by coherent X-ray production.
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The TRAD (Fig. 4.17) consisted of a series of 10 radiator filled
with short strands of a man-made fibre. The X-ray photons produced
were detected in a MWPC behind each radiator. Each of the MWPC's had
an active area of 50 x 60 cm2 on either side of the
non-interacting photon beam. The MWPC's used a gas mixture containing
Xenon to detect the X-ray photons. When a charged particle goes
through the MWPC'S the ionization produced drifts in on to a wire
giving a pulse wide in time, due to the different distances the
jonization drifts. When a transition radiation X-ray photon converts
in the chamber it produces a short pulse, because the conversion
takes place at a point. Since the photons are produced in the forward
direction the short transition radiation pulse sat upon the longer
track pulse. Read out of the TRAD consisted of a two level
discriminator system on each wire, the lower level to trigger on the
pulse due to a track and the upper level on a track pulse with the
addition of extra energy due to transition radiation. The wires in
the chambers were also clustered linearly with the resultant pulses

going to ADC so that the energy deposition could be measured.
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Fig. 4.17 The Transition Radiation Detector

The off-line TRAD reconstruction package can then calculate the
excess energy seen in the TRAD for each track and hence calculate the
particles lorentz ¥ using the momentum of the track from the oOmega

Spectrometer.
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4.7 - Trigger Detectors

The main trigger detectors behind omega were the two

scintillation counter hodoscope guillotines and the beam veto.

The hodoscope guillotines consisted of the two large
scintillator hodoscopes Hl and H4 (Fig. 4.18). These hodoscopes were
separated into upper and lower halves with a gap in the middle
corresponding to the region into which the e+*e- pairs passed.
Each half of the hodoscope consisted of an array of vertical slats
(32 in Hl and 15 in H4) with a photo-multiplier tube on the outside
edge. The position and width of the gap in the middle of the
hodoscopes Wwas arranged so that the electromagnetic pairs in the
medium plane passed through the gap but at least one track in the
hadronic events passed through the slats in both hodoscopes. The
actual gap varied across the hodoscopes to account for
non-uniformities in the Omega field. Monte—Carlo simulation of this
type of guillotine showed that the acceptance for high multiplicity
events was good, but for low multiplicity events with forward
production the acceptance would be reduced due to particles going
through the gap. The choice of gap was first estimated with the
simulation mentioned above, then re—estimated using real data taken

with the gap set too small.
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Electromagnetic Pair
Hadronic Event

Fig. 4.18 The Scintillation counter Bodoscope Guillotines

The Beam Veto (Ref. 4-3) was used to veto events with two beam
photons, one interacting in the hydrogen target and the other not
interacting. These events were caused by double bremsstrahlung in the
tagging target. The beam veto was set up to veto events with a photon
entering it with more than 30 GeV. For lower energy photons entering
the counter, the energy was measured and the position of the shower
in the detector estimated. This information could be used to correct
events with a 8second 1low energy photon. The detector (Fig. 4.19)
consisted of 54 layers of 1lead 2 mm thick alternated with
scintillator sheets 6 mm thick. This gave a depth of 20 radiation
lengths and an effective area 16 cm x 16 cm. Three BBQ wave-length
shift 1light guides were used (with a photo-multiplier tube on each

end) along each side of the lead scintillator sandwich to collect the
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light. The total energy deposition could then be calculated from the
sum of the signals from the 24 photo-multiplier tubes and the
position from a linear combination of the signals. The energy

resolution of the beam veto was found to be

O/E = 0:02 + 0-116/VE, E in GeV.

HE
=

N

- f—

Fig. 4.19 The Beam Veto
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5 — The Trigger and Data Acguisition System

5.1 — Introduction

The trigger (Fig. 5.1), used to select events, consisted of
three 1levels. The first level (described in detail in section 2.5)
triggered on good photons interacting in the hydrogen target. The
second 1level of trigger selected potential hadronic events from the
dominant electromagnetic interactions in the hydrogen target. The
third level of the trigger provided a filter to remove any residual
electromagnetic contamination and selective triggering on specific
classes of hadronic events. Once an event had been selected by the
third level of the trigger, an interrupt was sent to the DAC (Data
Acquisition Computer) to initiate the reading of the event from the
read out system. Associated with the trigger 1logic was a gating
system, the so called ‘'dead time logic'. This prevented the DAC
getting an interrupt from a second event while it was still
processing the previous event. It also controlled the latching of the
data from each event into the read out system. The DAC was also used

to run programs to monitor the data being taken, and to control

various aspects of the experiment.
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Fig. 5.1 Block Diagram of the Trigger

5.2 - The Trigger

The first stage of the trigger, the interaction trigger (INT),
provided a fast strobe to intermediate gates in the read out system
and strobed the logic for the second stage trigger. At this stage the
trigger signals ran at the 'true' interaction rate because no dead
time had been introduced. The INT passed through the dead time gate
to the second 1level of the trigger, the hadron guillotine trigger
(HGL). In the HGL trigger the interaction trigger was combined with
the signals from the two guillotine hodoscopes behind Omega and the
beam veto. Following the HGL trigger the data from the various

detectors was strobed into their respective read out systems. Since
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many of the read out devices depended on the measurement of time to
determine the position of hits in chambers (eg drift chambers), the
HBGL trigger had to be at a fixed time after the event passed the
centre of Omega (the timing reference point). Other read out devices
also required a reasonably accurately timed HGL to ensure that only
the true event was strobed and not part of another event or noise
pulses. The HGL then started the third and somewhat slower stage of
the trigger, the Good Event Trigger (GEV). Following the GEV a signal
was sent to the DAC to start the read out system. If an event had
satisfied an earlier level of the trigger but had not produced a GEV,
the dead time logic sent a reset signal to clear the read out system
and opened the dead time gate for the next event. This also happened

once the DAC had finished processing an event.

5.2.1 - The Interaction Trigger

The interaction trigger as described in Chapter 2 triggered on
the full electromagnetic cross-section and the small hadronic
cross-section for the photons in the hydrogen target. It consisted of
forming the Quick Tag from the coincidence of the Lead Glass and
hodoscopes in region 4 and combining it with the Radiation Veto,

Holey vetos and Charge particle vetos to form the TAG.

TAG = H4.1 . H4.2 . LG . RV . HOVs . 52+4V2

The TAG-INT was then formed by the coincidence of the TAG and the

End-Cap counter.
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TAG-INT = TAG . EC

Finally, to form the INteraction Trigger (INT) other fast calibration

and monitor triggers were added to the Tag-Int.

INT = TAG-INT + Monitors

5.2.2 — The Badron Guillotine Trigger

The second stage of the Trigger (Fig. 5.2) was designed to
separate potential hadrons from the dominant e‘*e- pair
production. This was done by making use of the two Omega Hodoscopes
H1 and H4 as guillotine hodoscopes (described in Chapter 4). In order
to make the Hadron GuiLlotine trigger (HGL) the outputs from the
discriminators for each hodoscope slat were passed through CHESTER'S
(2x16 channel strobed coincidence registers followed Dby a
first-in-first-out memory read out system: Ref. 5-1). In the first
part of the CHESTER's the signals were strobed with the interaction
trigger (dead time gated) to select only hits corresponding to good
photons. These signals were then ‘'ORed' to provide 4 signals
corresponding to hits in Blt, Blb, B4t, and H4b. A switching
matrix then selected the required combination of the 4 signals using

control levels. Normal data taking used the so-called 'Doubles’

trigger.

‘Doubles' = H1l, . B4_ + H1,_ . H4

t t b b
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Fig. 5.2 The Hadron Guillotine Trigger

At the same time as the switching matrix was taking place the
a strobe was formed. It was formed from the interaction tragger
gated with the signal from the Beam Veto, to eliminate events with a
second hard photon from double bremsstrahlung. The output from the
switching matrix was then combined with the a strobe to create a
precisely timed (HGL) trigger. The rest of the HGL logic was used to
pass the monitor channels through the HGL trigger with or without the
requirement of guillotines and to monitor the beam veto pertformance.
As in the interaction trigger selection of the required trigger was
done using control 1levels generated in the trigger control program

TRIGGER running on the DAC.
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5.2.3 - The Good Event Trigger

The final stage of the trigger (Fig. 5.3), the GEV (Good Event
Trigger) was designed to suppress any residual electromagnetic pairs
and provide the possibility of preferential selection of certain
types of hadronic physics. A number of different techniques were used
to perform this operation. There were four main catogories of final
trigger of which any combination could be selected.

i, The Matrix Coincidence between the slats of Hl and B4 was
used to reduce the random noise and soft photon noise in the
hodoscope guillotines. This was constructed using Bit Assigners and
Arithmetic & Logic units (Ref. 5-1). The matrix coincidence was set
up such that it only allowed the coincidence of slats in H1 with H4
corresponding to reasonable tracks from Omega. It could be asked to
select one track in either the top or bottom or both parts of the
guillotine.

ii, The_ M4 Guillotine provided an extension of the matrix

coincidence by asking for a track (top or bottom) as found by matrix
coincidence and a corresponding hit in the M4 chamber. This trigger
would select forward tracks and be less susceptible to low energy
photons since they were less likely to reach and convert in the M4
chamber. Again, as with the matrix coincidence, combinations of top,
bottom and both could be selected.

iii, The MY Multiplicity Trigger required more than three hits

in at least two out of the four planes of the MY drift chambers just
outside the Omega field. A value of three was chosen 8o that the
trigger would not fire on pairs with two hits in each chamber, but
would fire for hadronic events with at least three forward tracks.

The two out of four requirement meant that random hits and
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inefficiencies in single planes would be suppresséd. Such a traigger
would bias strongly against elastic p, w and ¢ photoproduction
since they are dominated by two charged prongs in the final state
(m*m-(nm0) and k*+k- respectively). The MY
multiplicity could also be used to select only high multiplicity
events by requiring a number greater than three in each chamber. This
would preferentially select hard jet like events.

iv, The A6 Multiplicity Trigger required at least three hits
in the second from last MWPC inside Omega (the A6 chamber). This
trigger would have a similar effect to the MY multiplicity trigger.
It had the problem that it was slow compared with the other three

final triggers and suffered from inefficiencies around the medium

plane due to support wires.

™\

¢—GEV
e I
L
GMX
OR
To Dead Time
Loglic

Fig. 5.3 The Good Event Trigger
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since the first three final triggers were fast compared to the
last they were combined in the required combination to form the
intermediate GMX trigger. At this stage, the monitor triggers were
re-combined with the trigger. The GMX trigger was then combined with
the HMT trigger and the A6M trigger (if required) to form the final
GEV trigger. For the data taking in December 1983 the only GEV
trigger element in use was the HMT with the requirement of a track an

either top or pottom of the guillotine.

5.2.4 - The pead Time Gating

The dead time logic (Fig. 5.4) provided the control of the
various elements of the trigger. 1t prevented another event coming

along while the later levels of the trigger were still processing the

previous event.

INT In INT out
HGL HMT SYS RDY B.G.
L L c c
st GG |, L-'-l GGEﬂ —'—'-D—————l-_,R

CQeer c C

Chester BIs L
* GG

s Dead Tine Unit ﬁ . DR
ey L_.E Clear

Fig. 5.4 The Dead Time Logic
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At the first level of the trigger, the interaction trigger, no
dead-time control was introduced. This was because at this stage no
signals were latched and so no dead time was needed while the latches
were cleared. At the BGL the signals from the guillotine hodoscopes
were latched into the CHESTER's. Hence, following an event no
subsequent events could be allowed through until the CHESTER's had
been cleared regardless of whether or not the event was accepted.
Following an HGL trigger the data from the whole event was latched
into CAMAC read out modules. Again, as with the CHESTER's, the dead
time logic had to prevent subsequent events before the read out

modules had been cleared.

To control events reaching the second state of the trigger the
interaction trigger was gated with the inverted dead time signal
( BT ). Assuming the dead-time was OFF an interaction
trigger could pass through to the HGL trigger logic and prevent
subsequent events. This signal also started the dead-time cycle.
After a time delay of 500 ns the dead-time unit would time out, clear
the CHESTER's and open the dead-time gate; unless the dead-time unit
was held ON by the event satisfying the HGL trigger. Following an HGL
trigger the dead-time was held on a further 300 ns while the HMT
formed. If after this delay, no HMT was formed the read out system
was cleared then 2-8 us later, allowing time for the read out
ADC's to settle, the CHESTER's and HPC were cleared and the dead-time
gate opened. If the HMT was satisfied the dead-time was held on a
further 2 Us to allow the GEV to be formed. I1f after the 2 Us
delay no GEV was formed the whole system was cleared as before,

otherwise the GEV trigger was sent to interrupt the DAC. If the DAC
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received and accepted the GEV interrupt it responded by removing the
SYS-READY signal until the reading of the event into the DAC was
complete. Following the re-assertion of SYS-READY (or if SYS-READY
was never removed) the dead-time system cleared the read out modules,
the CHESTERS and HPC in the wusual way and finally opened the

dead-time gate for the next event.

An effective spill gate was added to the dead-time system to
prevent triggering the system outside the effective beam burst. At
the beginning and end of the effective beam burst interrupts were
sent to the DAC signalling start—of-burst and end-of-burst (SOB and
EOB). The real beam burst was extended for a few milliseconds atfter

the real end-of-burst to allow calibration events to be recorded

outside the real beam spill.
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5.3 — The Data Acquisition System

The data acquisition system was built around a VAX 11/780
computer. The primary use of this computer was to read in the data
from each event and write it on to 6250 bpi magnetic tape. A

secondary use was to run programs to monitor and control the

experiment.

The link between the VAX and the experiment was via a CAMAC
system (Ref. 5-4). The CAMAC system (Fig. 5.5) consisted of a system
CAMAC crate connected directly to the VAX with a Fisher system crate
interface (Ref. 5-3). Branch Couplers located in the system crate
were used to drive branches of user CAMAC crates. These user CAMAC
crates contained CAMAC modules to monitor and control the experiment.
Computer links to the CERN central computer centre (via CERNET) and
the EA div. Nord were also installed in the user CAMAC. In order to
speed up and simplify the read out of the data for each event a
special CAMAC system Romulus and Remus (Ref. 5-4) was used. In this
system the crate controller of each special CAMAC crate was set up to
sequentially read and clear all the read out modules in its crate.
These crates were linked together to form a tree structure driven
from a Branch Driver located in the system CAMAC crate. 1In
conventional CAMAC each module has to be separately addressed and
read in, where as with the Romulus/Remus system only the Branch

Driver at the base of the tree has to be addressed and the whole

event read in.
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Fig. 5.5 The Camac and Data Acquisition System

After a GEV trigger an 'event' interrupt was sent to the VAX.
Following the event interrupt the VAX had to stop whatever program it
was executing, perform some checks on the type of interrupt, set up
and execute the DMA transfer from the Romulus/Remus system. The time
taken for the VAX to respond to the event interrupt was quite
considerable (= 1500 us). This time together with the read out
time (=~ 1-5 us/word) plus the inherent dead time of the trigger
system (™ § us) constituted the dead time of the data acquisition

system. To reduce the dead time caused by the interrupt response time
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of the VAX a MICE computer (Ref. 5-4) was used. Using the MICE, the
main branch of the Romulus/Remus system was diverted from the Branch
Driver in the system crate to the MICE (Fig. 5.6), and the event
interrupt sent to the MICE. Following an event interrupt the MICE
responded and read in the event. The response time of the MICE was
much shorter than the VAX (= 40 us). The MICE buffered events and
transferred them to the VAX as super events (containing more than one
real event) in its own time without adding to the data acquisition

dead time.

EXPT
i
RENMUS
RE!TS router
Control '
ans l
calivration ever.'.sl Events only
; REMUS interface
MICE
CAMAC
CAMAC interface
!
l Events < MICE software and
. control
DAC

Fig. 5.6 The MICE

During the data taking the trigger and control 1logic sent two
other interrupts to the VAX (bypassing the MICE). These corresponded
to the start and end of the effective burst (SOB and EOB). Following
the SOB interrupt the VAX recorded calibration'data and set-up data
on to the tape, and following the EOB interrupt the end of burst

scalers were read in. The end of burst scalers were used to monitor
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the rates in the different parts of the trigger and for normalisation

of cross-sections in the final data analysis.

The data acquisition function inside the VAX was carried out by
the process DAQP and the CAMAC driver (Ref. 5-5). The CAMAC driver
was loaded with a set of instructions (the CAMAC list) describing how
to read in the data from the event. This list contained three
separate parts to Dbe executed on the three different types of
interrupt (EOB, SOB, and 'event'), the event part had to be able to
handle events directly from the Romulus/Remus system and super events
from the MICE. After the CAMAC driver had read in the data it passed
control over to the DAQP process. The DAQP process controlled the
buffering of the data and controlled the writing of the data out to
magnetic tape. DAQP also performed the necessary book-keeping
operations for events, such as the recording of the time, date, run,

and event numbers on to the tape for each event.

5.4 - Online Monitoring and Control

The VAX as mentioned earlier was also used to run monitoring and
control programs. These programs were run from a program PILOT (Ref.
5-5). PILOT provided a menu of all available monitoring and control
programs and controlled the scheduling of the these programs. Having
selected one program from the PILOT menu, communication with the
program was via a system of menu's. This made monitoring programs
quick and easy to use. Within a monitoring program the user had the
ability to access the CAMAC system, to control the data taking by

communication with DAQP, and request events from the DAQP buffers.
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The most important control programs used were :-—

RUN CONTROL which was used to set up and control the data

taking and the tape writing in the DAQP process.

TRIGGER in which the required trigger combination and
required minority triggers were set up and loaded into CAMAC

registers to set the control levels in the trigger logic.

EHT controlled the voltage on most of the photomultiplier
tubes in the experiment. It allowed the user to set the voltages on
particular slats of a detector without having to know just where the

EHT power supply was located and how to drive it.

Monitoring programs, which select events and process them fell
into two categories. Some selected events one by ohe and displayed
them in pictorial form. The others sampled events continuously
producing histograms integrated over many events (A histogram
Presenter was also provided running under PILOT, Ref. 5-6). Some ot

the more important monitor programs were:-

DACMON which sampled individual events and gave a numerical
dump for part (or all) of the event record. This was useful in the

testing and setting up the read out system.

PLUTO provided monitoring of the beam line and tagging
system. It filled histograms of the hit distributions in the MWPC's

and hodoscopes. It also produced phase space plots for the three

regions in the beam line and calculated efficiencies for the wires
and slats in the beam MWPC's and hodoscopes. Pluto also provided

monitoring of the Tag and HGL counters.
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ABCMAP69 provided hit distributions in the Omega wire
chambers and drift chambers as well as the M4 chamber in front of the

Photon Detector.

EVD169 provided pictures of the hits in various detectors
for single events. This gave a good representation of the appearance
of the events in space and was also useful for estimation of the

efficiency of the triggerx by counting different classes of events.

SCALERS used the end-of-burst scalers accumulated over a

few bursts to measure rates in the various parts of the trigger.

Other monitors were available and under development to monitor

the RICH, the photon detector, the TRAD, the vetos and many other

aspects of the experiment.

5.5 - Trigger performance

For most of the data taken and presented in this report, the
trigger used was the ’'Doubles’ at the HGL level and matrix
coincidence in the top or bottom of the guillotines at the GEV level.
Ssome data was taken with the other combinations of triggers to assess
their performance at suppressing pairs and selection of particular

physics channels.

Short non tape-writing runs were made with all combinations of
tagging system vetos and the different tagging target thicknesses.
puring these runs the end-of-burst scalers were accumulated. Figure
5.7 shows the rates at various stages in the trigger as a function of

tagging target thickness (in § radiation 1lengths) with various
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combinations of vetos. Only a few combinations with thick tagging
targets and a few vetos had to be omitted due to rate limitations in
the DAC. As seen in chapter 2 the Quick Tag rate and Tag rate were
proportional to the tagging target thickness with residual 5% and 3%
of a radiation length in the tagging target region respectively. The
hard photon content of the tag signal is born out in the Tag.BV rate
which 1is = 80% of the Tag rate and constant with tagging target
thickness. The Interaction rate (Fig. 5.7a) shows that the inclusion
of the veto S2V2 has more effect on the rate than it does in the Tag
rate (Fig. 2.10). There is also some evidence for double
bremsstrahlung since the interaction rate with the 15% target ais
greater than would be expected by linear extrapolation of the other
three points. The lines on the rate plots are 1linear tits to the
data. The BGL rate (Fig. 5.7b) shows that the effects of double
bremsstrahlung have been removed by the beam veto and that the veto
S2V2 has a yet more significant effect. The effect ot SzvZ becomes
more dramatic in the GEV ( = HMT) rate plot (Fig. &.7c). 'lhas
dramatic effect on the rates in the higher parts of the trigger can
be attributed to soft beam halo firing all the trigger counters. The
radiation veto, holey vetos, and the beam veto do not fire because
they require a significant amount of energy to be deposited but the

veto S2V2 will fire and remove such events from the trigger.

Taking into account the false firings of the Quick Tag, Tag and
Interaction triggers which show as residual material in the tagging
region, the ratio of interaction triggers to tags was found to be
about 0-:°06 (cf the radiation length of the liquid hydrogen target
is 0.067). The ratio of ‘hadronic events' (GEV) to interaction

triggers was = 0-017, which 1is about 3 times greater than the
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ratio of the hadronic cross section to electromagnetic cross 8ection

(= 0-006). From this we conclude that 2/3's of the data written

to tape will be electromagnetic pairs and not hadronic.
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Fig. 5.7 Triqger Rates against Tagging Target Thickness

The plot of fractional live time against trigger rate (Fig. 5.8)

shows the fraction decreasing with increased rate. The curve is
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consistent with figures in section 5.2.4 with a typical event 1length

of = 1200 words of data per event.
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Fig. 5.8 Fractional Live Time against Trigger Rate
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6 - Data Processing

6.1 - Introduction

In the preliminary data taking period in December 1983, the
experiment WA69 recorded 24 raw data tapes containing about
1,000,000 events. This data was taken under ‘'standard' conditions,
that is with a 4-2% xo tagging target, the 1liquid hydrogen
target full, Omega magnetic field on, and with a 'doubles’' and matrix
trigger. A further 10 tapes were written containing data under
‘non-standard’ conditions. This data was taken to test and calibrate
the experiment's hardware and software. These 'non-standard' runs
included a low energy, low rate proton beam run to test the RICH;
runs with the Omega field off were made to determine the chamber
alignment coefficients; runs with different tagging target
thicknesses and different triggers were also taken to assess the

problems associated with double bremsstrahlung and trigger

efficiency.

Off-line monitor programs were run on the raw data, to
complement their on-line counter-parts by making more detailed
calculation; on the data to determine chamber efficiencies
accurately. They were designed study sections of the experiment as a
whole rather than just individual planes in detectors. The off-line
monitors also provided higher statistics than the on-line monitors

since they were run on large samples of data from the data tapes.
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The data processing stage was preceded by a series of standard
data reduction programs. These programs converted the raw data in the
form of chamber hits, ADC pulse heights and TDC times into particle
tracks with 4-vector momenta and mass assignments, together with
topographical information and vertex locations for each event. The
production analysis DST's (Data Summary Tapes) were then written
containing only the data necessary for final analysis. Physics
analysis programs were then run on the DST's to extract 'physics’

from the data.

6.2 — Off-line Monitoring

Off-line monitor programs were written for the four main areas
of the experiment: the beam line and trigger, the Omega chambers, the
RICH and the photon detector.

GDLCHECK (Ref. 6-1) provided the off-line monitoring tor
the beam line and trigger. It provided hit and multiplicity
distributions for the beam and tagging system chambers and
scintillation counter hodoscopes, monitoring of the tagging system
and trigger counters together with the rates and correlations in the
trigger logic and monitoring of the veto counter ADC pulse height
spectrums. A curtain amount of checking was also performed on the
end-of-burst scalers.

HPJCHECK (Ref. 6-2) provided the off-line monitoring for
the Omega chambers. This included hit, multiplicity and drift time
(in the case of the drift chambers) for the Omega chambers and the M4
chamber in front of the Photon Detector. This monitor also performed
checks on the romulus system to make sure every crate was read out

every event and to monitor the numbers of words read out per crate.
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Off-line monitors for the RICH and the Photon Detector will not
be discussed further as the detectors were still under development

and data from them is not used in the analysis presented here.

6.3 — Data Processing

Before the final analysis of the data could take place two
standard data reduction programs had to be run and DST's produced.
The first of these programs, TRIDENT (Ref. 6-3) used the information
from the Omega chambers on the raw data tapes to find the tracks due
to charged particles and measure their momenta. Using the
trajectories of these charged tracks TRIDENT then found the event
topology and calculated the vertex locations. The results from the
TRIDENT analysis were then written to the TRIDENT output tapes. The
second data reduction program, PEDRO (Ref. 6-4) used the data from
the beam line and tagging system detectors to calculate the energy of
the incident photon. PEDRO was run within a program which could read
TRIDENT output tapes and produce DST's. This same program was used to

read back the DST's and perform analysis on the data.

In the production analysis of the bulk of the EYy data it is
intended to run PEDRO within TRIDENT at the track finding stage. The
TRIDENT vertex finding routines will then be able to make use of the
projected photon beam to improve the precision of the main vertex.
TRIDENT will then produce track banks, topology banks, and the unused
raw data on the output tapes. The program PHOENIX (Ref. 6-5) will
then read the TRIDENT output tapes and pass the data on to the RICH,

TRAD, and Photon Detector packages. The RICH package will extrapolate
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the tracks found by TRIDENT through the RICH to predict the centres
of possible rings. Using the momenta of the tracks given by TRIDENT
and their possible mass assignments (e, 4, 7, K, and P) the
radii of potential rings can be predicted. From the numbers of hits
found within given annuli about these rings a statistical probability
for a given mass assignment to each track is made. Similarly, in the
TRAD package, TRIDENT tracks are extrapolated through the TRAD. From
the hit distribution and energy deposition in the TRAD MWPC's in the
area of the projected tracks, the particle identification is made.
The Photon Detector package first locates the position and energy
deposition of the tracks entering it from the pulse height and the
time—of-flight information. Hits due to charged tracks (e and
hadrons) are masked off using the M4 MWPC in front of the photon
detector and extrapolated TRIDENT tracks. The 4-vector momenta of the
remaining photons are then calculated using the energy deposition,
the hit position in the photon detector and the main vertex location
in Omega. Combinations of photons pairs are then made to look for
decay of m0's and 7's. PHOENIX then collects the data from each
package and packs it into a form for writing DST'S containing track

vectors and particle mass assignments, possible decay topologies,

vertex locations and beam information.

6.3.1 — TRIDENT

TRIDENT (TRack IDENTification in Omega) provided the pattern
recognition for charged tracks in Omega. TRIDENT used the data from
the Drift Chambers and the 3 sets of MWPC's in Omega from the raw
data or simulated chamber digitisings produced by the Monte-Carlo

program GEANT (Ref. 6-6). For each track the relevant digitisings
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were located and from them, the momentum and trajectory calculated.
After the track finding TRIDENT traced the tracks back into the

hydrogen target to locate the primary and any secondary vertices

(Vv0's),

The track finding part of TRIDENT first considered the two Drift
Chambers at the back of Omega. Hits in these chambers were joined to
find tracks compatible with them having originated from the target.
The potential tracks were then projected back into the Omega MWPC's
using a cubic spline fit in the XY projection and a straight line in
the XZ projection. As the extrapolation worked back digitisings were
associated with the track if they were within a given error distance
from it. The new hits as they were found were used to improve the
extrapolation accuracy. The remaining digitisings were used to
reconstruct the lower energy track (which do not reach the Drift
Chambers) in a similar way. The momentum and trajectory of each track
was then calculated from the associated hits and the full Omega field

map using a quintic spline fit. Trident calculated the inverse
momentum (1/P x SIGN(charge)), dip angle (A), and azimuthal angie
(¢), together with a full error matrix at both the first and last

measured point on each track.

Following the track finding, TRIDENT determined the interaction
vertex and secondary vertices (V0). This was done by taking pairs
of tracks in turn and extrapolating them back from the first measured
point as a helix. Pairs which intersected (within errors) were
clustered into 2-prong vertices. The 2-prong vertices were then
merged together with any remaining un-clustered tracks if they

coincided within errors due to the track fit and extrapolation. The
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resultant vertex was then fitted using the track parameters ot the
clustered tracks at the first measured point and the full magnetic
field map. If the resultant X2 was too large, the worst titting
tracks were removed one Dby one and the vertex refitted until the
x2 was satisfactory. The remaining 2-prong vertices were checked
to be consistent with KO, Ko, Ao, Ao, or
y ( ~ e‘e” ) and a VO fitted using the extrapolated track
as the main vertex. For each track originating from the main vertex
(and similarly for v0 ) TRIDENT recalculated the track parameters
and error matrix at the vertex. If there was an ambiguous solution to
the vertex finding TRIDENT output two alternative 'topologies' for
the event. The first topology represented the case where most tracks
were in the main vertex, and the second with fewer tracks in the main
vertex and more v0'g., Any remaining track not fitted to either the

main vertex or a v0 were output as rextra tracks’'.

A selection filter was added to TRIDENT to reduce the
electromagnetic pairs contamination. This filter required more than
52 hits in the Omega 'a' chambers for an event to be acceptable. The
maximum number of hits a 2-prong event could produce was 42, so the
filter had the effect of cutting out not only pairs put also elastacC
p, w and @ photoproduction which decay to
p+m-(nm0). An upper 1imit of 400 hits in the ‘'A' chambers

was also imposed to remove events with large showers in Omega.
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6.3.2 — PEDRO

PEDRO (Photon Energy and Direction from Reconstructed Orbits)
provided the beam 1line fitting, recoil electron fitting and
calculation of the photon entering Omega. PEDRO read in data from the
beam 1line and tagging system from either the raw data, the TRIDENT

output data, or in its own simulation mode, Monte—Carlo generated

data.

The beam line part of PEDRO used the hodoscopes to draw ‘roads'’
through the 8 planes of MWPC's in each region. Only MWPC hits within
these roads were selected so reducing the chance of ‘'seeing’' other
beam tracks close in time to the real track. 1In cases when a
hodoscope plane had no hits, rescue routines were used to identify
compatible hits in the MWPC's using check-sums performed between
combinations of hits in the region. Before a fit was made, checks on
the number of hits found were performed to make sure the data was
suitable to be fitted. These checks required at least two hits 1in
non-parallel planes together with one more hit in each region and at
least one more hit in the whole beam line. A Qquintic least squares
fit was made to the selected MWPC hits to calculate Y, Y', Z, 2°, and
P at the tagging target, using the transport matrices for the magnets
between the three regions. If a fit could not be performed, nominal
values for the beam momentum and trajectory at the tagging target

were used with correspondingly larger errors.
In region 4 the hits in the tag hodoscopes H4.1, H4.2, and the
lead glass were combined to form a 'road' in region 4 and from the

position of the road an estimate of the recoil electron momentum was
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made. Bits in the five MwWPC's were selected if they lay within the
road. A least squares fit using the magnetic field map of the tagging
magnets and the posifion of the beam track in the tagging target was

used to calculate P and Y' of the recoil electron.

Finally, PEDRO combined the beam line f£fit and the recoil
electron f£fit to calculate the momentum of the tagged photon. The
projection of the photon into the Omega target was calculated 1in

omega co—ordinates.

6.3.3 — The Simulation and MAP

There were +wo simulation programs that could be used to
simulate different aspects of the experiment. GEANT (Ref. 6.6) could
be used to produce simulated raw data to be proces#ed by TRIDENT and
the other analysis programs as if it was real data, .or MAP
(Manchester Acceptance Program; Ref. 6-7) could also be used to

determine just trigger acceptances.

The full simulation using GEANT takes interactions generated
with an .event generator such as SAGE (Ref. 6-8) or LUND (Ref. 6-9),
and tracks the particles from the hydrogen target through the Omega
chambers and the downstream detectors. GEANT handles decay of long
lived particles (X and A), pair production by photons,
electromagnetic showering and the multiple scattering of the
particles in the material of the detectors. where the particles pass
through detectors hits were generated taking into account
efficiencies and clustering. Finally, the simulated hits are written

out in a raw data format to be processed by TRIDENT. This sort ot
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simulation not only takes into account the geometric acceptances and
efficiencies of the detectors but also the reconstruction and pattern
recognition efficiences in the analysis programs. The main
disadvantages was that a full GEANT simulation would take about 1 s
per event and would be difficult to set up for a new detector
configuration. Thus, for the simulations presented here GEANT was not

used but instead the program MAP was used.

MAP started with simulated interactions in the same way as
GEANT. The particles were tracked only through the detectors used in
both the hardware and software triggers. From the intersections of
the tracks and trigger detectors MAP generated a list of hits taking
into account the chamber geometries and efficiencies. For each
element in the trigger MAP calculated whether the trigger condition
would be satisfied. Finally, MAP determined whether or not the event
generated would have satisfied the full trigger condition. At the end
of the simulation MAP produced a summary list of the acceptances for

each of the trigger elements and the global acceptance.

The following trigger elements were set up in MAP;
i End-Cap - required at least one track to pass through
it.

ii 'A' chamber multiplicity - required more than 52 and

less than 400 hits in the Omega 'A' chambers to simulate the
electromagnetic pairs filter used in TRIDENT. This trigger element
took into account the medium plane inefficiencies in the Y planes and
the clustering size due to the wire spacing.

iii H1 - required at least one hit somewhere in the

detector.
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iv H4 - as Hl required at least one hit.
v EMT - first simulated the hardware BGL 1logic wusing

_—

the hits in Hl and H4 found in the Previous trigger sections. This
part required the 'Doubles’ Ccondition, at least one hit in Hlt and
E4t or at least one hit in Hlb and H4b. The second part

Simulated the matrix coincidence logic used in the hardware HMT. A

requirement that the matrix was satisfied in either top or bottom was

imposed.

Following the acceptance of an event by MAP a certain amount of
smearing was sometimes applied to each track to take into account
reconstruction errors in TRIDENT. The removal of low energy, low Pt
tracks could also be made, as in reality these tracks would never

leave the hydrogen target.

6.3.4 - DST Writing, Reading and Analysis

A program was written to provide a framework within which
analysis routines could be run. The program (Fig. 6.1) could read
either TRIDENT output tapes, its own DST's or generate Monte—Carlo
data using the SAGE routines. The data then passed through selection
routines to select events on global features such as multiplicity,
momentum balance or beam energy. The selected events then passed
through an electromagnetic filter to reduce double pairs
contamination in the 4-prong events. Following the filter the data
either passed on to r§utines to plot histograms showing general
features of the data, specific Physics analysis routines or could be

written on to DST's.
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Fig. 6.1 Diagram of the Data Analysis Program

When running on TRIDENT output tapes directly to look at global
features of the data a conversion routine was used to convert the
TRIDENT geometry banks into a more useful format of both physacs
analysis and DST handling. A simple routine was used to estimate the
beam energy (similar to the routine in PEDRO to calculate the region

4 roads). This routine used the residual raw data bank in the TRIDENT

output.

When the program was used to write the DST's containing only
data relevant for physics analysis the simple beam energy finding
routine was replaced by PEDRO. No attempt was made to use the RICH or

TRAD data for charged track identification because the detectors were
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still in a development stage and their analysis programs were still
being written. All tracks were assumed to be pions because of this
restriction (with the possible exception of recoil protons identified
kinematically). Since the Photon Detector analysis programs were
still being developed, the DST's contained no photon or reconstructed
mo data. For DST production the event selection and
electromagnetic filter routines were turned off. At the end of each
run (as defined by the data acquisition at data taking) an end-of-run
block was written to tape. This block contained a summary of all the
end-of-burst scalers accumulated over the run and also a summary ot
the numbers of events read in and processed. The end-of-burst scalers

were preserved in this form on the DST's for normalisation purposes.

When the program was run, for either DST writing or data
analysis, at the end of every run (as defined by the DAC) a summary
table was written out. This table contained a summary of the numbers
of events processed and some of the accumulated end-of-burst scalers.
This summary was produced so that normalisation could take account ot

any slight changes in the data taking conditions from run to run.

To run a Monte-Carlo simulation the events were dgenerated by
SAGE routines rather than read in from tape. The events then passed
through MAP to assess whether the t}igger conditions would be
satisfied (including the 'A' chamber multiplicity cut in TRIDENT).
The events were then converted from the simulation bank format into
the DST bank format and passed through the same sequence as the real
data, selection on general features, electromagnetic double pairs

reduction and physics analysis routines.
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6.4 — General Features of the Data

The distribution of the numbers of charged tracks found by
TRIDENT (Fig. 6.2a), showed, an abnormally large number of 4-prong
events. This was probably due to double e*e- pairs from double
bremsstrahlung in the tagging target. Data in the low multiplicity
region has been reduced by the TRIDENT pairs filter and the effect of
the trigger. At the upper end of the distribution the cut off was
caused by an upper limit of 15 charged tracks in TRIDENT. The 'extra
track' multiplicity plot (Fig. 6.2b) showed that TRIDENT failed to
fit on average 2°9 tracks to any vertex. This leaves only 12¢ of
the events completely reconstructed (ie with no extra tracks). The
number of extra tracks was a measure of the TRIDENT vertex finding
efficiency, because most of the extra tracks should have been titted
to a vertex. Some extra tracks came from TRIDENI fitting tracks
through noise points and some from stray tracks due to the
interaction of other beam particles. The distributions of numbers of
vertices (Fig 6.2c and 6.2d) showed a mean of -27 VO0's 1nhthe
first topology and 1°02 VO0's in the second topology. About 13% ot

the events had an ambiguous geometry with two TRIDENT topology banks

produced.

- 144 -



®10
3.8

20.

17.8

18.

12.8

10.

>
+
+
+ +
- +
+
+
— +
-+
-
| 1 1 | { | ! |
2.5 7.s 12.5 17.s
No. Tracks/Event
>
[ ——
enma—
| i 1 1 —
(=) 1 2 > -

No. Vertices/Event Topology 1

ig.

Chapter VI

10

- 145 -

S
-+
- -+
- ->-
-
-
-
I N N N
o - [} 12 1e
No. Extra Tracks/Event
>
——
—
m—— ——
1 1 1 ] o
(=] 1 2 > 4

No. Vertices/Event Topology 2

6.2 Multiplicity Distributions and Numbers of Verticies




The main vertex location for events with no extra tracks
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(Fig.

6.3) showed that the bulk of the events came from interactions in the

hydrogen target. The transverse plots

events

where

the

incident photon

show that there were

some

interacted in the wall of the

hydrogen target. The fraction of events with a well measured main

vertex

(and no extra tracks) was 10-7%
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momentum distributions

(Fig.

6.4)

showed a reasonable

behaviour but the Dip Distribution (Dip = Pz/Px) for the tracks

(Pig. 6.5) showed a large narrow peak at

distribution.

zero

on top of a broad

This peak was found to be due to 4-prong events and is
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consistent with being caused by double pair production. To remove
this contamination in the 4-prong events the electromagnetic filter
required these events to have at least two tracks with dip greater
than 3 mr and two independent track pairs to have a dip difference
greater than 5 mr. Following the double pairs filter the multiplicity
and dip distributions (Fig.‘ 6.6) looked more reasonable. This cut
will bias the 4-prong hadronic events. When a corresponding cut is
applied to the events with multiplicity 5 or more only a small
fraction fail the cut. The biases due to the cut will have to be

estimated by Monte-Carlo simulation.
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Fig. 6.4 Single particle Momentum Digtributions
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The results from the beam fitting in PEDRO (Fig. 6.7) showed an
Ey spectrum similar to that found in the on-line monitor program
PLUTO. The transverse beam location calculated at the centre of the
target showed that the beam passes into the target with little
hitting the walls or going outside the target. PEDRO calculated the
beam energy with a mean error of about 0-31 GeV and mean errors of

0-68 mm and O0-34 mm on they and z positions at the centre of the

target.
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Fig. 6.7 The Photon Beam Energy Spectrum
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Comparison of the PEDRO and TRIDENT results showed a good
corrrelation between the position of the vertex as calculated by botn
programs ( for the no-extra track events: not shown). The longitudinal
momentum balance (PXDIFF = P beam - [P seen) for vertex tracks
(Pig. 6.8) showed a narrow spike at zero with a broad distribution on
the positive side. The spike was due to events where all the tracks
were charged and seen (with the possible exception of 1low energy
tracks from target fragmentation). The tail was due to events with
neutral and possible unseen charged tracks. When the extra tracks
were included in the PxDiff plot (Fig. 6.9) the spike got larger and
broader and the tail slightly smaller. This showed that a large
fraction of the extra tracks were good tracks which TRIDENT had
failed to fit to a vertex. A similar effect occured with the
transverse momentum differences where one observes a narrow spike sat

upon a broad symmetrical distribution centred on zero.
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7 - Physics Analysis

7.1 - Introduction

Three aspects of photoproduction in the photon energy range
70 - 200 GeV have been investigated using the data taken by the WA69
experiment in December 1983. All three aspects involved the
photoproduction of charged particles only. In most cases all the
charged particles produced were assumed to be pions. This was because
the Photon Detector and Ring Image Cerenkov Detector were still

being set up and tested ready for the main data taking in the summer

of 1984.

The first channel studied was inclusive photoproduction of
single charged particles (assumed to be pions). The single particle
bdistributions obtained have been compared with single particle
inclusive distributions obtained in other non—diffractive
hadron-hadron interactions. The charge-multiplicity distributions
have also been analysed in terms of KNO scaling and compared with
theoretical predictions for non—-diffractive hadron-hadron
interactions. Finally, in the forward photon fragmentation region

deviations from pure KNO scaling were investigated.

The second channel studied was the inclusive photoproduction of
the p(770) meson through its decay to w*wm-. As described in

Chapter 1 there are two processes by which the p can be produced;

in the forward direction they can be produced by double diffractive

dissociation and in the central region by quark fusion. The data
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obtained in this experiment is compared with theoretical predictions
and photoproduction data at lower energies. The differences in the
production characteristics of the p's in the two regions have been

investigated.

The final channel analysed was elastic four charged pion
photoproduction with emphasis on looking for the p'(1600)
resonance. The p'(1600) is believed to be the first excited state
of the vector meson p(770). It has been seen in photoproduction at
lower energies (Ref. 7-1) and in e*e- annihilation experiments
(Ref. 7-2). Since the cross-section for the elastic p'(1600) is
expected to be = 0-41 ub (by extrapolation of the
photoproduction cross-section found in previous experiments in the
energy range 25 - 70 GeV), with approximately O0-7x109 tagged
photons on a 60 cm 1liquid hydrogen target only about 700 events

including a p'(1600) are estimated to be produced.

7.2 - Data Selection

All the data used in the physics analysis passed through a
double pairs filter. As mentioned in Chapter 6, the double pairs
filter removed electromagnetic contamination from the four-prong
events. The filter required the 4-prong events to have two tracks
with a dip greater than 3 mr and two independent pairs of tracks with
a dip difference greater than 5 mr. All events were required to have

a good beam track with a well measured photon energy.

The remaining data should contain all the hadronic events with a

forward charged-multiplicity greater than three. The ‘A’ chamber

- 156 -



Chapter VII

multiplicity cut in TRIDENT meant that the data sample contained very
little diffractive (elastic) p, w and ¢ production because
these states decay to low charge-multiplicity states. The trigger
will also have biased the low multiplicity forward production events
because it was possible for all the charged tracks in an event to go

through the gap in the middle of the hodoscope guillotines.

For the purpose of data analysis two sub-sets of the data were
considered. The first set contained all the events where TRIDENT
completely reconstructed the charged tracks and fitted them all to
vertices (or Good Events). This selection was made by requiring the
main vertex to be inside the hydrogen target and no extra tracks. The
second set of events contained all events (or full event sample). In
this set extra tracks were considered to be 'good' tracks if they had
more than four space points in the Omega chambers and momenta within
kinematic limits imposed by the maximum possible beam energy. All
remaining extra tracks were ignored. Where possible the '*good’' extra
tracks were extrapolated back from the last measured point to the
main vertex as a helix in order to estimate their momenta at this
vertex. No requirement for the main vertex to be in the hydrogen
target was imposed on this second set of events because tracks in an
event not fitted to the vertex would cause TRIDENT to calculate a
wrong vertex position. This problem with extra tracks also meant that

the momenta of particles in an event with extra tracks were less

accurately measured.

The number of tagged photons entering the hydrogen target

(Nv) during the December 1983 data taking period was estimated to

be 0-736 + 0-037 x 109. For the 60 cm liquid hydrogen
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target the number of target protons (N_) was calculated to be

P

2°54 x 1024 cm-2, giving a sensitivity, s of
S = Npr = 1-87 £ 0°06 events/nb.

The trigger efficiency was estimated to be 0°:°9 £+ 0-1. This
efficiency was included to account for the trigger counter
efficiencies and the 1loss of events with a second double
bremsstrahlung photon which fired the beam veto. The full data sample
contained 172490 hadronic events (after the double pairs filter) ot
which 18199 were completely reconstructed. Thus, the cross-section
for photoproduction of hadronic states with a torward
charge-multiplicity greater than 2 in the energy range 70 and 200 GeV

was estimated to be

oNfc>2(7P) = 100 £ 10 ub.

The dominant errors in this cross-section are systematic errors in
the trigger e%ficiencies. Acceptance corrections for the loss of
hadronic events due to geometric trigger acceptance, the TRIDENT ‘A°
chamber multiplicity cut and electromagnetic double pairs filter have
not been made, but for events with more than 2 forward charged tracks
these effect are thought to be small compared with the efrors quoted
above. There may also be some residual electromagnetic contamination
but this is also expected to be small. The cross-section quoted above
corresponds to the total photoproduction cross—-section without
contributions from the elastic production of p, w and ¢ which
decay by the single diffractive dissociation process and 1low charge
multiplicity inelastic scattering. This is because these events do
not satisfy the TRIDENT 'A' chamber multiplicity cut. The elastic

processes would add about 12 ub to the cross-—-section quoted above.
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7.3 - Charged Particle Photoproduction and KNO Scaling

pata from both the fully reconstructed events and complete event
samples were used for the inclusive single particle study. No other
selection requirements were used other than those mentioned in the
data selection section. PFigure 7.1 shows the single 7* and single
m- rapidity (Y) distributions, where

1 l E + Pl]
Y=-10G |—|.

2 E - Pl

For the fully reconstructed events the rapidity distribution shows
the characteristic flat top in the central region followed by a small
rise before the rapid fall-off at high rapidity. In the backward
region, many of the particles produced from fragmentation of the
target proton were absorbed in the liquid hydrogen target. This meant
that the acceptance of particles with rapidity less than about -2 was
expected to be almost zero. Between rapidity -2-0 and O° there is
an excess of positive particles over negative particles due to the
positive charge of the target proton. Most of this excess may in

fact, be due to protons which have been assigned the pion mass.

The corresponding distributions for the events with extra tracks
(the complete events sample), figure 7.2, show some similar features.
The major difference is the increased number of tracks in the central
region Dbetween xf = —0°1 and xf = 0°0. This was found to be
due to the extra tracks produced by TRIDENT being mainly low momentum
tracks. Most of these tracks are hadronic but some may be due to

electron-positron pairs produced by conversion of soft photons from
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the beam halo or low energy double bremsstrahlung photons trom the

tagging target.
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The charge-multiplicity (Fig. 7.3) has a mean value of 5-19
for the fully reconstructed events and a mean value of 6-44 for the
full event sample. The mean in the full event sample is made up of a
mean of 4-54 tracks fitted to a vertex and 1-90 'good' extra

tracks, with 0-95 extra tracks ignored.

Completely Reconstructed Events Nn/N Full Events Sample

Q.14 —

O.0<« e

I

i
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10. 15. S. 10. 15
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Fig. 7.3 Charge-Multiplicity Distributions
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The normalised invariant-xf distributions (or Feynman function
P(xf)) and Pi distributions were plotted for all charged

tracks (not acceptance corrected) for both the fully reconstructed
events (Fig. 7.4). and the full event sample (Fig. 7.5). In the

inclusive invariant-X distributions the peak due to extra tracks

f
(seen in the rapidity distributions) shows itself as a peak near zero
in the full event sample distribution. There is also a slight excess
of forward tracks in the full event sample plot which are also
probably due to extra tracks. The Pi distributions are similar
for both data samples, with a possible excess of high transverse

momentum tracks in the full event sample, again probably due to extra

tracks being included. The Pi distributions were fitted to an

2
exponential of the form A'e-apt. The coefficients a

were found to be 6°2 for the good events and 7°5 for the full
2

event sample. The Pt distributions for the m* and w-

were also fitted to this function and were found to have no

significant differences. The proportion of hard events (high

2
Pt)

photoproduction experiments (Fig. 7.6, Ref. 7-3).

in this data is higher than that found in lower energy
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In order to investigate the s8scaling properties of inclusive
single charged particle production the data was divided up into saix
bands of beam energy. Each band was chosen with an equal logarithmac
width 8o that each contained roughly the same number of events.
Figure 7.7 shows the number of events against the logarithm of the
photon beam energy and shows the six bands considered. The number of
events in each energy band reflects the distribution of energies of
the tagged photon convoluted with the total inelastic cross-section
as a function of energy (which is almost flat over this energy range)
and any beam energy dependent components of the acceptance. The

invariant Feynman X and Pi distributions were plotted for each
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energy band (not shown) and showed no significant variation with beam

energy. The mean charge-multiplicity was then calculated in each band

(Fig. 7.8). These plots suggest a linear dependence between the mean

*10

)

N ( /2 Gev)

0
o

a

multiplicity and the Log(Ey) (or equivalently, 1log(s)). By
fitting the distributions to
= +
<nc> a Ln(Ey/lOO) b.
the parameters a and b were found to be
= 0-81 £ 0°05, b =5-15 + 0-02, ,with X2 = 3:6 for 4 dof
for the fully reconstructed events and
a=0'83 % 0-04, b =639 £ 0-01, with x2 = 4-3 for 4 dof
for the complete event sample.
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Fig. 7.8 Mean Charge Multiplicity

within each energy band the multiplicity distribution was
recalculated in terms of the KNO scaling function ¥(z) and compared
with the theoretical distribution for hadron-hadron interactions
(Pig. 7.9). PFor the completely reconstructed events the agreement
between the data and the theoretical curve is good (with X2
between 12 and 77 for 17 dof) but for the full event sample the
agreement is not so good. In the full event sample there are more
high multiplicity events and less mid-range multiplicity events than
in the completely reconstructed events and as predicted by the model
described in Chapter 1. This suggests that some of the extra tracks
are not associated with the main event even though they may improve
the Px difference as seen in Chapter 6. A second low energy double

bremsstrahlung photon interacting inside Omega would have this
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Fig. 7.9 KNO Scaling Distributions for Photcproduction

To avoid the problem with acceptances in the backward hemisphere
the track produced in the forward hemisphere (xf > 0°0) and
tracks produced in the backward hemisphere (xf < 0°0) were
considered separately. The single particle acceptance in the forward
hemisphere is expected to be 100% whereas the acceptance in the
backward hemisphere is known to be very low at low xf and should
rise to nearly 1°0 in the central region near xf = 0+0. The
arguments in Chapter 1 leading to KNO scaling (section 1.4) will hold
in both regions separately because the Feynman functions are still
being integrated between energy scale independent limits (Ref. 7-4).
At an intuitive level it is expected that the forward hemisphere 1is
due to the fragmentation of the beam photon and the backward
hemisphere is due to the fragmentation of the target proton. This

division enables the backward hemisphere to be compared with hadron
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induced proton fragmentation seen in liquid hydrogen bubble chamber
experiments. Similarly, the photon fragmentation can be compared with
forward fragmentation in ”i' ki, PP and PP

experiments.

7.3.1 - The Proton Fragmentation Region

As mentioned above, in the backward hemisphere, the proton
fragmentation region is acceptance limited by the loss of low energy
tracks in the liquid hydrogen target. To assess this loss, this
photon data was compared with liquid hydrogen bubble chamber data for
inelastic scattering of pions and kaons at similar energies (Ref.
7-5). Pigure 7.10 shows the normalised invariant cross-section as a
function of Feynman X (or Feynman function P(xf)) for the photon
data (not acceptance corrected) and the bubble chamber data. The mean
backward charge-multiplicity (Fig. 7.11) shows a slight increase in
multiplicity with photon energy, but it is difficult to say whether
this is due to the acceptance changing as the photon energy increases
or the multiplicity itself rising. The mean charge-multiplicity in
this region over the full energy range was found to be
1-6 £ 02 for the fully reconstructed events and
29 £ 0-2 for the complete event sample. By comparing the
invariant xf distributions for the photon data and the k~P bubble
chamber data above, the average acceptance loss was estimated to Dbe
~ 50% * 15%. Thus, the corrected backward charge-multiplicity
would be about 3:2 £ 0°6 for the good event sample and
5.8 £+ 1-0 for the complete event sample. The mean multiplicity
in non-single PP scattering at the ISR and in 7P scattering in

the 30" hydrogen bubble chamber at NAL (Ref. 7-6) has been found to
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be about 7 at similar centre of mass energies (Vs = 14 GeV).
Hence, in a single hemisphere a mean of about 3.5 would be expected.
This is in agreement with the corrected estimate for the completely
reconstructed events and supports the theory that the low energy

extra tracks are not associated with the main event.
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7.3.2 — The Photon Fragmentation Region

The forward

X

and P2

£ t

distributions

for

the

fully

reconstructed events and full event sample are shown in figure 7.12.
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The mean charge-multiplicity in the forward direction was

then

calculated in the six beam energy bands (FPig. 7.13). The forward mean
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multiplicity was fitted with a linear dependence on Ln(Ey) as for

the full range data. For the good events the coefficients in the fit

to

<nf> = a Ln(Ey/lOO) + b

were found to be
a=0+41* 004, b =23-49 £ 0:01, with X2 = 15-3 for 4 dof.
For the full events sample the coefficients were found to be
a=0'24 %002, b=3-52 % 0-01, with X2 = 19-5 for 4 dof.

It can be seen from these two data samples that the complete events
have on average the same number of charged forward tracks with a
small beam energy dependence. Using the mean multiplicity in each
energy band the KNO scaling function ¥(z) was calculated and
compared with the theoretical hadron-hadron model (see section 1.4)
(Fig. 7.14). The x2 obtained by comparing the theoretical curve
and the data in each energy band ranged from 13°6 to 82 (for 17
degrees of freedom) for the completely reconstructed events. Again
systematic deviations from the predicted curve were observed in the
full data sample. From this it can be seen that the completely
reconstructed data sample is in good agreement with the theoretical
KNO scaling predictions, but the complete event sample shows
systematic deviations from the predicted curve similar to those ain

the full range full event sample distribution.
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In order to investigate deviations from the KNO scaling in the
photon decay hemisphere moments of the charge-multiplicity were
calculated in the six beam energy bands. The simplest moment, the

pean multiplicity («<n>) where
<n> = Zn nPn(s)

has already been discussed. The next highest moment, the dispersion

moment Dz, where

2 1
D2 = ¢(n — <n>) >2

and the related two particle correlation function fz’ where
£_ = Df - <n»>

were calculated. The moments c2 - c5 used in the KNO scaling

theory (Section 1.4) where

<nk>
C = zIk d
X X z YP(z) dz

<n>

were also calculated. Figure 7.15 shows these moments c2 - c5
plotted against beam energy. The lower moments show no significant
dependence on the beam energy, but in the higher moments there may be
a slight variation with beam energy. For pure KNO scaling the
dispersion moment is predicted to be proportional to the mean
multiplicity. Figure 7.16 shows the dispersion moment D2 plotted
against the mean multiplicity (from Fig. 7.14) for each energy band.

By using a linear least squares to fit this data to the function
D2 = a<n> + b

the parameters a and b were found to be:
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a=0-78 £ 009 b=-0-77 £ 0-3
for the completely reconstructed events and
a=1-16 £ 0-13 b=-1-6 % 0-4

for the full event sample. The fact that in both cases the intercept
(b) is non-zero shows that there are slight deviations form pure KNO

scaling.
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The two particle correlation function fz’ which can also be

expressed in the form

3
(o]

v
Q

o

has also been plotted (Pig. 7.17) as a function of mean multiplicity

in each energy band. In order to compare this with measurements of

fz from PP (ISR, CERN) data (Ref. 7-7) and other data (Ref. 7-8)

the values obtained in the forward hemisphere were scaled up to

simulate the full rapidity range (inclusive inelastic

Y —> X 1). In this scaling both the multiplicity (‘"tc’)
and the dispersion (Dz) were assumed to double in value. Pigure
7.18 8shows the values of fz obtained by this procedure plotted

together with the PP data from the ISR, Data from other hadron
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scattering experiments at lower energy is also shown along-side. The
photon data shows the same trend of increasing f2 with mean

multiplicity (Ln(s) ) and about the same magnitude as the data from

the other experiments.
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7.4 — Inclusive Rho(770) Photoproduction

Data from the completely reconstructed event sample was used for
the inclusive pP(770) investigation. Following the data selection
all the mrm- combinations within each event were formed.
Combinations were accepted if they had a dip difference greater than
S5 mr. This selection was imposed to reduce 1low mass combinatorial
background and reduce the contamination due to soft photons
converting to e*e~ pairs. The two pions inclusive invariant mass
spectrum (Fig. 7.19) shows a clear peak at the p mass (0°770 GeV)
sat upon a falling combinatorial background. By fitting this spectrum

(using the HBOOK fitting routines, Ref. 7-9) to a Breit-Wigner (Bw)

of the form

MM!‘ rr

BW(M) =

2 22 2.2 !
- +

[ (" -m)" +uT] ]

with the resonant mass (M) and width (Fr) constrained to that

of the p(770) together with a background (BG) of the form

2
BG(M) = (M - M )% (FMHYH ),

where Mt is the 2 pion threshold mass and parameters a, B8 and
Y were determined by the fit. The fit was made between the masses
0-30 GeVv and 1:50 GeV to avoid bias from the 1long combinatorial
tail and steep rise near threshold. A better fit was obtained with
the rho mass set at 0:75 Gev, which suggests that there was a
systematic error in the momentum calculation for each track. This

could be due to the magnitude of the Omega magnetic field being

slightly different from that in the reconstruction program TRIDENT.
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Events with double p production were counted twice by this

procedure but the effect was thought to be small. The number of

p(770) was found to be 0:°265 t 0-020 per event. If we assume
that this ratio holds for all events and not just the completely
reconstructed events, then using the total inelastic cross-section

calculated in section 7.2 the inclusive inelastic cross-section was

estimated to be
Oinc,inel(rho) =27-2 t 2-1 £ 6-1 ub.

The first error quoted is the statistical error obtained from the fit
and the second is the estimated systematic error. The main systematic
error comes from the assumption about the p content of the events
which were not fully reconstructed by TRIDENT (assumed to be 20%).
This error together with the uncertainty in the trigger efficiency
was combined to give the quoted systematic error. This cross-section
only really applies to forward and central production of rho mesons
because the acceptance for backward tracks (xf < —+3) falls off
rapidly. The value obtained is in agreement with that obtained in

photoproduction in the energy range 20 - 70 GeV (Ref. 7-10)

Osinc,ine1(¥ho) = 21°6 % 1-0 + 2:7 ub.

- 178 -




Chapter VII

1/N dN/dM ( /50 MeV)
0
N
"

.15
o.1
.05 p— /"‘\
/ \
~
o. l—_—1 | ~! | !
0.4 0.8 1.2

RHO Mass GCeV

Fig. 7.19 2 Pion Invariant Mass Spectrum

In order to investigate the p production as a function of
Feynman-X, Pt2 and multiplicity the peak-wings technique was used.
Por this the peak was considered to be in the two pion mass range
0670 to 0°870 Gev and the wings a further O0°1 GeV on either
gide of the peak. By this method the number of p's extracted was
~ 0-055 £ 0°002 per event, which is approximately half the
expected number taking into account the fact that the choice of the
peak-wings regions would leave =~ 43% of the expected signal. The
discrepancy may be due to the concave nature of the background in the
region of the p. Using the peak-wings extraction the invariant xt
and Pi distributions were plotted (Fig. 7.20). The invariant
xf distribution (or Feynman function) shows a central production

region and a forward production region with a dip between the regions

at about xf = 0-7. There 1is 1little data at xf < —+*3 Dbecause
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the acceptance of slow tracks was poor. The acceptance in the forward

direction is expected to be flat, the only constraint being a forward

track to fire the hardware trigger and two more tracks seen 1in the
Omega chambers to satisfy the 'A' chamber cut in TRIDENT.
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In order to calculate the invariant xf distribution of the
p's more accurately the two pion invariant mass was plotted against
xf. Then, in slices of xf the partial mass spectrum was fitted in
the same way as the full mass spectrum (with the rho mass fixed at
0-750 Gev). Figure 7.21 shows the partial mass spectra with the
fitted curves superimposed. The signal and background have also been
superimposed as dot-dash lines and dash-dash lines respectively. The
invariant xf distribution calculated from the fits in each slice
(Fig. 7.22a) shows the same trends as the distribution calculated by
the peak-wings technique. The rho inclusive invariant xt
distribution obtained is similar to that obtained in earlier
photoproduction experiments between 25 - 70 GeV (Pig. 7.22b). 7The
p's produced in the most forward region can be attributed to the
double diffractive dissociation process (discussed in section 1.5),
where the photon as a rho vector meson scatters off the target proton
leaving it im an 'excited' state followed by the rho meson decaying
to two pions in the forward hemisphere and the ‘excited®' target
decaying in the backward hemisphere. The distribution of forward rho
mesons is consistent with the predictions of the triple Regge model
and the photoproduction data at lower energies (Pig. 1.6). The
centrally produced rho mesons can be attributed to quark tusion (also
discussed in section 1.5), where a quark 'in' the photon fuses with a

quark in the proton. The data in this region is consistent with the

predictions and lower energy photoproduction data presented in Figure

1.7.
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Invariant xf

Fig. 7.22 Rho Invariant Xf pistribution from the Partial Mass Fits

In order to investigate the production characteristics of the
p further in both the forward double diffractive dissociation

region (xf > 0°7) and the central region (0°0 < Xy < 0°-7)

the transverse momentum Pi and forward hemisphere

charge-multiplicity were plotted. The selection on the p signal was

done using the same peak-wings selection as for the inclusive X

t
distributions. The Pi distributions (Fig. 7.23) show that
forward produced rho's have on average less Pi than the

centrally produced ones. The charge multiplicity in the forward
hemisphere (xf »>0°0)) associated with a forward rho and a
centrally produced rho (Fig. 7.24) show that forward rho events have
predominantly two charged tracks in the forward direction whereas
the events with centrally produced rhos have more charged tracks.
There is of course, a significant amount of contamination between the

forward and central regions.

- 183 -

10 S
0N
6 s2 70-170 GEV 20-70 GEV
N :\: 30+~ =06
A d
~ o o
o - :
© g /’_\
z 24 - N i \
© & 7 \
o = \
- 2D s W y \ (=04
~N
w - —l;z ; N
N 168 — /1
1
z / P
N _G—
- 12 ——
10 - -02
f —
@ All Data
«
+_ 0O Mult. 3-8 Data
o 1 1 1 1 | | 0 ] 1 ! | | | 0
-1 -0.5 o.o o5 1. 06 02 0 02 04 06 08 10
% (0%)

Acceptance



Chapter VI1I

forward and central regions.
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These distributions are consistent with the idea of double

diffractive dissociation and quark fusion in the two regions.

The angular distribution of the #* from the p was also
considered to investigate the spin alignment in each region. p(770)
was selected by peak-wings as wusual and the m* angular
distributions plotted in the helicity frame (angle between the 7*
and the [o] direction in the [e] rest frame) and the
Gottfried-Jackson frame (angle between the #7* and the beam
direction in the p rest frame). The angular distributions in both
frames (fig. 7.25) and (Fig. 7.26) for the rho's produced in the
forward and central regions show that the centrally produced rho's
have less alignment than the forward produced rho's. This is
consistent with the fact that diffractive processes are s—channel
helicity conserving (SCHC), giving rise to a sin2 © distribution
in the helicity frame and a distorted sin2 © distribution in the
Gottfried-Jackson frame. 1In the quark fusion model the spin of the
rho is unrelated to that of the incident photon and so gives rise to
flatter angular distributions in both frames. The four angular
distribution presented are not acceptance corrected and because ot
the low statistics and problems with TRIDENT it was decided not to

acceptance correct the distributions or do a full spin-parity

analysis on the data.
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7.5 - Elastic Rho(1600) Photoproduction

Data from both the fully reconstructed events and the full data
sample were considered for the p(1600) investigation. On top of the
selection of either the fully reconstructed events or the full data
sample the requirements of a good beam track and only 4 or S charged
tracks were required for each event. A crude selection of elastic
events was also made by requiring the 1longitudinal momentum
difference (Pxdiff) to be less than 20 GeVv. This was imposed to cut
down the numbers of events for the next level of selection. Following
this primary event selection and the recalculation of the +track
momentum vectors in the overall centre of mass frame a second set of
cuts was applied to the data. All events were required to have 4 or 5
tracks with net charge balance O or +1 respectively. In the case of
the 5 track events the slowest positive track was taken to be a

proton and the event accepted if the ‘'proton' was in the backward

hemisphere (xf < 0°0) and had transverse momentum
2 2 .
Pt < 10 GeVv . After the identification of candidate

protons the energy balance (Ediff)

Edlff-E_y+EP -ZE”(—EP )

t r
was calculated and required to be consistent with zero
( VEdiffl < 4 GeV) to ensure the selection of elastic &4m(P)
events only. Pigure 7.27 shows the Ediff spectrum (for the completely
reconstructed events only) with the selection cuts marked. bata from
both the fully reconstructed events and the full event sample was
considered in this analysis but it was found that the momentum

accuracy of the full event sample was poor because of the inclusaion
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of the extra tracks. Table 7.28 shows the numbers of events at each
stage of the event selection. The cross-section for the
photoproduction of the elastic four charged pion channel calculated
from the number of selected events and the sensitivity (calculated in

the previous section) was found to be

'S
o(Yp —> 47 (p)) =18 £ 0:3 ub, 1:7 = 70 - 200 GeV.

This cross-section is not acceptance corrected and may still contain
a contribution from contaminant double pair production. These
corrections are thought to be within the errors calculated in the

cross—-section. Of <this data sample <the summary table shows that

0-25 of the events are fully reconstructed.

%‘,oo |
S
= |
AT
o Lttt *'*{*HJ . | Ji* .

Ediff

ig. 7.27 Ediff Spectrum
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Good Events All events

No. Photons 6.63E8 0.63E8 6.63E8 0.63ES
No. BHadronic events 231593 231593
Good Beam 222739 222739
Vertex and

Extra Tracks Cut 23911 222739
No. 4 and 5 prong 9703 64084
Pxdiff Cut 4179 28160
Pairs filter 2600 12209
Charge Balance 1888 8071
Ediff Cut 754 3006
No. 4 prong 552 2260
No. 5 prong 202 746

ig. 7.28 Numbers of events at each level of selection

+ £ . .
The men-, nn and qrrt invariant mass

of the selected events were calculated and plotted (Pig. 7.29). In
the w+*n- mass spectrum (with four entries per event) there is
a clear p(770) peak upon a combinatorial background which does not
show up in  the "1”1 mass spectrum (with two entries per
event). In the Qnt mass spectrum there is a broad enhancement
between 1 and 2 GeV tailing off at high masses. The Qnt mass
against nenw- mass scatter plot shows that the Qﬂi
enhancement is correlated with the p(770) signal seen in the

menm- mass spectrum.
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The program SAGE (see section 6.2.6) was used to simulate
diffractive photoproduction of the rhoprime(1600), with an e-’t
distribution with respect to the recoil proton axis (s-channel

helicity conservation). The rhoprime was then allowed to decay to

pions with Pt limited phase space (with
1
2 =
<P’ti>2 = 0°3 GeV). The program MAP (also see

section 6.2.6) was then used to perform the trigger acceptance.
Accepted events were then run through the same selection and analysis
pPrograms as if it were real data. An overall event acceptance of
08 £ 0°1 was calculated. This value contains both a
contribution from the trigger acceptance (MAP) and a contribution
from the selection wused to extract the four charged pion channel.
More complicated models for the decay of the rhoprime to four charged
pions were considered but they gave similar values of acceptance. The
error quoted contains the Monte—-Carlo statistical error and a

contribution for the uncertainty in the model.

In order to compare the elastic 4-pion photoproduction rate
with that found in photoproduction at lower energies the
cross-section of events with a four pion invariant mass 1less than
18 GeVv was calculated. Using the fully reconstructed events the
number of events satisfying this requirement was found to be 210. By
assuming that the fraction of such events is the same in the full
event sample as in the completely reconstructed event sample and an

acceptance as calculated above the cross-section was found to be

o(Yp —> Qﬂi(p)) = 06 + 0-2 ub for qu < 1-8 GeV.

The main source of error in this calculation comes from the
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systematic uncertainty in the assumption that the number of events in
both data samples is the same, this error was taken to be 30%. The
value obtained is consitent with that obtained in a photoproduction

experiment at a lower photon energy range where this cross-section

-0-4

was found to be 07 £ 0-2 uwdb with an Ey

dependance (Ref. 7-1).

The éﬂi mass spectrum was then used to estimate the number
of rhoprimes in the peak at about 1600 MeV. Por this estimate
assumptions had to be made about the background under the signal.
Taking into account a range of values of the background the number ot
rhoprime events was estimated to be 150 * 75. Using the same
procedure as before the cross-section was calculated and found to be

P —> p'(pP)
(o] | +| = 0-45 £ 026 ub, E 70 = 170 Gev.
4
—>47
The error reflects the small number of events and the uncertainty in

the shape of the background, there is also the 30% error in the

assumption that the fraction of events is the same in both event

samples.

To investigate the properties of the photoproduction of the
rhoprime(1600) the invariant-xf and Mandelstam-t distributions were
plotted for the (4nt) (Fig. 7.30). The invariant-xt
distribution shows that the Qﬂt state is produced in the

forward direction only. The t distribution (which is the equivalent

of the Pi distribution for the recoil proton for small t)
shows an exponential distribution with a slope not as steep as that
-7t

seen at lower energies (e ) (Ref. 7-1). This again shows that
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the qni state is predominantly produced in the forward

direction.

In order to estimate the proportion of rho(770) in the decay of
the rhoprime(1600) the two pion mass spectrum (with 4 entries per
event) was plotted for events with the 4 pion mass in the range
1200 - 2000 MeV (Fig. 7.31). Using this spectrum the number of
rho(770) was estimated to be 120 t+ 30 for 260 events of which half
is estimated to be background beneath the rhoprime signal. This

suggests that the rhoprime(1600) decays predominantly to

m-m*p(770).

The invariant—xf distribution and Pf distributions for
the pions were then plotted (Fig. 7.32). These plots show that the
2

pions are produced in the forward hemisphere with 1little P%

2
(<pt> = 0-2 GeV2),

A full acceptence correction of all the distributions presented
above was unjustified because of the small number of events in the
data sample and the high fraction of events which were not fully
reconstructed. Similarly a full spin parity analysis was felt to be

unjustified.
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7.6 — Conclusions

In chapters 2 and 5 we have seen that the beam is well
understood and the beam 1line and tagging system reconstruction
program PEDRO works well. The hardware trigger electronics triggered
on almost the full hadronic cross-section; unfortunately it also
triggered on some electromagnetic events (mainly in the 2-prong
events). The program TRIDENT was used to reconstruct charged tracks
and find the event topology. The electromagnetic pairs filter in
TRIDENT had the effect of removing almost all the events with less
than three forward charged tracks. The TRIDENT track finding worked
well but the topology and vertex finding sections were not so good,
leaving on average 2°9 tracks per event not fitted to a vertex.
Following a residual electromagnetic filter (to remove double pairs)
the remaining 'hadronic' data sample corresponded to a cross-section
of 100 £ 10 ub. This corresponds to events with
charge-multiplicity greater than two and hence does not include any
contributions from elastic low mass vector meson photoproduction. The
total photoproduction cross-section is = 120 ub, of which
= 12 ub can be attributed to the elastic photoproduction of the
p, w and ¢. The value obtained from this data is slightly lower
than the difference of the total and elastic cross-sections because

of the small loss of low charge-multiplicity inelastic events in the

trigger and data selection.

The mean charge-multiplicity was found to be 5-°19 for the
completely reconstructed events and 6-4 for the full event sample

(of which 1°9 tracks on average were extra tracks). The
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charge-multiplicity distributions for the completely reconstructed
events was found to be in good agreement with a KNO scaling
prediction for hadron-hadron interactions. The full event sample,
including the extra tracks, was found to deviate from the predicted
curve. This deviation suggests that many of the extra tracks found
were not associated with the main event. In the backward rapidity
hemisphere the loss of tracks due to absorption in the 1liquid
hydrogen target was estimated to be about 50%. Considering the
completely reconstructed event sample and making a correction for the
loss of tracks a corrected mean charge-multiplicity ot
= 7 + 0-6 was calculated in the photon energy range 70-170 GeV.
In the forward rapidity hemisphere a mean charge-multiplicity of
s 35 was found for both event samples. The multiplicity
distributions for the completely reconstructed events were found to
be in agreement with the KNO scaling predictions but not in agreement
for the full event sample. This suggests that the inclusion of the
events with extra tracks biased the forward charge-multiplicity
distribution without affecting the mean. Deviations from KNO scaling
were investigated in the forward rapidity hemisphere where beanm
energy dependent components of the hydrogen target acceptance loss
had no effect. The dispersion moment Dz' which in pure KNO scaling
is predicted to Dbe proportional to the mean multiplicity has been
shown to have a small but significant offset. There may also be
deviations from KNO scaling in the higher ck multiplicity
distribution moments. Such deviations have also been seen in PP

scattering at the CERN ISR.

The inclusive rho(770) photoproduction cross-section was found

to be 27 = 6 ub. This is in agreement with the value measured in
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photoproduction at lower energies. The invariant-xt distribution
for the rho was calculated by fitting a Breit-Wigner resonance
together with a background to 2-pion mass spectra in slices of xt,
then wusing the fit in each slice to determine the proportion of rho.
The invariant-xf distribution showed production of rho in two
regions. The first region, in the forward direction is due to the
double diffractive dissociation process. In the forward region the
rho's havé small Pi and show evidence for spin alignment
(expected with SCHC). In second region, the central region, rho
production is due to quark fusion. In this region the rho's have more
Pi and do not show any evidence of alignment to either the
helicity axis or Gottfried-Jackson axis.

In the four charged pion channel an enhancement at a mass a
little above threshold has been observed. This enhancement could be
due to elastic photoproduction of the rhoprime(1600). By estimating
the area under this enhancement the cross-section for photoproduction
of this state was calculated as 0°45 £ 0°26 ub. This is
consistent with the cross-section for the same channel at lower
energies. The production of this enhancement suggests a diffractive
mechanism where sharp forward peaking is observed in the four pion
state. In the decay of this enhancement there is evidence that the
decay goes via an intermediate state (pO7*m-) which then
decays to (m*m-m*m-). These observations have also
been made in the decay of a similar enhancement in photoproduction at

lower energies where it was identified as the rhoprime(1600).
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7.8 — Figure Captions
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