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CHAPTER ONE 

THE EXPERIMENT. BACKGROUND AND MO~IVATIONS 

A) Introduction 

In investigating atomic, molecular, and to ~. lesser extent, nuclear 

structure, the emission and absorption of electromagnetic radiation has 

been a key tool, and the same appears more and more to be true for hadron 

structure. Traditionally, electromagnetic spectroscopy has played two 

roles. The first is the establishment of the states, their spin, parity 

and energy. The second is to give information about the wave function 

of the states from the electromagnetic matrix elements (or at least tran-

sition rates). 

With the advent of high energy electron accelerators, intense beams 

2 of real photons (m = O) were produced by electron bremsstrahlung and 

have been used to study the interactions of high energy photons with 

protons and neutrons in nuclei. 

Generally, in hadron physics, electromagnetic radiation has not 

played the first role mentioned above. Energy level information has 

been usually given by the strong formation (or production) of hadron 

resonances; a notable exception to t.his rule was the observation, first 

in photopion production off nucleons, of the prominent isospin ~ nucleon 

resonance around 1500 Mev. 1) One should also mention the observation2) 

3) 
of narrow-width states at about 3.5 Gev and, most likely, at 2.9 Gev, 

from the radiative decay of the ljJ'. More states could well emerge from 

radiative decays of heavy mesons produced at electron-positron storage 

rings and conventional accelerators. 
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Photon beams of relatively high energy, on the other hand, have 

fulfilled the second role in providing information about the hadron's 

wave function. Nearly all our knowledge4) on electromagnetic transi-

tions of nucleon resonances comes from pion photoproduction; a consi-

derable basis for comparison with any theory of hadron structure, the 

prime candidate being the constituent quark model. 

The hope, however, that v~ry high energy real photon-nucleon 

interactions would probe deeper into the nucleon and provide direct 

information about the nucleon contituents has not yet proved valid. The 

main conclusion of some fifteen years of high energy photon physics can 

be summarized by stating that high energy photons behave like hadrons. 

yN interactions share basically all the properties of TIN interactions. 

Total cross sections in both cases exhibit the clear excitation of 

the same nucleon (N*) resonances and above 2 Gev level out to become 

approximately independent of energy (fig. 1.1). The only (important) 

difference is in the magnitude of the cross section, about 200 times 

smaller for photons, approximately the value of the fine structure 

constant. 

Elastic (Compton) scattering of photons on nucleons also repro­

duces the features of elastic pion-nucleon scattering; namely, a sharp 

exponential forward peak (fig. 1.2) with very little energy dependence 

of the forward cross section and the slope of the scattering distribu­

tion. The scattering amplitude is mainly imaginary. 

The total cross section of photons on protons and neutrons (from 

deuterium data) are essentially the same. 5) Charge independence seems 

to imply that photon nucleon interactions are not electromagnetic in 
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nature. Similarly, multiplicity and inclusive yields of hadrons in yN 

and ~N interactions display the same gross features for both types of beam 

particles. The conclusion that photon-hadron interactions are essentially 

hadron-like was strongly confirmed by the copious production5) of neutral 

vector mesons (p,w,¢) with same spin and parity as the photon (JP 1-). 

About 15 to 20% of the totalyNcross section is to be attributed to the 

exclusive production of vector mesons and inclusive yields6) are even 

larger. Here the vector mesons tend to preserve a large fraction of the 

photon momentum (leading particle effect). 

Another compelling reason to believe in the hadron-like character 

of the photon comes from the study of photon interactions with complex 

nuclei at high energy. The total yN cross section being of the order of 

-30 2 115 µbarn (1 µbarn= 10 cm), one would expect a mean free path of 

photons in nuclear matter much larger than nuclear dimensions (a few 

fermi, 1 fermi = l0-13cm) and therefore an increase of the photon-nucleus 

cross section proportional to A, the number of nucleons in the nucleus. 

But, exactly as in hadron physics, this cross section7) grows less 

rapidly than that (shadowing). The photon is absorbed by the first 

nucleons on its path as though the interaction cross section on indivi-

dual nucleons were of hadronic magnitude (20 to 40 mbarns, i.e., a mean 

free path of a fraction of a fermi). 

More recently, the materialization of (virtual time-like m2 > O) 

photons into hadrons has been observed8) in electron-positron annihila-

tion. The probability of such a materialization is particularly large 

2 
when m equals the square of the rest mass of a vector meson. 
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All these observations have resulted in the formulation of the 

vector dominance model (VDM) for photon-hadron interactions. The photon 

is viewed as a (well defined) superposition of hadron states with its 

own quantum numbers. A high energy real photon can virtually exist as 

a non-massless hadron state for a time 

where ~ is the mass of the hadron state, Ey the photon energy and 

The distance 6 

2 4 6E = EH - E ~ m..c /2E y - ti y 
2 

for E » ~c • 

c6t covered by the virtual hadron state in the time 6t 

increases with energy and becomes larger than nuclear dimensions for a 

few Gev. Photon-nucleon scattering would be the result of the inter-

action of this hadronic state with the nucleon. The interaction would 

share all the properties of hadron-hadron scattering. The hadron state, 

being mostly a vector meson, would provide a large yield of them in the 

final state. In complex nuclei photons would behave like hadrons do. 

This picture, however, is not complete. It fails to explain inelas-

tic electron nucleon scattering, a process thought to occur via the 

exchange of J virtual space-like (m2 < O) photon. Inelastic scattering 

cross sections were found to be large. 9) The most striking feature of 

the data for highly virtual, highly energetic photons was "scaling;" 

that is, the dependence of the cross section on photon energy and mass 

is predictable on the basis of dimensional analysis, without reference to 

any other mass or cross section. The results were understood by pie-

turing the nucleon as made of point-like constituents called partons. 
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A space-like photon, unlike a real one, would be able to probe deeper 

into the nucleon and to have point-like coupling with its constituents 

(fig. l.3a). The total (virtual) photon-nucleon cross section would 

actually just be the incoherent sum of these individual point-like 

interactions. 

Bjorken and PaschoslO) pointed out, in 1969, that the parton picture 

would imply the existence of the elementary graphs in fig. l.3b, that is 

Compton scattering of real photons on partons. The incoherent sum of 

these point-like interactions would result in final states containing a 

photon plus anything else. Its contribution could be isolated by detec-

ting a large transverse momentum photon in photon-nucleon interactions at 

large c.m. energies. The transverse momentum dependence of the direct 

-4 process would be pT , gentler than that predicted by all graphs involving 

communication between the parton lines before re-emission of the photon 

-n (pT , 6 < n < 12). The ratio of inelastic eN scattering to inelastic 

yN scattering, under the same kinematical conditions, would be 

R 

(where the sum is over the partons) and would yield a measure of the mean 

charges of the partons involved in the interaction. 

In other words, although for a very small part of the cross section, 

real photons could be good probes of nucleon structure. 

B) The Experiment 

The most recent generation of real photon beams, at Fermilab and 

at the Cern SPS, must start from a proton beam and build from it the 
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Figure l.3a. Inelastic Electron-Proton Scattering in the Parton Model. 
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Figure l.3b. Inelastic Photon-Proton Scattering for the Parton Model. 
(Two Diagrams Contribute) 
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beam that will generate bremsstrahlung pho~ons. Higher energy photons 

are so obtained, at the expense of photon flux. 

The Fermilab photon program started in 1976 in the newly built 

tagged photon laboratory with an experiment (E25) measuring7) the total 

cross section of real photons on protons and heavier nuclei. The experi­

ment also provided a measurementll) of the cross section for exclusive 

production of p,w,~. Our experiment (El52) was the second to be per­

formed. Our experimental program has been centered on the detection of 

(multiple) final state photons to study, in the first place, elastic 

Compton scattering on protons 

YP + yp, (1.1) 

in the new energy range, and inelastic Compton scattering 

YP + yX (1.2) 

at (relatively) large transverse momenta, to test the Bjorken and Paschos 

ideas mentioned earlier. The capability of our photon detector to 

detect multiphoton final states makes our experiment sensitive also to 

the exclusive photoproduction of the mesons having sizeable radiative 

decay modes, namely 

YP + TI op with TIO +n 

YP + n°P with no + yy 

YP + wop with WO + TI 0y and TIO +n (1.3) 

YP + ~op with ~o + noy and no +n 

YP + ~op with ~o + e+e-
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and to inclusive photoproduction of the same mesons. A measurement of 

the inclusive yield of neutral pions versus transverse momentum, in 

particular, is crucial for background subtraction to the inelastic 

Compton process. This thesis discusses a procedure for the isolation 

of the exclusive final states of type (1.1) and (1.3). Their connnon 

kinematic features make possible a global treatment of the raw data 

towards this goal. 

Production rates for these various exclusive processes are, however, 

very different. If we indicate the amplitude of each process as T(s,t) 

the differential cross section will be given, at high energy, by 

do ~ _l _ I T 
1
2 _ I T

2
1
2 

dt 16~s2 s 

with t = 4-momentum transfer and s = square of c.m. energy. 

Two-body scattering is described, phonomenologically, in Regge 

pole language. In this framework the amplitudes for two-body (and 

quasi two-body scattering) are, at high energy, of the form 

where a(t) is the leading Regge trajectory exchanged in the scattering. 

The energy dependence of the forward cross sections will therefore be 

dal _ s2a(0)-2 
dt t=O 

Compton scattering and vector meson photoproduction are found to be5) of 

diffractive nature (see next section). The exchange involved has the quan-

tum numbers of the vacuum. In Regge language, they are dominated by the 
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exchange of the P·omeron trajectory, with a(O) = 1. Forward cross 

sections are therefore energy independent and differential cross sec-

tions are of the form 

dcr Ae-bt 
dt = 

with slopes b essentially independent of energy (no shrinkage)!. Values 

of the forward cross sections and slopes b are 5) 

A= dcr/dtlt=O b 

YP -+ YP :::.7µb/C:ev 2 
~7 Gev 

-2 

~9µb/Gev 
2 :::s Gev 

-2 
-+ wp 

-+ cf>p :::2. 5µb/Gev 2 :::5 Gev -2 

l)Jp :::.05l.lb/Gev 2 :::.4 Gev -2 -+ . 

Photoproduction of pseudoscalar (~ 0 ,n°) mesons12) cannot proceed via 

the exchange of a Pomeron trajectory. A meson trajectory has to be 

exchanged, with a(O) < 1. (Forward) cross sections will die out with 

energy. Differential cross sections, in general, are not simple expo-

nentials. They can exhibit more than one maximum and have forward peaks 

shrinking with increasing energy. A scaling law 

2 dcr s ~ - constant 
dt 

(which would imply a(O) = 0) holds only approximately. Exclusive ~o 

photoproduction data favor a value of a(O) of about 0.2. The differen-

tial cross section exhibits a dip at t = 0.5, followed by a secondary 

maximum and a turnover near the forward direction, due to the impossi-

bility of pion exchange (C parity violating). This last statement holds 
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true for n° photoproduction also, where, however, no dip at t = 0.5 

is observed and the data are too sparse to make definite statements 

about the validity of the scaling law. Production of both pseudoscalar 

mesons is expected13) to rise again after the turnover in the very for-

ward direction, due to a one photon exchange contribution, usually 

referred to as the Primakoff effect (fig. l.4b). A hint of a forward 

spike is indeed present in the TI
0 data (fig. l.4a). If one takes the 

scaling law seriously, for order of magnitude estimate, one gets from 

the data 

2 dol :::: 100 µb Gev2 
s dt 

t=O 

::: 2 20 µb Gev 

for yp -+ TI
0 p 

for YP -+ n°p. 

For 100 Gev incident photons, this reads (s mass of the 

proton) 

dcr 

dt t=O 
::;: 2 2.5 nb/Gev 

2 
~ 0.5 nb/Gev 

for YP -+ TI
0p 

for yp -+ n°p. 

Decay modes visible in our apparatus have the branching ratios14 ) 

TIO -+ yY "" 100% 

no -+ yy ::;: 38% 

WO -+ 'IToy ::;: 9% 

<P 0 -+ noy ::;: 1.5% 

ljJ 0 -+ e+e- ::: 7% 

Therefore, the magnitude of the forward cross sections our experiment 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

'o 02 04 06 0.8 
2 

-t (GcMcJ 

13 

1.0 1.2 IA 

Figure l.4a. Diebold Plot for Forward Pseudoscalar Photoproduction, 
In particular (o) y p -+ TIOP; (n)yp -+ np. 

p p 
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is sensitive to are respectively (at 100 Gev) 

dcrl ;;;: 700 nb/Gev 2 for 
dt t=O 

YP + YP 

2 
800 nb/Gev for YP + WP 

20 nb/Gev 2 for YP + ¢p 

3.5 nb/Gev 2 for YP + 1jJp 

2.5 nb/Gev 2 for YP + 7T
0P 

0.2 nb/Gev 2 for YP + 11°P 

Elastic scattering and omega production provide us with the largest 

yields. Having its largest radiative decay mode (p 0 + n°y) down to 

0.024% the rho meson, in spite of its large production cross section 

(dcr/dtjt=O:::: 100 µb/Gev2), will be seen in our apparatus only as a (3%) 

background to omega production. Compton scattering is the object of 

another doctoral dissertation. 15) This thesis discusses omega photo-

production of which the next section briefly reviews our experimental 

and theoretical understanding. 

C) Omega Photoproduction 

Vector mesons (p,w,¢, and more recently observed higher states 

p' ,p",1/J,1/J') are photoproduced with large rates. Rho production accounts 

for most (10%) of their total contribution (15 to 20%) to the photon-

nucleon total cross section. Vector meson photoproduction (and Compton 

scattering) all display the characteristic of diffractive scattering. 

Diffractive scattering is usually discussed in terms of two alter-

native pictures. One is Regge exchange models, where the scattering is 

thought to proceed via exchange of a singularity called the Pomeron. 
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The other, reminiscent of wave optics, interprets diffraction as the 

shadow cast by all the inelastic (absorptive) reactions taking place. 

A satisfactory theoretical understanding is lacking. Rather, a set of 

phenomenological rules identifies what we mean by diffraction. These 

rules are5) 

1. An energy independent cross section 

2. A sharp (exponential) forward peak in the differential 

cross section 

3. Mainly imaginary scattering amplitude 

4. Exchange processes characterized by the quantum numbers of 

the vacuum 

5. Change in parity in the scattering following the natural 

spin-parity series P
0 

= (-l)~Jpi' where ~J is the spin 

exchange, P
0 

and P
1 

the intrinsic parities of incoming and 

outgoing particles. 

The cross section for omega photoproduction is plotted versus photon 

energy in fig. 1.5. It rises from threshold (about 1.1 Gev) to about 

7 µb at about 2 Gev and then drops to about 2µb at 5 Gev. A gentle fall-

off continues at least up to 10 Gev. A measurement of omega photoproduc­

tion at Fermilab energy has been recently performed.ll) Quasi-elastic 

events, however, are not isolated by the detection of a recoil proton. 

The inelastic background is estimated and subtracted from the signal. 

Beyond 50 Gev the cross section is consiste~t with a constant value of 

about 1 µb. The contribution of the highest non-leading Regge trajec­

-2 tory (the pion trajectory) falling down approximately like E has by y 

then vanished. 
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The slope of the forward exponential peak is shown versus energy 

-2 in fig. 1. 6. It has a rather constant value of about 7-8 Gev • About 

the same value is measured 5) for Compton scattering and rho photoproduc-

tion. A measurement of the ratio of the real to the imaginary part of 

the forward scattering amplitude is not presently available. A (diffi­

cult) experiment16) has determined it for rho photoproduction. Its 

value is about ~ and it is obtained by studying the asymmetry (under 

exchange of electron and positron) resulting from the interference of the 

real Bethe-Beitler pair production amplitude and the amplitude for rho 

photoproduction, with the rho detected by its leptonic decay mode 

The contribution to the omega photoproduction amplitude from an 

isovector exchange cannot be excluded at the moment by the data comparing 

production on protons and neutrons. It is small for Compton scattering 

and rho production. 5) 

Experiments1
7) with linearly polarized photon beam have shown that 

already at 9.3 Gev the spin parity of the exchange is consistent with 

natural parity exchange dominance. 

The decay w + n°y (1- + 1-0-) of photoproduced omegas is expected 

to exhibit a l+cos2e dependence on the polar angle, 8, of the decay 

products inthe omega c.m. system, if the omega preserves the helicity 

(±1) of the incoming photon. High energy data ll) confirm this obser-

vation (fig. 1.7). 

The vector meson dominance model (VDM) and the quark model provide 

a set of definite predictions to be tested against photoproduction data. 

The VDM statement that the photon is a superposition of vector meson 
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states is expressed by the current-field identitylS) 

J(x) 

2 
m 

\' e v 
l - - V(x) 
v 2 Yv { 

2 2 2 
m m m 

= ~ _Q p(x) +~ w(x) +~ cjl(x) 
2 yp Yw Yep 

+ ... } (1.4} 

The hadronic part of the electromagnetic current J(x) is linked to the 

vector meson fields V(x). Them 's are the masses of the mesons and the 
v 

y 's are dimensionless coupling constants of the electromagnetic current 
v 

to the field V(x). They are. assumed to be independent of the energy and 

mass of the photon. 

Th k d 1 • d • • 19) f h I e quar mo e gives a pre 1ct1on or t e y s. 
v 

Given the quark 

composition of the vector mesons 

p (u~-dd)//2 w < u~+aa) I 12. 

SS cc 

and the quark charges (qu 

parison with (1.4) 

-1/3) we obtain by com-

9:1:2:8. 

Various symmetry breaking schemesZO) alter these ratios to 

9: 0.65 : 1.33 

9: 1.2 : 1 . 

Electron-positron storage ring data provide a direct measurement of the 

y 's. When the square of the total energy in the center of the mass 
v 

(that is the mass q2 > 0 of the virtual photon) is close to the square 

2 
of the mass m of a meson vector, the cross section for 

v 

e+e- -+ hadrons 
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is dominated by the production of that meson. The meson has a decay 

width into lepton pairs related21 ) to the coupling constant by (a = e 2/4n) 

2 
a 4TI f(V + e+e-) = T2 -z mv • 

yv 

The values obtainedS) for they 's from decay width measurements are 
v 

p w 

2 y /4n 
v 

0.64 ± 0.1 4.60 ± 0.5 2.83 ± 0.2 2.9 ± 1.0 ' 

that is, 

= 9 : 1. 25 : 2. 04 : 2. 22 • 

The agreement with the quark model prediction is reasonable for the "old" 

mesons, but the ~ meson misses by about a factor of 4. 

The current-field identity relates the matrix element for reactions 

initiated by photons and vector mesons 

T(yA + B) <BI J(x) I A> 

2 em 
1 l 2yv 2 2 

T(VA + B) • 
v v mv-q 

Figure 1.8 illustrates this relation. The photon virtually transforms 

2 2 into the vector meson; l/m -q is the vector meson propagator. The 
v 

vector meson interacts with the hadronic state IA>. 

2 For real photons (q = 0) 

T(yA + B) l ~ T(VA + B) 
v 2Yv 

For vector meson photoproduction, assuming that V'N + VN transitions 

(fig. l.8c) do not occur (diagonality), one obtains (fig. l.8b) 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

22 

Y to V coupling: em2 /2y v v 

V•p,w,~ •••• 

meson propagator: 1/ Cm! - q
2

) 

B 

Figure 1. 8a. The Vector Meson Dominance Model for Photon-Hadron 
Interactions. 

Figure 1.8b. Vector Meson Photoproduction in the Vector Meson 
Dominance Model. 

Figure l.8c. Non-diagonal Contribution to Vector Meson Photo­
production in the Vector Meson Dominance Model. 
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e T(yN -+ VN) = -2 - T(VN -+ VN) • 
yv 

2 
dcr (yN -+ VN) e dcr (VN -+ VN) 
dt = ~ dt 

yv 

2 
cr (yN -+ VN) = ~ cr (VN -+ VN) 

4 2 yv 

Using the optical theorem one obtains 

d I e
2 

l+n
2 

2 _E. (yN -+ VN) = - -- cr (VN) 
dt t=O 4y2 16n2 T 

v 

(1. S) 

(1.6) 

where n is the ratio of real to the imaginary part of the elastic vector 

meson-nucleon forward scattering amplitude. 

A measurement of forward photoproduction of vector mesons, therefore, 

with some knowledge of crT(VN) (and. of the phase n) provides an indepen­

dent measure~ent of the constants y 's. 
v 

The quark model;9) if we assume that the amplitude for hadron-hadron 

scattering is the sum of the amplitude for scattering of their quark 

constituents and that the forward amplitude is purely imaginary (n = 0) 

predicts 
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and (via optical theorem) 

2 

d<J (pp) ~ do {wp) = l,;~dcr <~+p) + /~~(O~ dt dt dt 

d<J (<j>p) ~~~(K+p) - /~~(K-p) /~~(~-p~ dt 

This implies, if the cross sections are of the form dcr/dt 

b pp b 
Wp 

b + +b 
'IT p ·rr-p 

2 

2 

-bt 
Ae 

From (1.6), using forward vector meson photoproduction data5) 

p w 

2 y /4TI 
v 

0.67 ± .06 5.3 ± 0.9 5.8 ± 0.7 . 

(1.7) 

(1.8) 

The value of y~ is significantly larger than the e+e- result. For omega 

photoproduction, substituting (1.7) and (1.8) into (1.5), one obtains the 

solid curves of fig. 1.5 and fig. 1.6. The slope prediction is consis-

tent with the data over the entire energy range. The total cross section 

+ equals the TI and TI- average at high energy, after the disappearance of 

the one pion exchange contribution d0minant at low energy. 

The total cross section <JT(Vp) can be (indirectly) measured in 

coherent photoproduction on complex nuclei of different A number. Since 

the photoproduced vector meson, above a few Gev, lives long enough to 

traverse the nucleus, <JT(Vp) can be determined by measuring the relative 

yields of vector mesons transmitted through varying path lengths of 
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nuclear matter. The extraction of crT(Vp) involves nuclear optics theory22 ) 

and an estimate of n. Results5) are roughly consistent with quark model 

predictions 

p w 

28 ± 1. 5 mb 25.4 ± 2.7 mb 10-12 mb 
(at 7 Gev) 

3.5 mb 

yielding for they 's the values 
v 

2 y /4rr 
v 

p 

. 61 ± • 03 

(at 17 Gev) 

w 

7.5 ± 1.3 5.5 ± 2.4 

The agreement between the various determinations is only approximate. 

An analogous conclusion is to be made for the so-called Compton sum rule, 

relating elastic photon-proton scattering to the sum of the vector meson 

photoproduction cross sections. p,w,¢ account only for about 80% of the 

total. 5) 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

26 

CHAPTER TWO 

THE EXPERIMENTAL METHOD 

A) The Initial State: The Photon Beam 

The tagged photon beam at Fermilab is the result of a multistage 

process. 400 Gev protons hit a 36 cm long beryllium target to produce 

secondary particles. Non interacting protons and charged secondaries 

are bent away from the forward direction. Neutral secondaries (neutral 

pions, neutral kaons, neutrons) at 0 degrees proceed on. The high A/z2 

ratio of beryllium (atomic number Z = 4 and nuclear number A = 9) maxi­

mizes the yield of photons (from neutral pion decay) with respect to 

photon losses due to electron pair production. A converter downstream 

(high z 2/A materials like lead (A= 207, Z = 82) or copper (A= 64, 

Z = 29) maximize electron pair yield with respect to hadronic inter­

actions of kaons and neutrons) creates electrons and positrons. Posi­

tive particles are magnetically bent away, while a 290 meters long beam 

transport system selects and focuses an electron beam of the desired 

energy. Negatively charged hadrons produced in the converter have 

larger transverse momentum than the electrons from photoproduced pairs 

(typically 300 Mev/c instead of 1 Mev/c) and are substantially rejected 

by tight collimation. In a copper radiator a fraction of the electrons 

will produce bremsstrahlung photons proceeding towards our experimental 

liquid hydrogen target. A system of 3 dipole "C" magnets will deflect 

by a small angle the energetic non radiating electrons into a beam dump 

and the less energetic non radiating ones by larger angles into a system 

of scintillation counters and shower counters (the tagging system) which 
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will measure position and energy of the electron. If the dipole (tag-

ging) magnets are turned off and the copper converter removed, the 

monochromatic electron beam will hit our experimental target. The 

copper radiator thickness is kept small (5% of a radiation length) to 

minimize the number of "bad" tags and "false" tags (Chapter 3A) while 

still providing a sizeable yield of clean tags for our experimentation. 

A schematic view of the photon beam line is given in fig. 2.1. 

B) The Initial State: The Hydrogen Target 

Our target consists of a 75 cm long vessel containing liquid hydro-

gen (about .1 r.l.). Its radius is 1.5 cm to roughly match the beam 

cross section. It is kept small, together with all the target support 

material thicknesses, to reduce the energy loss and multiple scattering 

undergone by recoiling protons before reaching our recoil detector. For 

elastic and quasi-elastic.scattering this amount of material introduces 

a 4-momentum transfer cutoff, t . , above which protons from the center 
min 

of the target will be able to emerge. 75 cm of liquid hydrogen (density 

p = .0743 gr/cm3) gives a yield of about 3 events/photon/barn. 

C) Final State Photon Detection 

A large solid angle electromagnetic shower detector in the forward 

direction measures the 4-momentum of scattered photons (for elastic and 

inelastic Compton events) as well as of photons (and electrons) produced 

in other final states (radiative decay of various mesons). It moves by 

rails toward and from the target, and internally perpendicularly to the 

beam axis. Its acceptance varies with its distance from the target and 

the incident photon energy. We ran with the detector 10 meters and 
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30 meters away from the target and at electronenergies of 80,135,160 Gev. 

It is able to detect showering particles from a few Gev to about 200 Gev. 

It provided us with the crucial task of insuring integrity and stability 

of the pulse height responses of its various components. Its two func-

tions are performed separately. The energy of the showers is measured 

by total absorption in two banks of lead-acrylic plastic sandwiches 

(called the U and the V counters) with pulse height response proportional 

to the energy of the shower. Each bank is segmented in 16 separate units 

to facilitate multiphoton identification. The measurement of the direc-

tion of the showering particle (as well as the separation of neighbour-

ing showers) is accomplished by two orthogonal sets (called the X and the 

Y counters) of 52 low grade scintillator strips a few centimeters wide. 

In each coordinate, the central position of the shower is calculated as 

x 

where p. and x. are the pulse height and the coordinate of the center of 
1 1 

the i-th scintillator strip. Both shower counters and scintillator 

strips are assembled with a central beam hole. Behind the beam hole of 

V counters a beam plug (BP) counter (two successive total absorption 

counters made of lead-radiator sandwiches) absorbs non interacting 

photons and can catch secondary photons produced in interactions 

and heading towards the U/V beam hole. 

A bank of scintillation counters (called the J counters) in front 

of the U counters covers the entire active area of the shower detector 
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and distinguishes between showers initiated by charged and neutral 

particles. 

D) Final State Proton Detection 

The vector velocity S of the recoil proton in elastic and quasi­

elastic two body final states is measured by 8 planes of drift chambers 

and a time-of-flight (TOF) system. The chambers measure the direction of 

S, the TOF system its magnitude. The 8 drift planes are grouped in two 

stacks of 4 each, each plane measuring a different coordinate (x,y,u,v). 

Eight measurements per track facilitate the resolution of the right-left 

ambiguity intrinsic in drift chambers and multiparticle ambiguities. 

The amount of material traversed by the proton is due only to chamber 

windows, gas and, mostly, to the wires themselves. The polar (8) accep­

tance depends on the interaction point in the target, the azimuthal (¢) 

acceptance is limited to 78% due to the support frames of the chambers. 

The time-of-flight is measured in between a (start) counter located in 

front of the tagging system and any of 16 recoil counters surrounding the 

target. The recoil counters also provide pulse height information to 

help proton identification. 

A schematic view of the experimental layout is given in fig. 2.2 

and fig. 2.3. 
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Figure 2.2. Detector Assembly in the Tagged Photon Laboratory 
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CHAPTER THREE 

THE APPARATUS 

The separation in between spills extracted from the Fermilab syn­

chrothron is, at 400 Gev, about 10 sec. The spill has a flat-top about 

1 sec long. The flat-top contains some 100 million buckets 2 nsec long, 

separated by a 19 nsec interval. The proton intensity per spill is 

measured by the reading of a secondary emission monitor (SEM). The 

accelerator control also provides a spill start and a spill stop signal 

to strobe our trigger logic. 

The electron beam intensity as a function of the electron energy 

(for 400 Gev protons) is given in fig. 3.1. The absolute momentum reso­

lution is ±10%, due primarily to uncertainties in power supply regula­

tions of the beam line magnets. The momentum width is about 2%, the 

pion contamination less than 1%, the muon halo 105/pulse/meter2 for a 

typical proton intensity of 3.1012 protons per pulse (ppp) onto our pro­

duction target. The electrons produce in the copper radiator the brems­

strahlung phot11ms (e-N+ e-yN) for our experimentaion. Contamination from 

double bremsstrahlung (e-N + e-yyN), electromagnetic tridents 

(eN + e-e+e-N), electron -electron scattering (e_e_ + e-e-) increases 

with radiator thickness. Negative pion can interact hadronically in 

the radiator. Double bremsstrahlung induces bad tags, that is tags 

where the photon energy information is incorrect. The other processes 

cause false tags, i.e., a tag occurrence with no photon having been 
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Figure 3 .1. ELECTRON YIELDS 

'O, 
............. 

~-- ..... 
'o ..... o ......... 

..... 

100 

.......... 0 
' ..... ,, ..... _ 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

'o 
\ 
6 

\ 

. 

\ 
\ 
\ 
\ 
\ 
\ 

200 

\ 
\ 
\ 
\ 

ELECTRON ENERGY 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
0 
. 

300 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

35 

produced. The magnetic separation of charged particles begins 1 meter 

downstream of the radiator. Non-interacting electrons hit the beam dump 

counter n1 located inside the beam dump hole (fig. 3.2). The dump 

counter n2 covers the region between the dump and the tagging system. 

Both counters provide a logic signal. Energetic radiating electrons 

(and energetic negative pions) are bent into the tagging system. Lower 

energy positive particles are detected by the veto counters ("anti" 

counters) A
3

, A
4

, A6 , A
7

, A
8

, A9 , ~o· Lower energy negative particles 

hit the anti counters A2 and A5 . A
1 

is not used in our experiment. All 

just upstream of the hydrogen target vetoes wide angle bremsstrahlung 

photons converted in a 4.4 cm thick lead block. 

A large bank (3 x 3 m2) of 6 "µ" scintillation counters with a 

central hole for the beam pipe detects muons 

The logic sum A = µ + n1 + n2 + ~iAi (µ = 

issue of a valid tag from the tagging system. 

and other halo particles. 
6 
Lµi) will inhibit the 
1 

n
1 

and n2 are used to veto tags accompanied by a second electron in 

the same bucket. The stability of the current level in the n1 phototube 

monitors continuously on a visual display the quality of the spill. 

Shape and position of the beam is monitored several times along the 

beam line by sets of two orthogonal planes of segmented wire ionization 

chambers (SWIC's). In particular SWIC 440 monitors the electron beam 

just upstream of the radiator. Insertion of a lead sheet in front of 

SWIG 441 allows periodic monitoring of the photon beam just upstream of 

the liquid hydrogen target. 

An additional veto counter (VC) with a circular beam hole of 

smaller radius (1.5 cm) than A11 (3 cm) is necessary in our own trigger 
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logic due to the small radius of our target (1.5 cm) to veto photon 

interactions upstream of the target. The shape of the photon beam at 

the target is roughly elliptical around the beam axis with about 90% of 

the beam within ±2.2 cm horizontally and ±2.0 cm vertically. 

A helium filled bag 10 meters long follows the target (when running 

with the forward detector in the far position (30 meters)) in order to 

reduce photon interactions in air and early development of showers from 

photons scattered in the target. Beyond the hole in the forward detector 

the beam is monitored again by SWIC 442 (with a permanent lead mask in 

front) before being absorbed in the beam plug counters. (Their total 

depth of 28 r.l. insure full containment of the showers.) The first 

counter is a lead-plastic sandwich, the second a lead-scintillator sand­

wich. The task of this counter (providing a logic signal, a latch and 

a pulse height response) is to catch secondary photons hitting the beam 

hole and to identify bad tags. It was also to provide a running calibra­

tion of the tagging system and an estimate of the number of false tags. 

At high rates (more than a million photons/sec if we include the large 

yield of non-tagged photons) the counters performance .(counting effi­

ciency and pulse height response) deteriorate badly. This poses severe 

problems to our experiment. 

B) The Tagging System 

Nineteen meters downstream of the radiator, the electrons that have 

radiated away less than 45% of their energy are recorded by the dump 

counters D1 or D2 • The energy and the momentum of the electrons retain­

ing from 5% to 55% of the electron beam energy (~) are measured in the 
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tagging system to provide the energy of the radiated photons in the 

range .45 Eb to .95 ~where Eb is the electron beam energy. The tagging 

system consists of 13 scintillation counters H. (i = 1,13) in front of 
1. 

a bank of 13 total absorption shower counters L. (i = 1,13). The inde-
1. 

pendent measurement of the electron momentum from the H counter latches 

and of the electron energy from the L counter pulse height allows 

hadrons and muons to be rejected. The shower counters 1
3 

through 1
13 

are lead glass blocks viewed from the back by low gain phototubes. L
1 

and 1 2 absorb the high intensity, high energy part of the electron spectrum. 

To avoid problems induced by changes in optical properties from radiation 

damage in the lead glass, they are made of 20 layers of lead and lucite 

viewed from the side. 

Each 1 counter provides a logic signal Li, is latched and pulse-

height analyzed. The 13 hodoscope counters are positioned to partially 

overlap in pairs to form 2 x 13 - 1 = 25 tagging channels. The overlap 

of Hi and Hi+l shadows the center region of shower counter Li (fig. 3.3). 

The H counter's vertical size defines the vertical acceptance of the 

tagging system so that showers initiated near the upper and lower edges 

of the 1 counters (with consequent loss of shower energy) are not tagged. 

Each of the counters provides a logic signal and is latched. A valid 

tag requires the coincidence between a shower counter and the matching 

elements of the hodoscope. If T' is the logical OR of all these ·possible 

coincidences 
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then the tag is generated as 

where A was defined in section A), L
1 

is used as veto (its high rate due 

to low energy photons would otherwise dominate the experiment) and LD is 

a delayed logical OR of all L counters used to veto tags following a tag 

in the previous bucket. The very short separation in between buckets 

(20 nsec) requires this precaution. The bremsstrahlung spectrum of 

tagged photons is shown in fig. 5.lb for an electron beam of 135 Gev/c, 

where the bulk of our data was taken. The yield is about 2.105 tags/spill 

12 for 3.10 ppp on the beryllium target. The resolution in the energy 

measurement from the tagging system is of the order of 2% for the highest 

energy electrons. 

C) The Shower Counters 

The total absorption shower counters perform the measurement of the 

shower energy. The requirements of large solid angle, high resolution 

and large dynamic range dictated the design. Two sets of 16 shower 

counters, the U counters and V counters, are assembled around the beam 

hole in the geometry of fig. 3.4. The U counters are in front of the 

V counters. 2 Each counter has an area of 72 x 18 cm . The central hole 

2 
for both U's and V's is 8 x 8 cm to contain the beam and prevent the 

large electromagnetic yield from the photon conversions in the target 

(Bethe-Reitler pairs have a cross section of about 20 millibarns, some 

180 times bigger than the total hadronic cross section of 115 micro-

barns) from triggering the apparatus. Each of 32 (16 U and 16 V) 
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Figure 3.4. SHOWER SPECTROMETER LAYOUT 
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shower counters is a sandwich of lead converter sheets (~" thick, about 

1.1 r.l.) and UVT acrylic plastic radiator (plexiglas) fingers, viewed 

siG'eways by a common 5", 10 stage phototube (RCA 4525). The number of 

lead e~~ets and plexiglas fingers are respectively 8 (9 r.l.) and 7 for 

the U counters and 9 (10 r.l.) and 10 for the V counters (fig. 3.5). 

The light produced in the plexiglas is of the Cerenkov type, peaked in 

the ultraviolet with a l/A spectrum, but the plastic itself has a sharp 

transmission cutoff at A = 300 nmeters. Good energy resolution demands 

forced the use of tubes with bialkali photocathodes (with highest quantum 

efficiency around 300 nmeters and light pipes (designed by Montecarlo 

studies) avoiding severe reflection angles. The average collection effi­

ciency is 10% for the best (central) fingers, somewhat worse for the outer 

strips because of steeper light pipe bends onto the phototube face. 

Montecarlo studies of the relative merits of parallel and perpendi­

cular orientation of the V counters with respect to the U counters showed 

that multishower ambiguity resolution is not greatly helped by the 

perpendicular orientation. The parallel configuration was chosen to 

simplify the task of the shower reconstruction. The dimensions of the 

detector (overall size about 150 x 150 cm2) are such that the maximum 

4-momentum transfer for the detection of photons elastically scattered 

is well above 1 (Gev/c) 2 for the lowest photon energies with the detec­

tor at the farthest distance. The design intended to provide a sizeable 

acceptance for (deeply) inelastically scattered photons up to a few Gev 

in transverse momentum. 

The entire forward detector assembly (including the X and Y hodo­

scopes is movable sideways on top of the cart that moves parallel to 
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the beam. Higher acceptance for large transverse momentum photons is 

therefore possible. In this configuration the beam hits counters u13 and 

v
13

; this turned out very useful for periodic calibration of the shower 

counters and the tagging system. 

Pulses from the 32 U and V counters (typically 30 picocoulombs for 

a 50 Gev shower) are linearly fanned together to generate three analog 

signals U = ~.U., V = ~ V and F = U + V. The 32 counters are indivi-
1 1 i i 

dually pulse height analyzed by 10 bit linear ADC's with a sensitivity 

of ~ picocoulomb/count. 

The pulse height response of the U + V banks is linear (fig. 3.6d) 

in the shower energy range from 15 to 185 Gev with a slope of 6.01 ADC 

counts/Gev. Because of the large fluctuations in the initial photon 

conversion point and in the longitudinal development of the shower, the 

resolution of the U and V banks individually is rather poor (figs. 3.6a, 

3.6b). The U + V resolution is dramatically better (18%//E), i.e., about 

2% at 100 Gev (fig. 3.6c). Attenuation corrections are rather flat along 

most of the length of the counters, to become steep only very close to 

the phototubes for a maximal correction of 30%. This is a purely geo-

metrical effect and concerns only the less populated end of the counter. 

The longitudinal shower development is deeper into the counters only 

with weak (logarithmic) dependence on the showers energies. Only 3% 

of a 200 Gev shower leaks in the back of the V counters. Electron 

initiated showers typically begin 1 r.l. earlier than photons and 

exhibit larger U/V ratios. Hadronic showers, on the other end, often 

start developing well inside the counters and have large V/U ratios. 
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D) The X-Y Hodoscope. Photon Localization and Separation 

The X and Y hodoscopes (fig. 3.7) perform two important functions. 

They measure the x and y coordinates of each shower and provide neigh-

bouring shower separation. This is often impossible in the coarsely 

segmented U and V counters, even for well-separated showers. Coalescing 

showers have to be resolved, too, in particular to separate single pho-

tons from close photon pairs from decay of (energetic) neutral pions. 

The minimum, and most probable, photons' opening angle is 

8 ~ 2m o/E o • 
'IT 'IT 

In the 30 meters position, this gives a separation of about 7.5 cm for 

100 Gev neutral pions. The spatial-resolution in the two planes and 

consequently the mass resolution for neutral pion identification im-

prove for smaller strip widths. The large lateral shower fluctuations, 

however, make unprofitable strip widths much smaller than a few cm. 

The poor sampling thickness (l") of the strips and the longitudinal 

shower fluctuations make their energy resolution poor, but often 

adequate for resolution of ambituities. 

Lower energy tests performed at SLAC determined experimentally that 

the longitudinal positions of the X and Y arrays in the forward detec-

tor that optimized position resolution is slightly beyond shower maxi-

mum. The hodoscope sits in between the U and V counters. Its location 

is optimal for showers of energies of about 15-20 Gev. The air gaps 

(needed for mechanical assembly) turned out to be responsible for sig-

nificant lateral spread of the showers. It was for us impractical to 

reduce them. The X and Y strips make respectively 0 and 90 degree 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

48 

Figure 3.7 X and Y Hodoscope 
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angles with the U and V counters. Monte~~rlo studies showed that even 

a 45 degree rotation would induce only 4% improvement in ambiguity 

resolution. The X hodoscope on each side of the 8 x 8 cm2 beam hole 

consists of 24 3cm wide, 158 cm long, low grade scintillator strips 

(Rohaglass 1921). The central 8 cm containing the beam hole have 2 sets 

of 4 2 cm wide, 92 cm long strips above and below the beam hole 

(fig. 3.7 ). The same design, in the orthogonal dimension, was used 

for the Y strips. Each hodoscope has therefore 2 x (24+4) = 56 strips. 

1.5" phototubes (RCA 4157) with bialkali photocathodes are attached to 

alternate edges of the scintillator strips, coupled to them by plexi­

glas blocks. Scintillators are used (instead of Cerenkov radiators) in 

order to obtain enough light from a thin sampling device. 

The 112 analog signals Xi and Yi are pulse height analyzed by 8 bit 

bilinear ADC's (LRS 2248) with 2 slopes of ~and 1 picocoulomb/count 

respectively. The bilinearity increases the dynamic range at the 

expense of precision. A few of the X and Y counters produce logic 

signals for the construction of special (monitor) triggers. The energy 

resolution of each hodoscope plane is 140%//E (fig. 3.8). The resolution 

of multi-showering ambiguities in pairing clusters from the two sets of 

strips uses this moderately precise energy information. The pulse 

height response is approximatively linear with energy. Attenuation 

corrections vary up to a factor of two along the strip length. 

Experimentally, showers in the hodoscopes deposit most of their 

energy in a few central strips with tails extending over quite a few 

strips, with significant contribution from the spread in the air gaps. 

A typical shower extends over a total of 9 strips, with a fwhm of about 
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10 cm. Energy depenaence of transverse shower dimension is small. 

Position resolution is 2.6 mm in each coordinate for 135 Gev showers. 

E) The Recoil Chambers 

Four quadrants of drift chambers, each containing two modules of 

4 drift planes, surround the target (fig. 3.9) to measure the track para­

meters of recoil protons from two body final states. Drift chambers, 

with a long drift cell (4 cm), are used to reduce cost per unit area 

in the low rate, low multiplicity environment of the recoil system. 

The 4 planes in each module have wires strung at different angles with 

respect to the beam line (90,0,72,108 degrees). A straight track in 

space is identified by four parameters. Eight planes of chambers in 

each quadrant provide useful redundancy against ambiguities (fig. 3.10). 

The active area of the drift planes is 48 x 80 cm2 for the ones in the 

smaller module closer to the beam and 90 x 96 cm2 for the ones in the 

larger module. Interplane separation within a module is about 2 cm. 

The modules in a quadrant are separated by about 25 cm. Chamber support 

frames reduce the azimuthal (¢) acceptance to 78%. The 8 (polar angle) 

acceptance for interaction at the upstream edge of the target is about 

45° ~ 8 ~ 90° (fig. 3.11). A typical drift cell is shown in fig. 3.12. 

Amplification ("sense") wires, made of gold-plated tungsten, have a 

20 micron radius and are 8 cm apart. Halfway in between them a thicker 

(125 micron radius) copper-beryllium "field" wire separates neighbouring 

cells. Cathode planes are also made of these copper beryllium wires. 

They are 2 mm apart. These "field-shaping" wires are at uniformly de­

creasing negative electrical potentials from the edge (-4.9 kV) of the 
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Figure 3.9. Recoil Detector Assembly - Front View 
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Figure 3.10. Left-Right Ambiguity on the Eight Drift Chambers 
Planes in a Quadrant. Track Identification 
Involves a Choice Among 28 = 256 Combinations. 
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Figure 3 .12. Typical Drift Cel I 
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cell to its center (O kV). "Field" wires are held at the largest nega­

tive potential (-4.9 kV). The electric field in the cell is therefore 

uniform to a good approximation until the drifting electrons approach 

the "sense" wire, held at positive potential (2.4 kV). The constant 

value of the electric field is E = 1.25 kV/cm. The gas filling the 

chamber is pure ethylene, with nearly constant ("saturated") drift 

velocity of 50 microns/nsec around that value of E. Constancy of E and 

saturation will insure a linear relation in between particle hit distance 

from the wire and measured drift time. 

Pulses from the sense wires travel on coaxial cables to a receivet­

amplif ier-shaper circuit a few meters away from the chambers. The time 

in between a drift pulse (start) and the (delayed) event trigger (connnon 

stop) is digitized by a TDC designed at Fermilab. Only one drift pulse 

(the one with the longest drift time) is recorded in case of multiple hits 

on a wire. Only non-zero CAMAC words are read out from the TDC. 

The entire recoil cart (supporting the chambers and the recoil 

scintillating counters) is enclosed by a metallic environmental housing 

also acting as electrical shield. The chambers operated for a year with 

very few broken wires replaced during beam-off time. 

The intrinsic resolution of the chambers and the associated elec­

tronics was measured to be about 200 microns. The mechanical tolerances 

in the construction of the chambers are worse than that and dominate the 

error per plane on reconstructed tracks (700 microns). The corresponding 

error on the 4-momentum transfer, t, of recoil protons is plotted vs. t 

in fig. 3.13. Its order of magnitude is still below the one resulting 
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from the multiple scattering of the slowly recoiling protons, at least 

for the (most populated) low t region. 

F) The Time-Of-Flight Recoil Counters 

The time-of-flight recoil counter system measures the magnitude of 

the velocity vector of the recoil protons and provides also a dE/dx 

measurement. Sixteen scintillation counters (NEllO), ~"thick, with 

2 active area 150 x 40 cm each, surround the target and the recoil 

chambers (figs. 3.9 and 3.11) in a cylindrical array about 1 meter away 

from the target. They are viewed by one phototube on each side. Light 

pipes are trapezoidal (fish tail) to optimize time resolution (at par-

tial expense of light collection efficiency). The time-of-flight system 

is completed by a long counter, also viewed by two phototubes. This 

counter, the start counte4,is positioned in front of the tagging system 

hodoscope bank (H counters, fig. 3.3). 

A trigger from our apparatus for a two-body photoproduction event 

will be accompanied by a pulse from the radiating electron in the start 

counter and by a pulse from the recoil counter hit by the proton. Time 

digitizers measure the time interval in between each of these two pulses 

and the trigger. The difference of these two times, if the origin and 

the direction of the proton are known from the drift chambers, will mea-

sure its velocity. Note that the time jitter of our trigger (its timing 

is set by the tag signal, with an intrinsicjitterof about 2 nsec) is 

present in both measurements and cancels out in the difference. 

A B Each counter produces two logic levels (Ri and Ri for i = 1,16 and 

SA and SB for the start counter) from each phototube (dynodes). A 
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recoil logic level R = L.Ri = L.(R~ • R~) and a start logic level are 
1 1 1 1 

generated. All pulses are latched and scaled. Two anode pulses from 

each tube go respectively to an ADC for dE/dx measurement and (after a 

discriminator) to a TDC (LRS 2228) for the time measurement. The TDC's 

have 10 bits, with resolution of about 100 psec/count. 

In order to significantly reduce the time slewing induced by the 

rather large range of pulse heights (energy deposition) from recoiling 

protons in the R counters, we used constant fraction discriminators to 

discriminate the anode pulses that go to the TDC's. 

The resolution of the time-of-flight system was about 500 psec. 

Drift chambers and time-of-flight system together provide excellent 

rejection of the (mostly diffractive) N* production. This is the most 

copious background to the elastic and quasi-elastic channels. 

G) Forward Charged Particle Detectors 

The detection of forward charged particles is crude. A counter, 

2 immediately downstream of the target (20 x 20 cm ) ~" thick, with a 

3 cm radius circular hole safely shadowing the forward detector active 

area in the 30 meters configuration) latches events with charged par-

ticles at relatively large angles that do not hit the forward detector. 

It will be referred to as the C counter. Next along the beam line a 

single module of 4 drift chambers follows, identical to the small 

modules of chambers in the recoil detector. Because of its long memory 

time (about 1 microsec) and the very large rate at very small angles 

of Bethe-Reitler pairs produced in the target, the wires sensitive to 

the beam on each drift plane are constantly on and are not useful. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

60 

The separation in the iorward detector of showers induced by neutral (y) 

and charged (e+,e-) particles is entrusted to a bank of scintillation 

counters located upstream of the shower bank (J counters). Eight counters, 

in the arrangement of fig. 3.14, with a central square beam hole, entirely 

shadow the forward detector and latch charged particles hitting them. We 

ran initially with the counter bank right in front of the U counters and 

found the rates to be prohibitive. A large contribution was probably due 

to backsplash from the shower counters. Rates were substantially reduced 

by moving the J bank 10 meters upstream. 

Early conversion of photons in air, upstream of the detector, how­

ever, reduce its usefulness. 

H) Monitors 

The energy-pulse height responses (gains) of the counters in the for­

ward detector and the tagging system were periodically measured during 

special calibration runs. In addition, data from several monitoring sys­

tems were routinely taken in the course of the experiment to check (and 

leave a record of) the integrity and stability of these gains. Special 

monitor runs were also frequently performed. 

The high voltages on counters and drift chambers were continuously 

scanned, read into the computer, checked against nominal values and 

written to tape thanks to a CAMAC digital voltmeter system. If there 

were discrepancies, the system would issue warnings. Two voltage levels 

proportional to the currents in the magnets defining the electron beam 

energy and the tagged photon energy window, as well as two proportional 

to the temperature and pressure in the LH2 target were also collected. 

Very rarely adjustments were needed. 
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The gains of the U and V shower counters have to be known within 2%. 

Three types of monitor "events" generating reference "spectral lines" in 

the dynamic range of the counter can trigger the data acquisition system. 

Redundancy is necessary, none of the monitors being perfectly stable. 

The counters' response to minimum ionizing particles is monitored 

by accumulating spectra from the beam halo muons. The light emitted by 

Na-I crystals (5.64 Mev a particles from Americium sources imbedded in 

the crystals range out inside them) mounted on the face of the phototubes 

monitor the response in the region of 40 Gev showers. Phototubes respond 

also to the light emitted (in controllable amount) by bright light­

emitting-diodes (LED's) and transported by optical fiber bundles to the 

face of the counters light-pipes. The LED system tests the short term 

drifts in the gains of the phototubes and the transparency of the optical 

couplings. LED data are taken both in and out of beam spill. Fast tests 

of integrity, linearity, saturation and rate studies on selectable coun­

ters are possible. LED lines have 2% fwhrn in the ADC's. 

Spectra from Americium disintegrations are accumulated for 100 milli­

sec at the end of the beam spill. Part of the pulse (about 20 mV) in 

the firing counter is split and amplified to generate a trigger. The ADC 

line is about 2% fwhm. 

Spectra from halo muons are taken at low rate during spill and at 

higher rate in special muon runs. They provide absolute energy calibra­

tion (500 Mev equivalent showers, before amplification) and test the, 

counter integrity. The muon "line" (40% fwhm) is poor because of the low 

photoelectron statistics and the amplifier fluctuations. Sixteen special 

coincidences in between 2 Y hodoscope strips and 8 X hodoscope strips 
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2 select muons in very localized areas .(3 x 3 cm ) of the U and V counters 

active surface (fig. 3.15). U and V pulses from muon triggers are am-

plified and read in from an independent set of ADC's. 

The gains of the X and Y scintillator strips have to be known at the 

15% level. They are monitored by a less redundant system consisting of 

LED's and fiber optic bundles on every counter and of americium sources 

on every eighth counter. Narrow LED "lines" are accumulated in and out 

of spill. Americium triggers are taken at the end of the spill. The 

Americium sources are imbedded in scintillators. 

Line width in the X and Y ADC's is 40% fwhm. 

The time-of-flight and the start counter are also equipped with 

LED's shining light into the scintillator half way in between the two 

phototubes. A short light pulse of fast risetime on the LED provides a 

500 psec fwhm line in the TDC spectra. LED pulse height spectra are also 

taken. They give a broad line at about the pulse height of a minimum 

ionizing particle in the counters. 

From the readings of all the ADC channels in our system, a pedestal 

has to be subtracted. Pedestals, due to a small background current in 

the circuitry integrated over the duration of the gate, are typically 

about 20 ADC counts. Pedestals' values are learned (and monitored) from 

special pedestal "events, 11 when an asyncronous pulser triggers data 

acquisition and gates on the ADC's. 
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Figure 3.15. Choice of X and Y Hodoscope Strips Relevant 
for the Muon Monitor Trigger. 
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CHAPTER FOUR 

DATATAKING PROCEDURE 

A) Trigger Logic 

Two logic signals, originating at the accelerator control station, 

signal the beginning (spill start) and the end (spill stop) of the beam 

spill and time our trigger logic and data acquisition. They start and 

stop, respectively, a gate generator, providing a beam gate logic 

level (BG). 

The occurrence of a valid tag in the tagging system is signaled by 

a tag signal (T). This pulse is made very short (6 nsec) and sets the 

timing of our real event trigger. The halo muon counter bank provides 

a µ trigger. Part of the beam plug counters pulses are fanned together 

and discriminated to make a beam plug trigger (BP). Similarly, part of 

the pulses from the U and V counters are fanned together to provide the 

two linear sums U = L.U. and V 
1 1 

linearly to give the signal F 

E.V.. U and V are again summed 
1 1 

U + V. F is discriminated to provide 

the forward trigger FH (F high). U and V are also amplified to provide 

UA and VA' in turn linearly fanned together to provide FA. UA is dis­

criminated to provide a UH (U high) trigger. FA goes through a window 

discriminator consistent with the pulse height range due to an americium 

disintegration in any of the 32 Na-I crystals on the counters'phototubes. 

An U-V americium trigger (UVAM) is generated. A normal discriminator on 

FA provides a FAR trigger. 

Pulses from the X and Y strips equipped with americium sources are 

fanned together, amplified and window discriminated to provide the 
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hodoscope americium trigger (XYAM). Pulses from X and Y strips rele-

vant for the accumulation of halo muon spectra are separately fanned to-

gether to provide two muon triggers (X , Y ). µ µ 

The logical or of the 16 coincidences of the logic levels R~, R~ 
1. 1. 

A B from each recoil counter provide a recoil trigger R = r .. R. = }:i(R. • Ri). 
l. 1 1. 

These logic levels and combinations of them provide the following 8 

triggers for data acquisition. 

1. 

2. 

3. 

Spill start trigger 

Spill stop trigger 

Real event trigger BG•T•F • U • VC 
H H (fig. 4.1) requiring 

beam gate, a tag, a sizeable amount of energy in the forward 

detector, a sizeable amount of energy in the U counters and 

the veto counter VC not to be on. The FH threshold is 

about 20% of the electron beam energy. The UH threshold 

is equivalent to 3 Gev showers and helps to discriminate 

against hadron-induced showers, which typically develop 

rather late in the forward detector. 

4. U/V americium trigger UVAM•(spillstop) normally enabled 

100 millisec after the end of spill. 

5. U/V muon trigger X •Y •BG•FAH. This trigger had a variable µ µ 

dead time built in to limit the numbers of muon triggers to 

a few per spll during routine running. 

6. X/Y americium trigger XYAM•(spill stop)•FAH also normally 

active only during .1 sec after end of spill. The FAH re­

quirement in the last two triggers insures the absence of 

showers (= large pulse height) in the U/V counters. 
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Figure 4.1. Simplified Event Trigger Logic 
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7. Pedestal trigger, generated by an asynchronous pulser 

triggering data acquisition at random times in and out of 

beam spill. 

8. LED trigger, consisting of the OR of 3 (U/V, X/Y, recoil) LED 

triggers, generated by the pulser driving the LED system. 

LED data are routinely taken in spill and out of spill. 

The rate of data acquisition and the pattern of shining LED's 

is controlled by the on-line monitoring program, when not 

manually overridden. 

These eight triggers are fanned together to generate the master trigger 

of the experiment (fig. 4.2). 

Our event trigger is sensitive to a large fraction of the total 

photon-proton cross sectional (115 microbarn). Relevant exceptions are 

some important diffractive final states, like yp + ·pp. A recoil trigger 

BG•T•R•VC, sensitive to these events, was originally meant to compete with 

trigger 3. for computer attention. It had to be abandoned because of 

prohibitively high rates in the R counters, due to very high delta ray 

production by electron pairs produced in the target. The bad performance 

of the beam plug counters prevented their reliable use as veto in this 

trigger. More manageable rates would be achieved by this requirement of 

a non purely electromagnetic interaction. A T•BP trigger had to be 

modified for the same reason. It was to trigger data acquisition for 

the running time on-line monitoring of the gains of lead glass blocks in 

the tagging system. Periodic calibration runs with the forward detector 

moved sideways (with the beam hitting it) were taken instead. One T•BP 

event per spill was still taken from the first tag of each spill, so 
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Figure 4.2. Master Trigger Fan-In and Computer Busy-Done Logic 

: 

PRIORITY INTERRUPT STROBE -

SPILL START 

~PILL STOP \ STROBED 

C:H'AI EVS: NT 
, START 

COMPUTER 

UV AME~ICIUM COINClDENCE 
- BUSY-DONE .. STOP -

GATE -
UV MUON. 

XY AMERICIUM 
PE OE STAL I 
LFn I OUT 

_ BUSY 
OUT -

• MASTER 
TRIGGER 
FAN•IN TO TOF TDC START 

OCH TDC STOP 
AOC GATE.S -

r 

... 
' 

.~ ' ' 

' ' I I 
1121314151617•8 

... .1....1....L...L...L..J...l_ 

CAM AC 
PRIORITY 

-

INT~RRUPT 

MASTER 

CONTROLLER 

CA MAC 
OUTPUT 

REGISTER 

CA MAC 
TDC 

AOC 
SCALER 

UNITS 

--
NOV 

0\ 
\0 

TO 
A 81'1 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

70 

that the BP rate problems would not affect it. These events monitor 

the shape of the incident photon spectrum. 

B) CAMAC System 

The data acquisition program associates to each trigger a command 

list of CAMAC units to be read out for that trigger. The CAMAC system 

consists of three different interfaces: 

1. A system crate organized CAMAC system containing seven crates, 

each equipped with its own crate controller. These are daisy­

chained together with a branch highway going into a master 

controller that talks to the computer. The crates contain 

ADC units, TDC units, latches and scalers. The scalers count 

rates on various components of our detection system and the 

various partial and main triggers. This interface contains 

also a (strobed) priority interrupt CAMAC unit continuously 

interrogated by the data acquisition program and an output 

register CAMAC unit providing the computer "done,, 

level to our master trigger logic (fig. 4.2). 

2. A ninth CAMAC crate independent from the previous ones, with 

its own controller, talking to the computer. It contains the 

CAMAC input and output registers used by the monitor program 

to activate different special runs (pedestals runs, LED tests, 

etc.) with software selectable patterns. 

3. A DVM unit CAMAC interface allowing the readings of the DVM's 

to be read in by the data acquisition system. 
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C) Computer Configuration 

The heart of the data acquisition system is a DGC Nova 840 mini­

computer (fig. 4.3) system with 48K 16 bit words of main frame memory. 

256K words of fast outboard memory, a moving head disk, two tape drives, 

a teletype, a line printer and a storage scope for graphic display are 

attached to the computer, together with the three CAMAC interfaces. 

The Nova operation system (RDOS) is continuously running. A hard­

ware partitioning of memory allows two programs to run simultaneously 

and independently of each other. Both the foreground (data acquisition) 

and background (monitoring and pre-analysis) programs in the two areas 

of memory consist of several tasks (independent sequences of instructions) 

running asynchronously and competing for CPU time. RDOS supervises all 

input-output, foreground-background environment and task scheduling. One 

(PI) of the two (ALADIN and PI) tasks composing the background program is 

simply a continuous loop interrogating the teletype for operator's com­

mands. Commands can be given to PI to turn on and off the datataking pro­

gram (JINN!) in the foreground area of memory. PI can also activate and 

deactivate individual monitoring-control functions and/or preanalysis 

subsets in the other background task (ALADIN). 

D) Foreground Program. Data Acquisition 

All the eight main triggers of the experiment, fanned together into 

the master trigger fan-in (fig. 4.2) are also sent to individual bits of 

the CAMAC priority interrupt unit. The output of the fan-in is gated by 

the computer "done" level and used to strobe the priority interrupt unit, 

set busy the computer "done-busy" gate generator and provide gates 
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(ADC's and latches), start pulses (TOF TDC's) and stop pulses (drift 

chamber TDC's). When JINN! completes the processing of a trigger, the 

CAMAC output register resets the computer "done-busy" gate generator and 

gates on the master trigger fan-in. 

JINN! main task consists of a 3-phase repetitive loop. The start 

of phase one is signaled by a spill start trigger interrupt. During this 

in-spill phase, JINN! will acknowl~dge interrupts, read CAMAC according 

to the command list of the interrupt, fill memory buffers with event 

records, store full buffers into the fast outboard memory. A spill stop 

trigger will signal the start of the second (end-of-spill) phase. Data 

are retrieved from the outboard memory and written to tape by the slow 

tape drives. Once data are on tape, the third (out-of-spill) phase will 

suspend. JINNI's operation. Particular care is taken so that, if the com­

puter is busy upon arrival of a spill start or spill stop trigger, the 

trigger state will be held until the computer is free and the interrupt 

can be processed. 

Spill start and stop triggers have special CAMAC read-out lists. 

The scaler information will be read and stored. The difference in be­

tween spill stop and spill start time readings of the scalers gives rates 

per spill for the various scaled quantities. There are free running 

scalers, scalers gated on by the beam gate and scalers gated on by both 

computer "done" and beam gates. Some scalers are reset every spill, 

others are accumulated over a tape. The number of tags counted by a 

computer gated scaler, in particular, is used for normalization. We 

estimate our computer dead time to be in the average of the order of 

20%, mostly due to the time for data transfer from CAMAC to memory. 
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E) Background Program 

The monitor-control-preanalysis background task (ALADIN), when 

executing, is in a continous loop reading one event record from JINNI's 

disk storage area and calling a series of routines performing pre­

analysis and control functions, and supervising equipment diagnostic 

runs (started by means of issuing commands to the apparatus via the 

second CAMAC interface). The subset of the pool of routines operational 

at any given time is selected by issuing appropriate teletype commands 

to PI. Different operations can be performed on event records from 

different triggers. Hit frequency histograms are routinely accumulated 

for various elements of our apparatus (individual counters, drift wires, 

etc.) together with pulse height or time spectra. Averages of spectra 

are checked periodically against nominal values (with specified toler­

ances). Warnings are issued when inconsistencies are found. Disagree­

ment of DVM readings with nominal values will also issue a warning. 

Raw on-line event reconstruction can be performed for a subsample of the 

triggers. This preliminary reconstruction is displayed on the storage 

scope. Special pre-analysis routines are written and brought into exe­

cution at different times during the experiment. 
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CHAPTER FIVE 

THE DATA SAMPLE 

The set-up of the experiment in the tagged photon laboratory began 

in the late sunnner of 1977. Most of the effort at the time went into 

understanding the apparatus performance. In particular, we performed a 

first careful calibration of the pulse height responses of all the coun­

ters in the forward shower detector. A small preliminary sample of data 

was collected at the end of this (low-intensity) beam period. 

Late in May, 1978, we started the first of two datataking periods._ 

We repeated the calibration of the forward detector and then collected 

the following data samples with the forward detector in the 30 meter 

position. 

1) About 750 thousand T•FH•UH•VC triggers with a primary electron 

beam momentum of 160 Gev/C. Photons from about 70 to about 

150 Gev were tagged. 

2) About one and a half million T•FH•UH•VC triggers with a 

primary electron beam momentum of 135 Gev/C. Photons from 

about 60 to about 130 Gev were tagged. 

Just before the end of the period we moved the forward detector upstream 

to the 10 meter position. A third sample of data was collected, consist­

ing of 

3) About 50 thousand T•FH•UH•VC triggers with a primary electron 

beam momentum of 135 Gev/C. 

A failure in the primary target box (the beryllium target) in our beam 
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line obliged us to a prolonged shut-down. The target box was rebuilt and 

late in October we started the last datataking period. The forward detec­

tor still being in the 10 meter position, we performed a briefer set of 

calibration runs for the forward detector and proceeded to collect 

4) About 500 thousand T•FH•UH•VC triggers with a primary electron 

beam momentum of 135 Gev/C. 

5) About 350 thousand T•FH•UH•VC triggers with a primary electron 

beam momentum of 80 Gev/C. Photons from about 35 to about 

70 Gev were tagged. 

We finally moved the forward detector back to the 30 meter position and 

completed our running by collecting 

6) About one million T•FH•UH•VC triggers with primary electron 

beam momentum of 135 Gev/C. 

About 65 thousand triggers were taken with an empty target over the 

entire duration of the experiment. 

During routine datataking, seven additional triggers were operative. 

Data accumulation caused from these interrupts was continuously moni­

toring integrity and performance of the various components of the appa­

ratus. 

We will now briefly outline four types of runs with special triggers 

which we performed at various times in the course of the experiment. 

B) Forward Detector Calibration Runs 

These runs were taken at the beginning of each of the three data­

taking priods. The full calibration consisted of several steps. We 

used a 30 Gev/C electron beam during most of it. 
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A small magnet was installed just downstream of the target. The 

magnetic field could be adjusted and/or the magnet itself could be ro­

tated to bend the electron beam to hit any pair of U and V counters at 

any desired position along the length of the counters. We first set all 

the voltages on the shower counters phototubes to obtain from each of 

them approximately the same pulse height for a 30 Gev/c electron induced 

shower. A good uniformity of gains is important to minimize trigger 

biases when linearly summing the pulse heights in the shower counters 

to form the forward trigger F = U + V. Then_ we mapped the attenuation 

functions along the length of each of the 32 shower counters. 

The absolute gains of the U and of the V counters were determined 

by moving the detector sideways so that the undeflected beam would hit 

counters u13 and v13 • The pulse height response was found to be linear 

for electron showers from 15 to 185 Gev. Using the 30 Gev/c runs we 

determined the relative gains of all the U counters with respect to u13 

and of the V counters with respect to v13 • Gain variations among the 

various counters in each bank were at most 25%; each one was determined 

with 2% accuracy. 

The relative gains of the V counters with respect to the U counters 

was determined as the one minimizing the width of the F U + V spectrum 

at each energy setting. They were found to be (almost) independent of 

energy. 

Edge effects were investigated by sweeping in small steps various 

regions in the active area of the detector where the edges of two (or 

three) counters would meet. Losses of shower energy deposition into the 

detector central beam hole were understood by the same method. 
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With the help of the magnet we performed an analogous routine on the 

X and Y hodoscope strips. Voltages were set to provide roughly equal 

gains and attenuation functions mapped. The sum of the pulse height re-

sponsesof the set of strips containing a shower was determined to be 

approximately linear over our shower energy range. Relative gain 

variations were about 40%; each one was determined with about 10% 

accuracy. 

C) Tagging System Calibration Runs 

About ten of these runs were taken during the course of the experi-

ment. The forward detector was moved sideways so that the beam would hit 

u
13 

and v
13

• First the electron beam was used to generate the spectrum 

of fig. 5.la. Then we switched to tagged photons (fig. 5.lb and 5.lc). 

Events were accumulated with a T•FH trigger with a low discrimination 

threshold for FH. The energy in the forward detector EF and the elec­

tron beam energy EB provided the tag energy ET = EB - EF. The gains of 

the lead glass blocks were obtained with the following iterative pro-

cedure. The gains g. (i 
1 

1,13) were initially set to zero. Events 

were selected (thanks to the H counters latch information) hitting the 

lead glass blocks in their central region. Most of the energy of the 

shower was then contained in this central block, the rest leaking no 

further than the two neighbouring ones. For the events in the center 

of the i-th block, we had 

(where pj is the pulse height in the j-th block) and could calculate 
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Figure 5.1. Tagging System Colibr·ation 
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ET - gi-lpi-1 - gi+lPi+l 

pi 

The first estimate for gi therefore is 

and successive iterations improve these estimates. The procedure con-

verges in a few iterations. 

The lead glass blocks gains obtained with this method were found to 

be equal in various calibration runs within a few percent. Checks per-

formed to insure the constancy of these gains during data runs will be 

discussed in the next chapter. 

D) Cosmic Rays Runs 

These runs were performed to optimize our knowledge of the relative 

position (alignment) of the eight modules of drift chambers in the recoil 

detector. With each of the modules of chambers we associate a reference 

frame R~. i=l,2 is the module index in a quadrant (i=l for the small 
1 

module, i=2 for the big module). Q = 1,4 is the quadrant index. These 

frames and the quadrant numeration convention are sketched in fig. 5.2. 

A more extensive description will be found in Appendix A. In addition, 

we define a laboratory reference frame R with its origin on the beam line 

and its y axis coincident with the beam line. A precise knowledge of the 

coordinates of the origin and of the direction cosines of the axes of RQ 
1 

in R~ for each quadrant Q is necessary to extract a good estimate of the 

parameters of tracks recorded by that quadrant. A precise knowledge of 

the coordinates of the origin and of the direction cosines of the axes 
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Figure 5.2. The Laboratory Reference Frame and the 8 Reference Frames 
Associated to the 8 Modules of Drift Chamber. 
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of coincidences between recoil counters) to select cosmic rays traver­

sing all the possible pairs of quadrants. A hit on any of the 14 re­

maining recoil counters vetoed the cosmic ray trigger. These data were 

accumulated during beam off time. 

E) Electron Runs 

By removing the tagging radiator and switching off the tagging mag­

nets, we could have the electron beam proceed onto our experimental 

target. We made use of this convenient feature to perform special elec­

tron runs. Elastic scattering of electrons on protons has a cross section 

(within the acceptance of our apparatus) some 25 times larger than phot9n­

proton elastic scattering. The response of our apparatus to both pro­

cesses being essentially identical (apart from the tagging system informa­

tion) the larger yield of elastically scattered electrons was very useful 

in checking the overall good performance of our apparatus, particularly 

in the early stages of the experiment. The occurrence of a tag signal T 

was simulated by the occurrence of a TF (T fake) signal from a small 

counter inserted in the beam just upstream of the target to record the 

passage of an electron. We continued to collect periodically electron 

data also because they would provide us with a generous yield of protons 

for the calibration of our time-of-flight system. 

The trigger adopted for these electron runs was TF•UH•FH•VC•R. We 

inserted the recoil trigger R in the event trigger for these runs. We 

were only interested in the elastic events which do require the presence 

of a hit on one of the recoil counters. 
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of R{ in R is necessary in order ~o associate to each proton track de­

tected in quadrant Q a good estimate of the scattering angle and, there-

fore, of the 4-momentum transfer. 

Fiducial pins on the outside case of each module of drift chambers 

were surveyed by a Fermilab surveying team with respect to a reference 

frame with its origin on the nominal beam line in the tagged photon 

laboratory and its y axis coincident with the nominal beam line. From 

these measurements we could obtain a first estimate of the coordinates 

of the origin and of the direction cosines of the axes of any of the 

mentioned nine frames in any of the others. These estimates had to be 

improved by using the information provided by a large sample of recon-

structed tracks. We adopted the following strategy. 

1) Relative alignment of the two module frames R{ and Ri in 

quadrant Q was obtained from a sample of tracks in that 

quadrant. 

2) Relative alignment of Ri, Ri and Ri with respect to Ri was 

obtained from three samples of tracks traversing respectively 

quadrants 2 and 1, 2 and 3, and 2 and 4. 

3) The parameters of the straight line de facto coinciding with 

the beam axis in Ri were obtained by fitting the coordinates in 

Ri of the interaction vertex for inelastic photon induced 

events producing two tracks in two different quadrants. 

The alignment procedure is discussed in more detail in Appendix A. 

Tracks for steps 1) and 2) were provided by cosmic ray runs. Cosmic 

ray tracks have the advantage of minimal multiple scattering. We imple-

mented a number of special triggers Ri ·• RJ (given by various combinations 
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CHAPTER SIX 

DATA REDUCTION 

The data accumulated in the course of the experiment were stored on 

some 400 magnetic tapes. About 300 of them were written when our target 

was exposed to the photon beam. We will describe in this chapter two 

preliminary analysis passes performed on these tapes. 

The first pass was a monitor pass. For each tape in our data sample, 

we accumulated the following histograms: 

1) The hit frequencies on all the counters in the tagging system, 

forward detector and time-of-flight system, 

2) The hit frequency on all the drift chamber sense wires, 

3) The spectra of pulse heights in all the lead-glass counters 

in the tagging system, 

4) The spectra of pulse heights in all the pairs of U and V 

counters and the beam plug. counter, 

5) The spectra of arrival time on all the sense wires in the 

drift chambers, 

6) The spectra of pulse heights on all the pulse height analyzed 

counters for pedestal triggers. 

This information was used, first of all, as a record of the behavior 

of the various components of the apparatus at the time each tape was 

written. Tapes were removed from the data sample, when necessary. The 

constancy of the gains on all the pulse height analyzed counters in the 

time interval in between the relevant calibration runs could also be 
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monitored and corrected when necessary. The stability of the ADC pedes-

tals was also checked. 

The information provided by some strategic scalers was also accumu-

lated over all the spills on the tape and saved on special summary tapes. 

Of particular interest in the following discussion on normalization was 

the accumulation, over a tape, of the counts in the scalers counting 

1) The number T of tags, 

2) The number TCG of computer gated tags, 

3) The number V of T•VC triggers. 

The set of final states in photon-proton interactions our experiment 

is sensitive to was outlined in chapter 1. The first natural step in our 

data analysis was to be the study of the two-body channels, namely elastic 

scattering 

YP -+ YP (6.1) 

and exclusive production of pseudoscalar and vector mesons, 

( o o o ~o ,1,o ) YP -+ P 7T , n , w , 'f' , 'f' , • • • • • (6.2) 

All these mesons have somewhat sizeable branching ratios for decay modes 

yielding exclusively (two or three) showering particles "visible" in our 

detector. Notable exception is the rho meson.. The final state dis-

cussed in this thesis, in particular, belongs to this category. Common 

features of all these final states are: 

1) The deposition of a large amount of electromagnetic energy 

in the forward shower counters. All these processes are 

expected to have differential cross sections dcr/dt rather 
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sharply peaked at small values of t, (t = 4-momentum trans-

fer squared). They are therefore expected to transfer to the 

recoil proton only a very small amount of the photon energy 

(and momentum). Therefore, the energy of elastically scat-

tered photons and the sum of the energies of the decay pro-

ducts of quasi-elastically produced mesons has to be only 

slightly smaller than the energy of the incoming photon. 

2) The emergence from the interaction of a (slowly) recoiling 

proton at angles very close to 90 degrees with the direction 

of the incoming photon. 

We will now outline the filtering procedure performed on all our 

data tapes in order to proceed towards th~ isolation of two-body quasi-

elastic events. The sum of the raw pulse heights p. (i = 1,32) in the 
1 

U and V counters, multiplied by the gain of the counter, is an estimate 

of the total energy deposited in the forward detector. It is, in fact, 

an overestimate. A position dependent attenuation correction has to be 

made on the pulse height in order to correctly estimate the energy depo-

sition. Such a correction is not possible before reconstruction of the 

coordinates of the centroid of the showers, with the help of the hodo-

scope strips. Attenuation functions, however, are mapped along the 

length of a shower counter so that an arbitrary value of 1 is assigned 

to the gain in the region of flat dependence of the pulse height response 

on the position. The (multiplicative) attenuation correction would take 

values smaller than 1 for showers closer to the phototube (up to a 

maximal value typically of 0.77 in the very proximity of the tube). 

Therefore, summing pulse heights without applying any attenuation 
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correction results in an estimate of the energy EF deposited in the 

forward detector 

always larger than the real value of the energy deposition. Most 

showers, however, are far from the region where the correction is 

large. 

The filtering procedure amounted to the following pass/fail re-

quirements 

1) A good quality tag, 

2) A value of EF at least equal to 70% of the initial photon, 

energy measured in the tagging system 

3) The presence of a hit on at least one recoil counter. 

Requirement 1) amounted to a series of consistency checks on the re-

spouses of various components of the tagging system. The central posi-

tion of the candidate electron shower along the horizontal length of the 

tagging system was calculated as 

where xi is the central coordinate of the i-th lead glass block, gi and 

p. its gain and pulse height (i = 1,13). A shower width a was calculated 
1 

around that central position as 

The electron shower energy was calculated as 
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I.gip. 
1 1 • 

The estimate of the position x, together with the known bending power of 

the tagging magnets, gave an independent estimate of the energy of the 

candidate shower. 

A tag is named a bad quality tag and rejected in any of the following 

cases 

1) The H counter corresponding to the position estimate x has no 

signal. 

2) The shower width is greater than an experimentally determined 

tolerance width. This requirement, in particular, is effective 

in rejecting events with more than one cluster in the lead 

glass array. 

3) The two independent estimates of the candidate shower energy 

differ by more than an experimentally determined tolerance. 

The number of bad quality tags is typically 20% of the triggers over the 

entire photon spectrum. A typical tag energy distribution for real event 

trigger in a 135 Gev/c run is shown in fig. 6.la. It is strongly biased 

towards high energy tags because of the fixed threshold (20% of the 

electron beam energy) on FH in our event trigger. The same distribution 

for triggers with a good quality tag is shown in fig. 6.lb. The tag 

energy bin is 5 Gev. Thirty-four bins cover the energy range from 0 to 

170 Gev. If Ni is the number of triggers in the i-th bin and N~ the 

number of triggers in the i-th bin that have a good quality tag, we define 

the loss function 

1 - r 
i 

N!/N. 
1 1 

i 1,34. 
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Fig. 6.2 shows the shape of the function r for a 135 Gev run. The 

losses are 100% for very low energy tags, below the lower edge of the 

acceptance window (about 45% of the primary electron energy) of the 

tagging system. These are obviously bad quality tags and requirement 1) 

correctly identifies them as such. The loss function is large for low 

energy photons also within the acceptance of the tagging system, but 

rapidly falls to zero for higher energy tags. High energy electrons hit 

the first few lead glass blocks with significantly higher rates than lower 

energy ones hitting the remaining blocks. On the average, this induces 

a much higher percentage of bad quality tags in the region of the tagging 

system closer to the electron beam. 

About 68% of the triggers are rejected by requirement 2). A typical 

distribution of the variable 

is shown in fig. 6.3 Events with n <~30 are rejected. 

About 60% of the triggers do not have any recoil counter hit and are 

rejected by requirement 3). 

Only about 5 to 6% of the triggers survive requirements 1), 2), 3) 

and are written to tape for further analysis. Fig. 6.4 shows a distri­

bution of the number of recoil counters that provided a count for these 

selected events. 28% of them have more than one counter active, 8% of 

them have more than two counters active. 

The absolute normalization, over the entire photon spectrum, is 

provided, per tape, by the difference 
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Our event trigger requires the VC counter not to be on. The number 

of tags accompanied by a hit on this counter must therefore be subtracted 

away to obtain the number of tags useful to our experimentation. 

A typical (not trigger biased) photon energy spectrum is given {for 

135 Gev/C running) in fig. 6.5. It is a bremsstrahlung spectrum. Its 

entries come from T•BP trigers. The T•BP triggers are also binned in 

5 Gev energy bins and the population of the energy bins is used for rela-

tive normalization. If M. is the number of T•BP entries in the i-th 
l. 

energy bin, then the number of useful good quality tags of energy Ei 

(i-1)~ < Ei < i~ with ~ 5 Gev 

is given, tape by tape, by 

G. = T'cc M. r./IiM. 
l. l. l. l. 

i 1,34 . (6 .3) 

Our event rates, tape by tape, will be normalized to these numbers. An 

estimate of our dead time is based on the ratio 
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CHAPTER SEVEN 

DATA ANALYSIS 

The subsample of data tapes analyzed in this thesis consists of 

entries 2) and 6) in section A of chapter 5; i.e., about 2.3 x 106 

T•FH•UH•VC triggers collected with the forward detector in the 30 meter 

position and with an electron beam momentum of 135 Gev/c. Some unre­

liable data tapes were removed from the original total of about 2.5 x 106 

triggers. 

The filtering procedure outlined in chapter 6, with its rejection 

power of about 20 to 1, leaves us with about 117 thousand triggers to 

analyze further. Final states of the type (6.1) and (6.2) are part of 

this filtered sample. The sample, however, still consists mostly of 

background events. No kinematic constraint has been applied yet, and 

the energy match requirement (EF/ET ~ 70%) is purposely not very strin­

gent. At this stage, we consider our estimate of the gains of all the 

shower counters still preliminary. The isolation of clean samples of 

exclusive events, in fact, is a powerful. (and necessary) step towards 

a final estimate of these gains. 

In .order to proceed towards the isolation of any of the exclusive 

final states (6.1) and (6.2) one needs to 

1) introduce a tighter energy match requirement 

2) identify a Compton photon (single shower) or a quasi-elastic 

meson (multi-showers) in the forward detector 

3) measure the coordinate position xF and yF of the forward 
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boson (photon or meson) in the two hodoscope arrays; in 

cylindrical coordinates (about the beam line) xF and yF give 

-1 
¢F = tg (yF/xF) and eF ~ rF/L, where rF = Ix~ + y~ and 

L is the distance of the forward detector from the target. 

4) select events where a coplanarity match is present in between 

¢F and one of the R counters latched in the event. 

5) interrogate the quadrant of drift chambers shadowing the R 

counter selected by requirement 4); if a track is recon-

structed, the track parameters will provide a ¢R and 8R 

measurement for the candidate recoiling proton. 

6) fit the event to an elastic or quasi-elastic kinematic 

hypothesis. 

Steps 1), 2), 3), 4) are grouped in a (second pass) filtering pro-

cedure. Separate data summary tapes can be written with events satis~ 

fying requirements 2) for each of the exclusive channels. Steps 5) and 

6) are grouped together in a final event analysis procedure. 

The identification of a single photon or of a photoproduced meson 

in the forward detector (step 2) involves, in general, the measurement 

of the invariant mass ~ of a multiparticle system, with each particle 

+ (Y, e , e -) producing a shower in the detector. The number n of showering 

particles will be 1 for elastic scattering, 2 for TI 0 , n and w production, 

3 for w and ¢ production. 
-+ 

If p. = (Ei, p.) is the 4-momentum (in the 
]. ]. 

laboratory frame) of the i-th showering particle (i l,n), then the 

invariant mass of the forward boson is given, for n 2, by 

(7 .1) 
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3, by 

i > j (7. 2) 

If x.,y. is the hit point on the forward detector of the i-th showering 
l. l. 

2 
particle and f1ij 

2 n 
mF ~ l·. 

l l.J 
i > j (7. 3) 

The positions xF' and yF of the forward boson (step 3) will be given by 

n 

XF l· E.x.IL.Ei 
ll. l. l. l. 

(7. 4) 
n 

YF l· E.y./I.E. 
ll. l. l. l. l. 

The measurement of ~, xF, yF, in general, involves the identification of 

each shower in the detector and the measurement of its energy Ei and hit 

point coordinates x.,y .• 
l. l. 

This is a non-trivial pattern reconstruction problem. Independent 

clusters have to be identified in the x and y strips. Pulse height 

deposition in the U and V counters must be assigned to the proper cluster. 

Coalescing showers (in one or both projections) and multi-cluster ambigui-

ties complicate the problem. A full description of the shower reconstruc-

tion program will be found in reference 23) •. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

99 

Once the i-th cluster is identified, its central coordinates are 

given by 

x. I/:;xj 1Ij£; l. 

(7. 5) 

Yi Lj£~Yj/Lj£~ 

x where the sums are over the strips belonging to the cluster, £.,X. are the 
J J 

energy deposition and the coordinate of the center of j-th scintillator 

strip in the x hodoscope and £~,Y. are similarly defined for they hodo-
J J 

scope. Two independent measurements of the energy of the i-th cluster 

(shower) are given by 

(7. 6) 

where again the sums are over the strips belonging to the cluster. These 

measurements are poor. In general, the measurement of the energy of each 

shower is obtained from the shower counter information. It should be 

also noticed that the values of£~ and£~ in (7.5) and (7.6) are the 
J J 

product of the gain of the strip times its pulse height times a position 

dependent attenuation correction. This correction is possible after a 

first estimate of x. and y. is obtained for (7.5) using the uncorrected 
l. l. 

values of E~ and £~. 
J J 

If we substitute (7.5) in (7.4), we obtain 

iclusters l x l 
?strips 

x 
XF strips in cluster EjXj I .clusters £. 

j l. J 
J 

~clusters strips in cluster ErYj/?clusters £~ 
(7. 7) 

YF l ?&trips j l. J 
J 
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i.e. , 

?all e:;xj/?a11 
x 

XF strips strips £. 
J J 

J 

Lan i e:~Y .IL 11 £~ 
(7 .8) 

YF strips str ps J J .a j j J 

The content of (7.8) is the following. The positions xF and yF (apart 

from attenuation correction) can be measured independently of the number 

of clusters. The clusters, in fact, do not have to be identified. One 

simply needs to take the first moments of the energy deposition distribu-

tions in each of the two hodoscope arrays. Phototubes are glued to the 

strips on alternate sides. Attenuation corrections will tend to cancel 

each other. A good estimate of xF and yF can be therefore obtained for 

(7.8) just using the uncorrected energy depositions. 

Th~ problem of reconstructing all the showers in the detector can 

be bypassed (for the specific case of exclusive final states) also with 

regard to the measurement of mF. This involves. the evaluation of the 

second moment of the energy deposition distributions in the hodoscope 

arrays around the point (xF,yF). Let us motivate this statement. 

Let us consider first the decay of a meson of mass m to 2 (massless) 

showering particles. Let us assume that the individual showers have 

zero width. The line-of·-flight of the meson intersects the forward 

detector at a point 0 = (x
0

,y
0
). The two decay particles will hit the 

detector at two points o
1 

= (x1 ,y1) and o2 = (x2,y2). Let 81 and 82 

be defined by 

cos8. =p •p/lp 1·1-PI 
1 i i 

(i 1,2) (7.9) 
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-+ and the vector ri have components 

(7 • 9 I) 

-+ -+ -+ where P,p1 ,p
2 

are the momenta of the parent meson and of the two decay 

products. For a two-body decay 

(7 .10) 

where E1 and E2 are the energies of the two decay products. 

The second moment of the distribution of points o1,o2 about 0 is 

-+ 12 I-+ 12 
E1lr1 + E2 r2 

E 

where E = LiE
1

. 

-+ 12 E. Ir. I. l. l. 

l. E 

Using e1 ~ lr
1

l/L and e 2 lr
2

l/L, we obtain, if E 

The opening angle e12 is e12 e1 + e2. Using (7.2) we 

2 
2 2 2 e

1
E1E 

m ~ ElE2el2 E
1
E2e

1
(l+E1/E

2
) E-E 1 

that is, 

(7 .11) 

(7 .12) 

obtain 

(7 .13) 

The square of the mass of the parent particle is related to the 

0 second moment M
2 

in a very simple way. For finite width showers we can 

use the fact that the second moment of each shower about the point 0 is 

gi~en by the second moment of the shower about its own centroid Oi (i=l,2) 
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plus the energy of the shower times the distance of Oi from O. We obtain 

2 
m (7.14) 

where Mil) and M~2 ) are the second moments of each shower about o
1 

and o
2

. 

This correction is negligible for large mass mesons (but important, for 

instance, for the decay rr 0 + yy). 

For a 3 particle decay, we have 

2 
m 

+ + + 
(pl+p2+P3) 

+ + 
Let's define piL and piT such that 

+ + 
where piL is the component of the momentum pi along the line of flight 

. + of the parent particle~ piT the component transverse to it. We will have 

and for massless decay products 

whence 

+ 
We obtain, therefore, if E =El+ E2 + E3 and 8i,ri are defined by (7.9) 

and (7.9') 
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l-E~ + 2 l i"EiE. 
l. l. i>j J J 

r.1;iT1
2 

+ 2 r .. EiE. - 2 r i. E.E. 1 -
l. i>j~J J i>j J l. J 

that is, 

EI.E.8i2 
l. l. 

which is again (7.14), apart from finite width corrections. 

(7 .15) 

We can therefore obtain measurement of the forward boson mass ~ 

from 

?strips 
x 2 l y 2 

E2 
e:.(x.-xF) Jstrips e:j(yj-yF) 

2 J J 

~ = L2 + (7 .16) 

?stripse:; l e:Y .strips j 
J J 

using once again uncorrected energy depositions in the strips. For the 

total energy E one could use (7.6). But for low 4-momentum transfer 

processes of the type (6.1) and (6.2) we can, with very good approxi-

mations, substitute for it the incident photon energy ET (tag energy). 

Instead of waiting for a full understanding of the problem of 

pattern recognition in our forward dectector, we decided to proceed on 
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to search for exclusive events using this simple first and second moment 

algorithm. The masses squared of the rr 0 ,n°,w0 ,¢,~ mesons are respectively 

0.0182 Gev2, .301 Gev2 , .613 Gev2, 1.040 Gev2 and 9.61 Gev2• 

B) Second Pass Filter 

A second pass filtering procedure was applied on the 117 thousand 

triggers emerging from the first pass filter. The procedure uses the 

algorithm of section A). Equations (7.16) and (7.8) are used, event by 

2 
event, to calculate ~'xF,yF. If 

the event contains an exclusive final state of the type (6.1) or (6.2) 

we expect a recoil counter to be latched in the ¢ region around the 

value ¢F = ¢F ± 180°. Let's call iPRED (iPRED = 1,16) the recoil counter 

whose boundaries, in terms of azimuthal angle ¢, contain the value ¢p• 

At least one recoil counter is latched, as a result of the first pass 

filter. We define the (integer) variable 

where, among the recoil counters latched in the event, iCLOSE (iCLOSE 

= 1,16) is the closest to iPRED" Fig. 7.1 shows the distribution of the 

coplanarity variable 6 for all the triggers in our sample. A distinct 

peak at 6 = 0 hints at the presence of elastic and quasi-elastic events 

in our filtered sample. We estimate, however, the error o = o of our 
XF YF 

XF and yF measurement to be a few cm. The error 0¢ of the variable ¢F 
F 

is given by 

0¢ o /rF 
XF 

(rF lxz+yz) 
F F 
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Figure 7.1. Distribution of the Coplanarity Variable~ (see Text) 
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and becomes very large for the (preferentially populated) small rF region. 

A conservative coplanarity cut l~I .:::_ 1 will be therefore applied to our 

samples. 

2 Figure 7.2a shows the distribution of the variable mF. Its dominant 

2 feature is a large peak at low value of mF from single showers from the 

continuum of inelastic events. Compton scattering and n° exclusive photo-

production events are buried under this peak. No particular structure 

2 
is evident at higher values of mF. In fig. 7.2b the same distribution is 

2 replotted excluding the low ~ region. A hint of a signal (in the form 

of a shoulder) appears around thew region(~~ .6 Gev2). The shoulder 

becomes a distinct structure if events with EF/ET < 85% are excluded from 

the plot (fig. 7.2c). A similar structure is in fig. 7.2d, where only 

events with l~I .:S_ 1 are plotted. The signal to background ratio improves 

in fig. 7.2e where only EF/ET > 85% and l~I ~ 1 entries are plotted. 

Fig. 7.2f contains events with extra requirements that at least 7 planes 

have a hit in the drift chambers quadrant shadowing iCLOSE" 

The first and second moment analysis, therefore, appears to be 

effective in isolating an omega signal. The same is true for the elastic 

scattering, where the requirement m; ~ 0 simply amounts to selecting single 

shower events. Fig. 7.2e and 7.2f possibly also contain an excess of 

2 events in the ¢0 region (around 1 Gev ). This analysis should also be 

sensitive to a ljJ signal in the (essentially background free) very large 

mass region. 
2 Two candidate events at a mass of about 10 Gev are pre-

sent in plot 7.2f (not visible). This analysis will be soon applied to 

the 135 Gev (and 80 Gev), 10 meter running where we -.gain a good factor in 
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Figure 7.2a. 
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2 2 
Figure 7.2b. Distribution of Fig, 7.2a (mF) Without the Low mF Region. 
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Figure 7.2e. 
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Figure 7.2f. 
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acceptance for the (wide opening angle) decay of ~ with an electron and 

a positron. 

The remaining discussion will concentrate on the analysis of the 

omega signal. The events in plot 7.2e (requiring coplanarity and large 

2 2 2 fractional energy) having a value of mF such that 0.3 .::. mF _::_ 1.0 Gev are 

stored on a data summary tape containing 4372 triggers. We turn now to 

the analysis of this final sample. 

C) Omega Analysis 

2 Figure 7.3a shows the mF distribution of the 4372 triggers emerging 

from the second pass filter. Figure 7.3b shows the distribution of the 

ratio EF/ET. We proceed now to interrogate the relevant quadrant of 

drift chambers for a possible track. Fig. 7.3c shows the distribution of 

number of hits in that quadrant summed over all its planes. It exhibits 

a distinct peak for a value of 8, characteristic of clean one track 

events. 

Let n. (i = 1,2) be the number of hit wires on the i-th drift plane. 
1 

The number of possible ways to combine them together to form a track 

with eight hits is N8 = IT.n .. If one (and only one) drift plane has no 
1 1 

wires hit, we also search for a track with seven hits in order to be 

protected against inefficiencies of the chambers. If that plane is the 

j-th plane, then N7 IT .n .. In our sample of 4372 triggers we find 
•..l•1 1 
1TJ 

a) 798 triggers with more than 1 drift plane empty. No track is 

present. 

B) 3220 triggers with at most 1 empty plane and min{N8 ,N7} _::_ 96. 

y) 354 triggers with at most 1 empty plane and min{N8 ,N
7

} > 96. 
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Figure 7.3a. m; Distribution of Events in the Omega Mass 

Region Cl~I < 1, EF/ET > 85%) 
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Figure 7.3b. EF/'E.r Distribution 
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Figure 7.3c. Distribution of Number of Hits in the Drift Chambers 
Quadrant Shadowing the Recoil Counter iCLOSE (see text) 
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Triggers of type S) and y) can possibly contain a track. Events of type y), 

however, have too complicated a topology of hits. We do not try to re-

construct the track for those events. We will instead estimate a correc-

tion to our cross section for these dropped events. 

The track reconstruction program reconstructs a track for 3080 of the 

3220 triggers of type S). Fig. 7.4a shows them; distribution for these 

events. Fig. 7.4b shows the x2 distribution for the reconstructed track. 

The x2 is calculated assuming an error of 500 microns per plane. The fit 

is a 4-parameter fit, with 8 (or 7) measurements. We find correctly a 

x2 distribution peaked at a value of x2 = ~-1 = 3 where ~ = 8-4 is the 

number of degree of freedom of the fit. The long tail of the distribution 

comes from very slow recoiling protons (small t region). Multiple scat-

tering is large for these protons and a value of 500 microns is an under-

estimate of our error per plane. 

From the parameters of the reconstructed track we can calculate an 

azimuthal angle ¢R and a polar angle 8R for the recoil proton. If the 

track is parametrized (in the laboratory reference frame R of chapter 5) 

as 

~=~+.E.P 

where .E. = (P ,p ,p ) are the direction cosines of the track,'. ,then x y z 

-1 
tg (pz/px) 

py/IPI · 

The 4-momentum transfer t is given by 

t = t ~ -4 M2 (cos 28R-m~/2M E )/(sin
2

8R+2M /E ·) R p --1"( p y p y 
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Figure 7.4a. 2 
~ Distribution for Events Where a Track is Recon-

structed in the Drift Chambers 
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2 
Figure 7.4b. X Distribution for Reconstructed Tracks 
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where M is the mass of the proton, m is the omega mass and E ET 
p w y 

the energy of the incident photon. 

The forward detector position xF,yF also provides an estimate of t 

For each event, we have two independent determinations of ¢ (modulo 

180 degrees) and t. We can fit the 4 measurements to the two parameters 

¢ and t. The .fit has (essentially) the following X 2 

2 The distribution of X from this kinematic fit for the 3080 events where 

a track has been reconstructed is shown in fig. 7.5a. It peaks at ~-1 = 1. 

The following additional requirements (cuts) are demanded from the 

3080 events. 

1) x:it < so 
2) cos8R > -0.1 (the track goes forward; a small negative value of 

cos8R is accepted because of multiple scattering) 

3) the distance d of the point V = (v ,v ,v ) of closest approach x y z 

of the track to the beam-target axis is less than 3 cm. 

Fig. 7.Sb shows the distribution of the variable d. Fig. 7.Sc 

shows the distribution of the longitudinal coordinate v • It 
y 

has the expected width of 75 cm. (target length). 

4) The C counter is required not to be on in the event. An event 

with the C counter latched does contain at least one charged 
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Figure 7.Sa. 2 
X Distribution for the Kinematric Fit of the Event to the 
YP ~ wp Hypothesis 
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Figure 7 .Sb. Distance of .Closest Approach of the Recoil Track 
to the Beam-Target Axis 
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Figure 7.5c. Distribution of the Longitudinal Coordinate of the Point 
of Closest Approach· of the Recoil Track to the Beam Target 
Axis 
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particle in the forward direction. 

5) a final tighter energy cut EF/ET > 90% was performed. 

Fig. 7.6. shows them; distribution of the 1173 events surviving all 

the cuts. A fit to a gaussian above a quadratic background is performed 

on these events. 2 It gives a (reduced) XR of 1.38 for 

2 
m 0.578 ± 0.007 • 

+56 
The area of the peak is estimated to correspond to 324_44 events. 

Figures 7.7a through 7.7g show general characteristics of the 1173 

events surviving all the cuts. Fig. 7.7a is the EF/ET distribution. 

Figure 7.7b is the distribution of the number of R counters present in 

the event. Figure 7.7c is the distribution of pulse height in the beam 

plug counter. It is consistent with the counter ADC pedestal for all 

but a few events. Figure 7.7d is the ratio of energy deposition in the 

U counters over the total energy deposition in the U and V counters. It 

+ -shows that our sample is not contaminated by yp + pp events (p+'TT 'IT ) , 

with the pions producing two hadronic showers in the detector. Figures 

7.7e and 7.7f show respectively the azimuthal (~)and polar match (8, 

i.e. t) in between the forward and recoil detector. Figure 7.7g shows 

the azimuthal angle ~ distribution, clearly displaying the 4 dead regions 

in the recoil detector due to the drift chambers support frames. 

D) Detection Efficiency. Monte Carlo Simulation 

In order to estimate the detection efficiency of our apparatus for 

exclusive omega photoproduction events we*) wrote a computer program 

* A.M. Breakstone, Dr. D.B. Smith and myself. 
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Figure 7.7e. Azimuthal(~) Match. The Variable Plotted is the Distance in 
cm. of (xF,yF) from Projection of Track Line on the Forward 

Detector Plane. 
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performing a Monte Carlo simulation of the response of our apparatus to 

this type of event. Photons distributed over the energy interval from 

52 to 127 Gev according to a bremsstrahlung (!/energy) spectrum photopro-

duce (quasi-elastically) omega mesons. The cross section for the process 

is assumed to be energy independent. The differential cross section 

dcr/dtl is assumed to be of the form Ae-bltl with b = 8 Gev-2 . The 
y~p . 

distribution of interaction vertices is flat alnug the length of the tar-

get and gaussian in both transverse dimensions (with slightly different 

widths, see chapter 3A). The recoil proton loses at least part of its 

energy in the target; if energetic enough, it reaches the drift chambers. 

Hits and drift times are simulated in the chambers. Hits in the recoil 

time-of-flight counters are also simulated. Proton energy loss in the 

drift chamber wire material is simulated. Multiple scattering is ignored. 

The forward photoproduced omega mesons decay into TI
0y with a 1 + cos28 

probability distribution (from helicity conservation) for the polar angle 

8 of the decay products in the omega c.m, system. The TIO decay to 2 

photons is isotropic in the TI
0 c.m. system. The three final state photons 

can hit the forward detector active area. The development of electromag-

netic showers is simulated in the forward detector. Energy deposition and 

pulse height response (including fluctuations) are simulated for each 

counter, including the x and y hodoscope strips. Details on the shower 

simulation can be found in ref. 23). 

Simulated events are analyzed by the same chain of computer programs 

used on the data. Event losses are tabulated at various stages. Events 

are rejected by the first pass filter (chpater 6) when 

1. One or more photons, carrying more than 30% of the energy of the 
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parent omega, miss the forward detector (or hit one of its 

boundary regions) and deposit no (or only some) fraction of 

their energy in the shower counters. 

2. the recoil proton ranges out in the target or the drift chamber 

wire material (beryllium-copper) and does not fire a recoil 

counter. 

Events are rejected by the second pass filter (chapter 7B) when 

3. less than 85% of the total omega energy is deposited in the 

shower counters (again a geometrical effect). 

4. the value of the coplanarity variable is 1~1 > 1, because a 

large error is made in the determination of xF,yF (photons 

missing the forward detector; photons being absorbed in the u 

bank; pulse heights in the hodoscope strips exhibiting large 

fluctuations). 

s. 2 
the value of the forward mass squared ~ is outside the range 

0.3 ~ m; ~ 1.0 (see 4. above). A typical m; distribution for 

simulated events is shown in fig. 7.8. 

Events are rejected by the final analysis program (chapter 7C) when 

6. the drift chambers do not record the passage of a track (dead 

area, geometrical effect) 

7. the event doesn't survive the cuts (i.e., in practice, the 

requirement EF/ET > 90%). 

Monte Carlo runs were performed generating six samples of yp + WP 

events corresponding to six bins in 4-momentum transfer t (over the 

entire photon energy spectrum) and three samples corresponding to three 

bins in the photon energy ET (over the entire 4-momentum transfer range). 
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The binning is the same adopted for the data (see next section). Frac-

tional losses due to 1. through 7. are tabulated in tables 1 and 2. The 

detection efficiency, low for small t, flattens out as a value of about 

50% fort> 0.07. Its dependence on the photon energy is not neglibible. 

E) Results 

Our liquid hydrogen target of length L = 75 cm and density 

0. 07043 gr I cm3 yields (N =Avogadro number, A = nucleon number 1) 

p L N/A ~ 3.15 events/barn/pho~on. 

Our useful ~hoton flux is plotted vs. incident photon energy in fig. 7.9. 

The plotted variable is the variable G. (i = 1,34) of (6.3). It is there-
1 

fore already corrected for computer dead time and losses due to bad 

quality tags. The integrated number of photons over the entire 135 Gev 

sample analyzed is 1.78 1010 . Partial totals for the photon energy bins 

of table 2 are .56 1010 , .47 1010 and .75 1010 • A total useful flux 

of 1.76 1010 photons will yield (lnbarn = l0-33 cm2) 

-24 2 10 3.15•10 cm •1.78 10 = 56 events/nbarn. 

Our total sample of omegas is estimated to contain 

324+56 
-44 

yP -+ ~ events 2 
(X R 1.38) 

Various corrections have to be applied to this number. Fig. 7.10 shows 

2 
the mF distribution of the 3080 - 1173 1907 events rejected by cuts 

1) through 5) in section C). A fit to a gaussian peak above a quadratic 

background yields a number of 
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Table 1. Monte Carlo Results 

(All Energies) 

O<t<0.07 .07<t<.14 .14<t<.20 .20<t<.30 .30<t<.50 .50<t<.85 

a) EF/ET < 70% 9.6% 8.1% 5.8% 3.4% 2.6% 2.6% 

b) no R latched 51.1% 0 0 0 0 0 

a) + b) 55.3% 8.1% 5.8% 3.4% 2.6% 2.6% 

c) EF/ET < 85% 3.0% 5.1% 4.2% 5.2% 3.4% 2.6% 

d) I b. I > 1 8.9% 10.4% 7.2% 6.2% 1.6% 1.0% 

c) + d) 10.2% 12.9% 9.6% 8.8% 4.0% 3.0% ...... 
w 
~ 

2 2 
e) ~>l, or ~<.3 7.2% 18.0% 23.2% 25.0% 28.4% 29.2% 

c) + d) + e) 17.4% 30.8% 32.8% 33.8% 32.4% 32.2% 

f) EF/ET < 90% 0.3% 0.9% 0.2% 0.8% 0.6% 0.6% 

g) no track found 4.9% 11.6% 11.4% 13.4% 14.6% 16.0% 

Total Loses 78.0% 51.3% 50.2% 51.0% 50.2% 52.4% 

Total Correction 4.53 2.05 2.01 2.04 2.01 2.06 
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Table 2. Monte Carlo Results 

(All t = 4-Momentum Transfer) 

502_ET2_70 Gev 702_ET2_90 Gev 902.ET2_127 Gev 

a) EF/ET < 70% 4.8% 6.9% 9.8% 

b) no R latched 22.3% 22.3% 22.3% 

a) + b) 25.3% 26.5% 28.3% 

c) EF/ET < 85% 5.3% 1.9% 2.3% 

d) I il I > 1 12.5% 6.7% 3.1% 

c) + d) 14.5% 8.2% 5.3% 

2 
e) ~>l, 

2 
or mF<.3 21.8% 16.6% 10.5¢ 

c) + d) + e) 36.3% 24.8% 15.8% 

f) EF/ET < 90% 0.5% 0.8% 1.7% 

g) no track found 7.1% 9.7% 11.2% 

Total Lo.sses 69.1% 61.6% 56.7% 

Total Correction 3.23 2.60 2.33 
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Figure 7.9. Incident Photon Flux vs. Photon Energy 
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Figure 7.10. m! Distribution for fitted yp + wp Events 

Rejected by any of the Cuts of Section 7C 
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164+72 (rejected) yp + wp events 
-69 

2 
(XR = 1.5) 

A correction factor (324 + 164 488) 

488 + 3 
324 - . 1.51 ± .3 

has to be therefore applied to our raw yield. The branching ratio for 

thew+ rr 0y (rr 0 + yy) decay mode is 8.8%. This introduces a correction 

-1 factor (.088) = 11.36. 

Electron-proton pair production in the target attenuates our beam 

by about 5%. This introduces a correction factor 1.05. 

From the flux partial totals and the correction factors of table 2 

in the three energy bins mentioned above we obtain an overall detection 

efficiency correction factor 

(3.23 • 0.56 + 2.60 • 0.47 + 2.33 • 0.75)/1.78 2.69. 

We measure therfore an exclusive omega photoproduction cross section of 

a = 324 events • ( 1. 51 • 11.. 36 • 1. 05 • 2 • 69) I 56 events /nbarn ~ • 280µbarn. 

We disagree by about a factor 4 with the measurement of reference 11) 

yielding a value of about 1 µb for (yp + wp). This casts some doubts on 

our flux and detection efficiency estimates. 

Our sample of 1173 events surviving all the cuts is divided in the 

6 t bins of table 1. Fits to a gaussian omega peak above a quadratic 

background yield the following values (fig. 7.lla through 7.llf) 
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Figure 7.lla •. m; Distribution for Events Surviving all the Cuts 
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Figure 7.llb. m~ Distribution for Events Surviving all the Cuts 

(0.07 < t < 0.14 Gev
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Figure 7.llc. m; Distribution for Events Surviving all the Cuts 

(0.14 < t ~ 0.20 Gev
2
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Figure 7. lld. 
2 mF Distribution for Events Surviving all the Cuts 
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figure 7.lle. m; Distribution for Events Surviving all the Cuts 

(0.30 ~ t < 0.50 Gev2) 
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Figure 7.llf. m; Distribution for Events Surviving all the Cuts 
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t range b.N b.N/b.t (b.N/b.t)CORR 

0 < t < 0.07 36 ± 10 events -514 -3672 -

0.07 < t < 0.14 103 ± 25 events -1471 -4664 -

0-14 < t < .020 59 ± 20 events -983 -3119 - -

0.20 < t < .030 58 ± 14 events -580 -1840 - -

0.30 < t < 0.50 42 ± 23 events -210 -688 

0.50 < t < 0.85 9 ± 8 events -26 -82 

If we apply to the third column the correction factor 1.51 • 1.05 from 

cut losses and beam attenuation losses and use the detection efficiency 

correction factors of table 1, we obtain the (b.N/b.t)CORR" The first t 

bin has too low a value. The estimate of our detection efficiency in 

that range, most likely, is incorrect. The absence of multiple scattering 

effects in the Monte Carlo calculation df the detection efficiency is one 

candidate reason for a serious overestimate of our efficiency at low t. 

If we drop the first point in a dcr/dt plot, we obtain fig. 7.12. The 

differential cross section shows an exponential fall-off with a slope 

2 
b = 8.00 ± 2.1 Gev . 

Our sample of 1173 events was also binned in three energy bins. 

Gaussian fits above a quadratic background yield (fig. 7.13a,b,c) 

52 < E < 70 - T - 45 ± 15 events -260 10-10 
events/photon 

70 ~ET~ 90 127 ± 17 events -699 10-10 events/photon 

90 ~ ET ~ 127 157 ± 36 events -490 10-10 events/photon 
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Figure 7.13a. m; Distribution for Events Surviving all the Cuts 

(52 Gev _s. ET _s. 70 Gev) 
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Figure 7.13b. m; Distribution for Events Surviving all the Cuts 

(70 Gev < E < 90 Gev) 
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Figure 7.13c. m; Distribution for Events Surviving all the Cuts 

(90 Gev ~ ET ~ 127 Gev"') 
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Using the flux partial totals and the efficiency correction factors 

of table 2 for the three energy bins, we obtain the values in the third 

column. The dependence of the rate on the incident photon energy is 

expected to be flat in this energy region. Once again this result seems to 

point to the lack of understanding of our detection efficiency corrections, 

and of its dependence on incoming photon energy. 
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APPENDIX A 

THE REC01L DRIFT CHAMBERS 

Al. Mechanical Characteristics of the Chambers 

Each quadrant of drift chambers consists of two separate modules. 

Each module contains four drift planes contained in the same case. The 

two modules in a quadrant differ only in size. We will describe now in 

some detail the design of the small module. 

Each module of chambers can be thought of as a parallelepiped 

(fig. A.la) of dimensions 6 cm x 48 cm x 80 cm (6 cm x 96 cm x 96 cm for 

the big modules). Its volume is filled with gas. Sense wires are 

strung across its volume in four planes spaced by about 2 cm. The 

bottom surface of the parallelepiped is the first plane of sense wires. 

To each module i (i = 1,2) in each quadrant Q (Q = 1,4) we associate 

an orthogonal reference frame ("module" frame) R~ with its origin at one 
J_ 

of the vertices of the parallelepiped in the bottom plane of wires 

(fig. 5.2). The J-th plane of sense wires (j = 1,4) is described, in 

this frame, by the equation 

z = (j -l)fl 

where fl is the interplane separation. Wires are strung at different 

angles with respect to the y axis of the module frame. These angles are 

respectively 90°, o0 , 72°, 108°. The equations of the k-th sense wire 

in the j-th plane will be of the form 
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Figure A.la. Schematic of a (Small) Drift Chamber Module 
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Figure A.lb. The Four Planes of Drift Wires in a Module 
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Figure A.le. Schematic of an Epoxy-Glass (GlO) Frame With 
Prec~sion Machined Fiducial Holes 
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z = (j-l)ti 
(Al. l) 

a .. x + 13 • y = wk 
J J 

where (fig. A.lb) 

(a.,13) = (O,l) for the 90° plane (j=l) containing 10 sense wires (12 in big 
module) 

(1,0) 00 (J=2) 6 (12 II ) 

(coscf>,-sincf>) 72° (J=~) 11 (15 

(cos¢,sincf>) 108Q (J=4) 11 (15 

and -1 
cf> = cos (38/40) ~ 720. 

A hit recorded on a sense wire will signal the possiblity of a 

charged particle having crossed the sense plane anywhere along one of the 

two lines (fig. 3.10) parallel to the sense wire at a distance equal to 

the drift space (the measured drift time times the known drift velocity). 

The ambiguity in between these two lines is referred to as the right-

left ambiguity. 

The separation of sense wires is wk - wk-1 = 8 cm for 90° and o0 

planes and wk - w = k-1 7.6 cm for 720 and 108° planes. Drift lengths 

are the ref ore respectively 4.0 cm and 3.8 cm. 

Each sense frame was built out ot two layers of G-10 (epoxy-glass). 

Both of them had fiducial holes precision machined through them 

(fig. A.le). The bottom layer had slots machined with reference to the 

fiducial holes. Brass tubes were glued inside these slots. The bottom 

and top layer were glued together and the gold plated tungsten sense 

wires (20 µm radius) were strung through the tubes at a fixed tension 

(2 oz) and soldered to them. The same procedure was followed for the 

) 

) 
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thicker (125 µm radius) copper-beryllium field wires that separate the 

drift cells from each other. 

In addition to four sense frames, each module contains eight field 

shaping frames and three isolation frames. All these frames are also 

built out of G-10. The wires on these frames are wound (by a winding 

machine) at a distance of 2 mm from each other. 

Each sense frame is sandwiched in between two field shaping frames 

with wires (copper-beryllium, 125 µradius) wound parallel to the sense 

wires. These wires will provide the electric field gradient for the 

drift of the electrons in the cell. Field shaping wires were glued to 

their frames after being wound at a fixed tension (8 oz). 

In between each pair of drift gaps (i.e., a triplet of field 

shaping-sense-field shaping frames) an "isolation" frame was inserted, 

with the usual copper-beryllium wire wound (2 mm apart from each other) 

and glued on it. These frames electrostatically decouple adjacent 

drift gaps. The winding angles are, respectively, 45°, 135°,0° for the 

90° - o0 , o0- 72°, 72° - 108° separators). 

These fifteen G-10 frames in each module are stacked on top of 

each other; some are glued together, others are stacked (with a gasket in 

between to provide a gas seal). Gaskets are used instead of gluing, in 

or~er to guarantee access to each plane of sense wires for wire re­

placement. The stacking of the various frames is such that the fiducial 

holes in each frame fall on top of each other. A lexan plastic tube 

containing a stainless steel bolt goes through each fiducial hole. 

Fiducial pins are attached to these bolts. A team of surveyors at 

Fermilab measured for us the position of these pins in the laboratory 
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frame. The equations of all the sense wires are known with reference to 

these pins. 

At the end of datataking, the chambers were disassembled and the 

positions and orientations of all the wires with respect to the fiducial 

pins were measured in the Fermilab alignment workshop. 

A2. Electrical Characteristics of the Chambers 

A typical drift cell was described in the main text (fig. 3.12). 

Positive high voltages (+HV = 2.4kV) are fed separately to each plane of 

sense wires. A high voltage bus runs (fig. A.2a) one side of the G-10 

frame and all the sense wires are connected to it by a 5 lQ resistor. 

These resistors decouple the various sense wires from each other. The 

pulse induced on a sense wire by the passage of a charged particle tra­

vels in both directions along the wire. The resistance of the wire is 

small with respect to the decoupling resistor; most of the pulse travels 

away from the bus line. A high voltage capacitor (1 nf) at the other end 

of the wire filters out the +HV level, the small pulses (a few mV's) 

induced by the ionization travel on a coaxial cable to a connector on 

the outside case of the module of chambers. Longer coaxial cables (about 

10 meters) transport these pulses to a rack of electronics outside the 

environmental house containing the entire recoil detector. 

Each sense wire is equipped with three sequential circuits (fig. A.3). 

The first (receiver) is basically an impedence matcher; it has an output 

impedence of about 1 kn, matching the input impedence of the following cir­

cuit, which is an amplifier-shaper circuit. This circuit was designed 

and built at MIT, originally for multiwire proportional chambers, and has 
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Figure A.3. 
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been used by several Fermilab experiments in the last few years. About 

500 channels were made available to us. The pulses provided by these 

amplifiers (600 mV logic levels) are fed to a line driver circuit that 

raises their level to about 2 volts. This is necessary in order to over­

come the inevitable deterioration of pulse height and risetime in the 

60 meters of cable that connect the electronics on the experimental floor 

to the CAMAC time digitizers in the counting room. 

The TDC circuit was designed by Dr. T. Droege at Fermilab and made 

available to usars through the FNAL electronics pool (PREP). Each unit 

has eight channels, to service eight sense wires. Each channel provides 

a CAMAC word. The right-most 8 bits contain the (digitized) measurement 

of the time interval beween a start pulse (from the wire) and a stop pulse 

(the event trigger, delayed by about 1 µs). The left-most 8 bits contain 

the CAMAC station (1 through 23) and substation (O through 7) informati~n, 

necessary to identify the wire. An array of CAMAC words, to be decoded, 

CAMAC word + (wire number, drift time) 

is the input to the track reconstruction program. Only wires which are 

hit are read in by the computer. 

Field shaping wires have to be fed uniformly decreasing negative high 

voltage levels from the edge to the center of each drift cell. Negative 

high voltage (-HV ~ 5 KV) is fed separately to each pair of field shaping 

planes sandwiching a sense frame. A resistor chain of 20 10 MQ resis­

tors creates 20 uniformly spaced voltage levels. These levels are dis­

tributed to all the copper-beryllium wires in the field shaping frame 

through a printed circuit board glued to the frame. 
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Fig. A.2b illustrates the role of this PC board. Surface stray 

currents develop on these PC boards if they are not perfectly clean and 

perfectly dry. The surface resistivity can be very low in a humid envi-

ronment. These stray currents destroy the uniformity of the voltage 

level spacings. The chambers were built in special clean rooms and the 

PC boards coated after final clean-up. The environmental house contain-

ing the recoil detector maintained a very low humidity level for the 

good operation of the chambers throughout the duration of the experiment. 

All the wires of an isolation frame are held at the same negative voltage 

level, chosen to be about -2.5 kV. 

A3. Choice and Properties of the Gas Mixture 

Among the desirable properties for the gas to be used for drift 

chambers are saturation of the drift velocity and minimal diffusion of 

the electrons in the gas. Experimental work24 ) on the optimization of the 

gas mixtures and attempts 25) at qualitative and quantitative understanding 

of these mixtures in the framework of the classical theory of electrons 

in gases, both suggest the use of mixtures of some noble gas and a moder-

ate (20-40%) percentage of some polyatomic organic gas-like methane, iso-

butane, etc. Polyatomic gases have been intensively used in MWPC mix-

26) 
tures as quenching agents. In the case of drift chambers, they also 

play the role of cooling down the electrons' temperature, lowering their 

diffusion and providing high spatial resolution. Besides, some of these 

mixtures exhibit a flat or a very slowly changing dependence of drift 

velocity on the applied electric field, which conunonly is referred to as 

drift velocity saturation. 
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Fig. A.4 shows the data24 , 27 ) for drift velocities in some pure 

gases and in several mixtures of argon-isobutane. Argon-isobutane mix-

tures have been used by many groups, following the pioneering work of 

Charpak et al. at CERN. The general features of these data can be 

described25 ,28)by solving numerically the Boltzmann transport equation 

for electrons in a gas. Qualitative arguments can be made also. If we 

assume that the mean free path, te, for electron-gas molecule collisions 

and the'.mean fractional energy loss per collision, A, depend on the 

electron energy £ via power laws 

A(E) 

t (£) 
e 

-n n 
t 0£ , (implying a - l/t - £ ) 

e e ' 

it can be shown that the gependence of .the di:::Ht velocity w on the elec-

triC.field E is 

w _ Em+l/m+2n+2 • 

Therefore, w will rise slowly if a rises rapidly or if A decreases with 
e 

£(-1 < m < O). If m < -ljwj will even decrease. Drift velocities in 

noble gases (Ar, Xr, Xe) can be described in this simple way over several 

25,28) 
orders of magnitude • In particular, the slow rise of w in fig. A.4 

is due to the fast rise of a after the "Raumsauer dip1128 ) at £ = 0.3 eV 
e 

(fig. A.5). For polyatomic gases, saturation of w (at some higher field 

than Ar) occurs because of an effective A - £ /£(m ~ -1) at energies max 

above the last significant vibrational energy level. As far as mixtures 

are concerned, the mechanism proposed in ref. 25) to understand the data .:ts 

the following: Let us add to argon a hypothetical polyatomic gas, X, of 
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Momentum Transfer Cross Sections for Electrons in Argon. Notice 
the Ramsauer dip at 0.3 eV for the electron energy. The dotted 
line is a fit made for numerical applications. The dashed-dotted 
line shows the contribution of the new gas [its ratio to Argon is 
a/(1-a}J to the cross section in ·the energy region where it dominates. 
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hl t t d /\. ( t 1 t before the Onset Of the /\. - £-1 roug y cons an a an a eas 
e -

behavior). The cross section will be a= (1-a~r + aax (where a is the 

concentration of gas X). Because of the Ramsauer dip, the gas X will 

dominate for small £, m ~ n ~ O, and w will rise with E; this will last 

until (1-a)crA becomes comparable with acr • From this energy on, i and r x e 

/\. will decrease (the collisions being increasingly dominated by elastic 

scattering off argon atoms, with very little energy loss), and the drift 

velocity will level off. However, if a is too big, this will never 

happen, and the advantages of the mixture will be lost. The drift velocity 

will saturate only at higher fields, due to the mentioned/\. - £ -l behavior 

of the polyatomic gas itself. 

We started a program investigating the properties of argon-ethylene 

(C
2

H4) mixtures; c
2
H4 saturates its own drift velocity earlier than the 

more commonly used isobutane (fig. A.4), so that a longer drift length 

(4 cm) can be used with a reasonably low negative voltage applied to the 

drift cells of the chambers. For this investigation, we used a small 

drift chamber with electrical design identical to the one to be used later 

for the larger chambers used in the experiment. We used particles ori-

90 ginating from a collimated Ru source. A scintillation counter gave the 

start signal, the drift chamber pulse gave the stop signal after being 

shaped by an amplifier and discriminator. This time interval was digi-

tized by a LRS TDC unit. 

Fig. A.6 shows the results of our investigation. For low c2H4-Ar 

ratios [!l =a/ (1-a[l, the velocity appears to saturate for field values 

as low as 700 V/cm, as compared to 1400 V/cm in a 69% AR, 31% isobutane 

. 24) 
mixture used at CERN. The saturation of the drift velocity moves to 
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higher fields with increasing a (at a = 1, the saturation occurs due to 

c2H4 itself, around 1000 V/cm). This is in agreement with the mechanism 

outlined above. The fact that, in the range of a from 0.6 to 1.0 

(fig. A.7), w does not exhibit any significant dependence on a, also sug­

gests that the presence of argon becomes unimportant for the drift velo­

city as soon as the Ramsauer dip is completely filled. 

The convenient feature of drift velocity saturation at low electric 

field values in c2H4-Ar mixtures with low a is counterbalanced by the 

fact that, at low ratios, the singles noise in the chamber (pulses not 

correlated with particles) gets unpleasantly high (~ 10 kHz). The reason 

for this is probably that c2H4 is not as effective a quencher as isobu­

tane. The precocious saturation therefore cannot be exploited with our 

positive voltage (>2 kV) and threshold (~400 µV) in our electronics. 

Nevertheless, the c2H4-Ar mixtures with high-a appears to be quite reli­

able in keeping the singles count down; they saturate certainly earlier 

than Ar-isobutane mixtures, and present rather loose requirements on the 

exact composition of the mixture (due to the near independence of w on 

a for a> 0.6). Our final choice was to use pure ethylene in our chambers. 

In this way we avoided entirely the problem of premixing the gasses. 

We proceeded to investigate the space-time relationship in the drift 

cell filled with c2H4 . This was done with the Ruthinium 8 source and a 

collimated scintillator on the back of the chamber. The chamber was moved 

with a micrometric device so that the cone defind by the source and the 

collimator would hit different positions in the chamber for each high 

statistics run. Due to multiple scattering of the 2 MeV electrons in air 

and chamber windows, our resolution was not improved by collimating to 
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better than 5 nun. Distributions are very wide but center finding was 

reproducible within 1 or 2 TDC channels (~ ns/ch = 25 µm/ch). Fig. A.8 

shows the time-space relationship we obtained (w =drift velocity ~ 50 mm/µs) 

and together with it the curve of relative inefficiency. This is constant 

over the 8 cm length from one field wire to the next field wire, and drops 

very fast at the edge of the chamber. We plot relative inefficiency 

(- 10% in the flat region) since we were using only one scintillator and 

would get start signals from photomultiplier accidentals and photons from 

the source. 

With the same set-up, we have investigated the dependence of the 

drift chamber performance on various parameters. For the usual gas mix-

ture, fig. A.9 shows the efficiency plateau vs. +Hv (which starts at 

2.1 kV, and is at least as wide as 500 volts) and the dependence of the 

arrival time of the avalanches vs. the same +HV. These curves refer to 

a fixed position half way down the drift cell at about 2 cm from the 

sense wire. There is a dependence of arrival time on the amplifying high 

voltage (which is expected from a fixed threshold and increasing pulse 

height). Taking an inverse drift velocity ~20 ns/nnn, we find the slope 

of this effect to be safely small, 6x/6V+ = 164 µm/100 Volts. 

The dependence of the efficiency on the negative voltage (-HV) is 

flat except for values below -2 kV. The dependence of arrival time 

(fig. A.10) shows the saturation of the drift velocity starting just above 

a negative voltage of -4.0 kV (-1 kV/cm). From 4 to 4.5 kV our data give 

6x/6V- :S 160 µ/100 v 6x/x 0.4% We operated the chambers at a or 6V- 100 Volts . 
value of -4.9 kV. 
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The same prototype chamber was taken to SLAC for some tests in an 

accelerator environment. Full efficiency (>.999) of the chamber was de-

tected when triggering on the beam defining counters. For minimum ioniz-

ing electrons, the start of the +HV plateau shifted some 200 volts higher 

than for the S particles. Using a small drift chamber with 1 cm drift 

space, the spread of arrival time on the sense wires on the 4 cm prototype 

cell (for a fixed arrival time on the sense wire of the smaller chamber) 

allowed us to determine a crude upper limit of 250 µm for the spatial 

resolution of our prototype. 

The same results for resolution were obtained when the chambers 

were exposed to the electron beam in the Fermilab tagged photon labora-

tory. We routinely performed a list of overall reliability; that is, we 

took,continuously, drift time spectra from various cells in our setup. 

If the cell is uniformly illuminated, the electric field approximately 

constant and the drift velocity close to saturation, these spectra have 

to be flat over the entire length of the cell. A typical spectrum taken 

during cosmic ray runs is shown in fig. A.11. 

A4. Recoil Cart Geometry 

The eight modules of drift chambers are assembled around the target 

in the recoil cart in the geometry of fig. 3.9. . In chapter 5, section D, 

we introduced the eight reference frames R9 (i = 1,2, Q 
i 

1,4) associated 

to the eight modules and the laboratory reference frame R (fig. 5.2). 

The assembly of the chambers on the cart is such that, for any 

Q = 1,4, the axis of R{ and R~ are (ideally) parallel and the x and z 

axes of RQ 
1 are rotated with respect to the same axes of R by an angle 
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that is (ideally) a multiple of ninety degrees (900 for quadrant 1, OO 

for quadrant 2, 270° for quadrant 3, 180° for quadrant 4). If this 

ideal assembly is assumed, the coordinate transformation that translates 

d . 1 ( 1 1 1) . RQ . d" 2 _ ( 2 2 2) i RQ coor inates x = x ,y ,z in 1 into coor inates .!. - x ,y ,z n 
2 

is of the form 

2 
x Ax1 + d (A4.l) - -

where d = (d ,d ,d ) is a vector whose components are the coocdinates of - x y z 

the origin of RQ in RQ and A is just the unit matrix I 1 2 

A I 
[ 

1 0 0 l 0 1 0 
0 0 1 

and the coordinate transformation that translates coordinates x1 in RQ 
1 

into coordinates x = (x,y,z) in R is of the form 

(A4.2) 

where .2_ = (dx,dy;dz) is now a vector whose components are the coordinates 

of the origin of R~ in R and the matrix A is 

A 

A 

A 

[ 
0 0 -11 0 1 0 
1 0 0 

[ 
1 0 0 l 0 1 0 
0 0 1 

[ 

0 0 1 
0 1 0 
-10 0 l 

for quadrant 1 

for quadrant 2 

for quadrant 3 
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A 
[

-1 0 0 J) 
0 1 0 
0 0-1 

for quadrant 4 . 

We assume that the deviations from this ideal assembly are small; in par-

ticular we assume that the matrix A in (A4.l) is almost diagonal, i.e., 

of the form 

1 e cp 

[ 
) 

A = -6 l lj!.I J 
-cp -~ 1 

where 8,cp,~ are small rotation angles and that, for each quadrant Q 1,4, 

the matrix A in (A4.2) can be written as 

A 1,4 

i.e., 3 small angle rotations have to be performed before a rotation by 

an angle multiple of 90° around the y axis. 

We introduce, for each coordinate transformation of the type (A4.l) 

or (A4.2) a 6-dimensional vector v = (d ,d ,d ,e,cp,~) that identifies 
- x y z 

uniquely the transformation. As mentiond earlier, fiducial pins on the 

outside case of each module of drift chambers were surveyed with respect 

to a reference frame with its origin on the nominal beam line in the 

tagged photon laboratory, its axis coincident with that nominal beam line, 

its z axis vertical and its x axis defined by the left-hand rule. These 

measurements provided us with an.estimate of the 6 components of all the 

vectors y identifying the coordinate transformations from any of the nine 

above mentioned frames to any of the others. 
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AS. Track Fitting Algorithm 

The passage of a charged particle through the eight drift gaps in a 

quadrant is recorded by our data acquisition system in the form of 8 CAMAC 

words read-out of the TDC's corresponding to the hit wires. Each of these 

words contains the information to identify the sense wire of interest and 

the drift time of the ionization electrons from the hit point to the sense 

wire. If the hit wire is the k-th wire on the j-th drift plane (j = 1,8), 

the hit point of the track in that plane will be anywhere on a straight 

line of equations (in the "module" frame) 

z = z., = (j'-1)~ 
J 

With j I 

with t,;. 
J 

j - 4 ((j-1/ 4)); j I = 1, 4 

WJ. + £.S. 
J J 

j 1,8 

(AS.l) 

where sj is the drift length to the sense wire on plane j, Ej can be ±1 

because of the right-left ambiguity and wj =wk is defined by (Al.l). 

We will discuss later the solution of the right-left ambiguity and will 

proceed now to discuss the extraction of the track parameters obtained 

from the knowledge of an octuple of t;. 's. 
J 

A straight line in space is described with respect to a frame of 

reference Oxyz by the parametric equations 

y (AS.2) 

where (x0 ,y0 ,z0) are the coordinates of one point on the line and px,py,pz 

its direction cosines. This parametrization is redundant. The 
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identification of a straight line in space only requires 4 parameters. 

For instance, solving the third equation (AS.2) for the parameter p and 

substituting in the other two we obtain the alternate (non-redundant) 

parametrization 

x = p + R-z 
(AS.3) 

y q + mz 

This amounts to choosing the z coordinate as the running parameter. A 

third (banal) equation z = 0 + lz completes the parametrization. We will 

refer to the tr?ck parameters as a 4-dimensional vector t. Given a para-

metrization of the type (AS.2) the components of the vector t are given by 

t DJ 
xo-,Q,zo 

p:xf Pz 
yo-mzo 

PyfPz 

(AS.4) 

In each of two module frames in a quadrant the track will be des• 

cribed by a set of equations of the form (AS.3) (or (AS.2)). 

the reference frame attached to the small module (coordinates 

X l ( 1 1 1)) Q ( x ,y ,z and R2 the one attached to the big module coordinates 

2 2 2 2 x (x ,y ,z )) we have two representations of the track 

1 
x 

1 
y 

(AS.5') 

2 
x 

2 
y 

(AS. 5 I I) 

with the coordinates x1 and x2 related by the coordinate transformation 

(A4.l). The track parameters in R~ can be extracted from the knowledge 

of an 8-ple of t;, •. 's from (AS .1) in the following way. We have 
J 
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s, 1 
a. ,x + 

J J 
Sj'y 

1 for j 1,4 (AS.6') 

s. 2 ' 
sj ,y 

2 for j S,8 a. ,x + 
J J 

(AS ,6 I I) 

where j' 1,4. The second of (AS.6) can be rewritten as 

(AS. 6"') 

Substituting (AS.S') into (AS.6') and (AS.6"') we obtain a matrix equa-

tion 

!:_ = Ft + ~ (AS. 7) 

where t is the 4-dimensional vector providing the track parameters in 

Q R
1

, S. and~ are 8-dimensional vectors and F is an 8 x 4 matrix. 

Explicitly ,-.1 0 

~2 0 

~3 0 

s4 0 

5- = 
ss 5-o aldx + S1dy + (a1Al3 + (31A23)z! 

(AS.7') 

s6 a2dx + (32dy + 
1 

(a2Al3 + S2A23)z6 

~7 a.3dx + (33dy + 
1 

(a3Al3 + S3A23)z7 

s8 a4dx + S4dy + (a4A13 + S4A23)i~ 
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1 
Bl 

1 
al alzl B1z1 

1 
82 

1 
a.2 a2z2 B2z2 

a.3 
1 

a3z3 83 
1 

B3z3 
1 

84 
1 

a.4 a4z4 B4z4 
(AS. 7 I I) F = I 

1 1 I 
(alAll + 61A21) (alAll + 61A23)z5 (a1Al2 + 81A22) (a1A12 + 81A22)z5 

(a2All + 62A21) <a2A11 +· 82A23)z~ (a2Al2 + B2A22) 
1 

(a2Al2 + B2A22)z6 

(a3A11 + B3A21) 
1 

(a3A11 + B3A23)z7 (a3Al2 + B3A22) 
1 

(a3Al2 + B3A22)z7 

(a4All + B4A21) 
1 

(a4All + B4A23)z8 (a4Al2 + B4A22) 
1 

(a4A12 + B4A22)z8 
> 
N 
CX> 
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pl p 

.Qil !'; 

t = = for sake of simplicity 1 q q 

1 
mJ m 

and 

1 z
1 

zj, for j = j· 1 = 1,4 

1 
zj = (zj, - A31p - A32q - dz)/(A31 i + A32m + A33 ) for j 

The second of (A5.8) is obtained from 

2 
z 

(AS. 7"') 

(A5.8) 

5,8. 

Equation (A5.7), therefore, is not strictly a linear dependence of£. on 

t. F and~ depend on the z~ (j = 1,8) which, for j = 5,8, are not con­

stant but are a function of the vector t itself. 

The solution of a linear fit of the type (A5.7) for the 8 ~. 's 
J 

measurements in terms1. of the four parameters in t would be given29 )by 

(A5.9) 

where ~ is the transpose of F 

H (A5.10) 

and 

G < (cS ~)+ (cS O> (A5.ll) 
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is the 8 x 8 error matrix on the measurement vector 5_ This matrix is 

2 assumed to be diagonal, of the form G~ = a I, where a is the error on 

each individual measurement. 

The 4 x 4 error matrix for the track parameters t will be 

and the x2 of the fit is 

where 

G = <(o t)+ (o t)> = H-1 
t 

.2 x 

~F Ft + 5-o 

where we have substituted in (A5.7) the values (A5.9). 

The matrix A, as mentioned earlier, is nearly a unit matrix. 

and Ri have axes nearly parallel. In that limit 

1 
z .. 

J 
z. ,-d.., 
J ,,. 

for j 5,8 ' 

(A5.12) 

(A5.13) 

(A5.14) 

(A5.15) 

i.e., 1 all the zj are constant and our fit is strictly linear. We can 

still apply (A5.9), coupled to an iterative procedure. A first linear 

fit is performed using the value (A5.15), then equation (A5.8) is used 

to obtain the input to successive linear fits. Arbitrary precision can 

be achieved by multiple iterations. 

The numerical values of the di's, ai's, ~i's and of the six para­

meters d~ , d ·, d , 8, cf>, lJ! that identify the coordinate transformation (A4 .1) x y z 

are such that the diagonal elements of the error matrix G are 
t 
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(1. Olcr) 2 

A31 

(.05lcr) 2 

(. 6 71cr) 2 

(.032cr) 2 

Non-diagonal elements are generally not small. Particularly large are 

the terms <op o~> = <oi op> and the terms <oq om> = <om oq>. 

A6. Angle Track Correction 

The iteration procedure mentioned above is useful also to introduce 

a further correction to the algorithm for the extraction of the track 

parameters. The necessity for such a correction was pointed out by 

Charpak and coworkers. 
24

) It is illustrated in fig. A.12. Due to the 

rather high gains ('vl06) of the anode wires and to the low threshold (less 

than ~ mV) of our electronics, we are essentially triggering on the first 

few primary electrons arriving at the wire. For perpendicular tracks 

the shortest distance of drift lies in the plane of the sense wires. The 

space-time relationship is then very simple 

s = wt (A6.l) 

where w is the drift velocity, t the measured drift time, s the distance 

of the wire from the intersection point of the track with the plane of the 

sense wire. 

For inclined tracks, however, the shortest trajectory corresponds to 

electrons drifting along one cathode plane and then to the anode, follow-

ing the field lines. These lines are radial around the anode wire and 

then more or less parallel to the sense wire plane. One needs therefore 
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a correction in the calculation of s from the measured drift time t de-

pending on the knowledge of the incidence angle 8. The first iteration 

of the fitting routine uses simply the linear relationship s = wt. A 

first estimate of the track parameters t is obtained. These parameters 

_are used in (AS.8) and also calculated to estimate 8. Then the following 

algorithm is implemented. It assumes that the trajectory of the closest 

electrons drifting towards the anode is radial on a direction perpendi-

cular to the track from the anode up to the cathode plane and then coinci-

dent with the cathode plane itself. The prescription to calculate the 

distance s from the measured drift time t is 

s = wt/cos8 for 0 _:::_ t ~ g/w•sin8 

s = wt + (g/sin8) (1/cos8-l) for t > g/w•sin8 

where 2g is the gap in between cathode planes (4 mm). The t,;. = w.+E.s. 
J J J J 

are calculated for j 1,8 according to this algorithm and a new fit 

performed with these new values. 

A7. Alignment Procedure 

A) Relative Alignment of Modules in a Quadrant 

A precise knowledge of the vector v = (d ,d ,d ,e,cp,l)J) that identi-- x y z 

fies the coordinate transformation (A4.l) is necessary to avoid a sys-

tematic error in the determination of the track parameters from a fit to 

(AS.7). The determination of the vector v obtained from the surveyors' 

information 'can be used only as an initial guess. We will now outline a 

procedure to extract a better approximation from a sample of clean iden-

tified tracks. These tracks were provided by the special cosmic rays 

runs described in chapter 5. 
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Let'' s assume to have a large number N of tracks identified as such 

using approximate values of the components of the 6-dimensional vector y. 

We will refer to them as v' = (d · t: d 1 d '· 8' ,+,i '"'). For each track - x ' y ' z ' ''f' ''I' 

we have a set { l; } of 8 measured l;. values. We can divide them in two 
J 

sets of 4 each, {t;,1 } and {t;,2}, respectively in module 1 and 2. Substi-

tuting (A5.5') in (A5.6') and (AS,5'') in (AS,6'') we obtain two systems 

of 4 homogeneous linear equations in 4 unknowns 

where 

and 

.S.2 

(al) 

(a2) 

(a3) 

(a4) 

(al zl) 

(a2 z2) 

(a3 z3) 

(a.4 z 4) 

The solution of these two systems 

U\) 

<B2) 

(83) 

($4) 

(81 zl) 

<B2 z2) 

($3 Z3) 

($4 z4) 
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provide us with two independent determinations of the track parameters, 

in the two frames Ri and Ri. Each solution is accompanied by a 4 x 4 

error matrix 

where 

are two 4 x 4 error matrices. I 13. IS and Z. IS (i=l,4) are such that ai s, 
]. ]. I (2.42cr)

2 

(.90cr) 2 

Gt G 
tz l (1. OOcr) 2 1 

(0.26cr) 2 

with non-negligible non-diagonal terms. 

We want to extract from these independent determinators of the track 

parameters a better estimate of the components of the vector v. In other 

words we want to obtain an estimate of the 6-dimensional vector ~ 

~ = <~ 'b. '~ ,b.e-~r1.,b.,,,) - x y z 'I' 'I' 

such that the difference of the "true" vector v and the approximate vector 

v' is given by 

v - v' = ~ - -

v identifies the coordinate transformation 

2 x Ax
1 + d (A4.l) 
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from R{ to Ri. v' identifies the coordinate transformation 

x1 A'x1 + d' (A7.l) 

connecting R{ to a frame Ri (with coordinates ~1 ) which would coincide 

with R~ if our knowledge of v were exact. 

Let's define the coordinate transformation connecting RQ and RQ 
1 2 

identified by the 6-dimensional vector o 

will have 

:Jj = (o ,o ,o ) 
x y z 

1 08 0¢ 
fl -o 8 1 oiµ 

-o -o ¢ ijJ 
1 

Inverting (A4.l) and substituting into (A7.l), we obtain 

i.e., 

I 
x 

A = .R-l A' r 

l 
d - d' = fC1 (~' 

1 

-(8 1 -08) 

-<ct>'-oc1) 

-~) ...; d I 

8'-o 8 ¢'-o ¢ 
1 iJJ'-o \jJ 

-<tti'-o ) 
ijJ 

1 

(A7.2) 

We 

(A7.2') 

(A7. 3) 

(A7.3') 
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This reads 

!:, -1 oe cS <P -d' -d' 0 cS 
x x z x 

!:, -oe -1 olJ> d' 0 -d' cS 
y x z y 

!:, -o cp -olJ> -1 0 d' d' cS 
z x y z (A7.4) 

!:, = 
t:,e 0 0 0 -1 0 0 cS e 

t:,<P 0 0 0 0 -1 0 cS ct> 

t:,l/J 0 0 0 0 0 -1 ol/J 

From (A7.l) we can calculate the parameters tr of our track in RQ 
r from 

the parameters tl in RQ 
1 as 

(p + d' + 8'q ) - £ (d' - <P'P - IJ>'q ) Pr 1 x 1 r z 1 1 

(A7. 5) 

From (A7.2) we obtain, in a similar way 

p = r ( P2 + 0x + 0eq2) - £r<0z - 0¢P2 - 01J>q2) 

tr (£2 + oem2 + oq) I (1 - o¢£ 2 - ol/Jm2) 

(A7.8) 

qr (q2 + 0y - 0eP2) - mr(oz - ocpp2 - ol/Jq2) 

m = r (m2 - 08£2 + ol/J) I (l - o¢£2 - ol/Jm2) 
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If we neglect products of components of vector.§_ (A7.8) becomes 

Pr-Pz 1 0 -i 2 q2 i2p2 

il-i2 0 0 0 m2 (l+i;) 

ql-q2 0 1 -m2 -m2 m2p2 

ml-m2 0 0 0 -i2 m2i2 

that is a matrix equation of the form 

(t - t ) = Jt.8 I 2 

where fl is the 4 x 6 matrix in (A7. 8') . 

i2q2 8 x 

p2m2 8 
y 

m2q2 8 
z 

(l+m~) 08 

8¢ 

ol)J 

(A7.8') 

(A7. 8" ) 

A sample of N tracks will provide therefore N sets of 4 constraints 

of the type (A7.8") on the 6 components of.§_. If we define the 4N dimen-

sional vector ~t and the 4N x 6 dimensional matrix M such that 

~ti ( j tl 
'k tJ) 
2 

k 
MiJI, = )1.i 

J 

wher.e 

J track parameter index j 1,4 

k track index k= l,N 

t 8 component index i = 1,6 

i = constraint index =·4(k-1)+j ;i = l,4N 
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then we will obtain a global matrix equation 

llt = Mo (A7.9) 

Using (AS.9) we conclude that an estimate of o from our sample of N 

tracks is given by 

{A7.10) 

where Gllt is the 4N x 4N dimensional error matrix built up, track by 

track, by the 4 x 4 error matrices on the track parameter differences 

Gllt 

Equation (A7.5), in the approximation 8' <I>' ljJ I 

t = T t. + constant terms 
I J 

where T is the 4 x 4 matrix 

r1 -d' 0 0 z 

0 1 0 0 
T 

0 0 1 -d' z 

0 0 0 1 

29) 
Then by the law of propagation of error we obtain 

+ G = T G
1 

T • 
I, 

0 is of the form 

This implies, from the order of magnitude of dz in our recoil set-up, 
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(~10) 2 

2 
(1.270) 
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(6.26o) 2 

2 
(.370) 

(A7.ll) 

The 6 x 6 error matrix on the estimate (A7.10) of the components of o is 

G = (M+ G-l M)-l (A7 .12) 
0 lit 

We can now use (A7.4) to obtain the components of b.. Equation (A7.4) 

can be written as 

b. = T o + second order terms 

with 

-1 0 0 -d' -d I 0 x z 

0 -1 0 d' 0 -d' x z 

0 0 -1 0 d' d' 
T x y 

0 0 0 -1 0 0 

0 0 0 0 -1 0 

0 0 0 0 0 -1 

The error matrix of the b. parameters wil be then 

(A7.13) 

Gt; and G0 will depend on the sample of tracks determin:i;ng the~elements of 

matrix Min (A7.9). 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

A41 

B) Alternative Formalism for Relative Alignment in a Quadrant 

An alternative approach to the problem of estimating the 6 components 

of the vector ~ was also tried on the data. It tries to use on the same 

level the 8 ~ measurements on each track, rather than comparing track 

parameter estimates in the two modules of a quadrant. 

Let's define the 8-dimensional vector 

.E. = s_F - s_ (A7.14) 

where S.F is given by (AS.14). The components of .E. are the residuals of 

the fit that provides the track parameters (AS.9) 

t (A7.15) 

IF G~ 
2 a I, as we have assumed, 

t M s_ + V (A7.16) 

where 

M = (F+ F)-l F+ is a 4 x 8 matrix 

V = -M Se is a 4 dimensional vector 

Differentiating (AS.14) with respect to the components of the vector 

v = (d ,d ,d ,8,~,~) we obtain x y z 

b,l:: = r 
'"'i i 

or in matrix formalism 

(A7.18) 

r = c~ (A7 .19) 
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The coefficients c .. of the expansion (A7.18) are 
l.J 

Using (A7.16) one gets 

(A7.20) 

The dependence of F and s0 on the components of y is known from (AS.7') 

and the same is true for M and V. The evaluation of the derivatives in 

(A7.20) is algebraically prohibitive. One can, however, evaluate them 

numerically around the value v'. Once the cij are so obtained, one can 

extract 6. as 

(A7.21) 

where the error matrix of the residuals is given29 ) by 

and the error matrix of the 6. components is 

(A7.22) 

C) Relative Alignment of Quadrants 

The surveying information provides also a first estimate of the 

components of the vector y = (d ,d ,d ,e,¢,~) that identifies the coor­
x y z 

dinate transformation 
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(A7.23) 

to the frame R~ = R~ in quadrant 2 (chosen as reference quadrant) from any 

of the frames R~ = R~ (Q = A = 1,4; Q # R = 2) in the other three qua-

drants. A precise knowledge of these three coordinate transformations 

(coupled to a precise knowledge of the coordinate transformation from the 

laboratory frame R to R~) is necessary to avoid systematic errors in the 

determination of the proton scattering angles. A better estimate of the 

three vectors v (for the quadrant pairs 2-1, 2-3, 2-4) can be obtained 

from a sample of cosmic ray tracks traversing pairs of quadrants. 

Let's assume to have a sample of N tracks having been identified as 

h . RR dRA sue in 1 an 1. Two fits of the type (AS.7) have been performed and 

have provided the independent estimates tR and tA of the track parameters 

in R~ and R~. The two determinations are accompanied by two error 

matrices GR and GA 

GR GA = Gt 

with Gt given by (AS.11). We want to obtain an estimate of the 

6-dimensional vector 6 

6 = (6 ,6 ,6 ,68 ,~~,6,,,) 
- x y z 'I' 'I' 

such that the difference of the "true" vector v and the available appro-

ximate determination v' (d I d I d I e I ~I 111 I) iS 
x'y'z' '"''"' 

v v' 6 
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v' identifies the coordinate transformation 

(A7.24) 

connecting R~ to a frame RI (with coordinates ~I) that would coincide 

with R~ if our knowledge of v were exact. 

Let's define the coordinate transformation connecting RI and RA 
1 

(A7.25) 

defined by the 6-dimensional vector.§_= (ox,oy.oz,08 ,0¢,0~) with R and~ 
given by (A7.2'). Substituting (A7.25) in (A7.24) we obtain 

A= A' fl 
(A7.26) 

d - d' A' J) 

which reads 

!:>. 1 8' ¢' 0 0 0 0 x x 

!:>. -8' 1 l/J I 0 0 0 0 y y 

b. -¢' -l/J' 1 0 0 0 0 (A7. 27) 
!:. 

z z T o 

b.8 0 0 0 1 0 0 08 

6.¢ 0 0 0 0 1 0 0¢ 

b.l/J 0 0 0 0 0 1 ol/J 

The track parameters tI in the frame RI can be calculated from the para-

meters tR' using the inverse of (A7.24). The form of the functional 

dependence 
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Pr Pr (pR' ,Q,R,qR'~; v') 

R,I ,Q,I (pR,,Q,R,qR'~; .Y_ I) 

(A7.28) 
qr qI (pR,,Q,R,qR'~; v') 

ml ml (pR,,Q,R,qR,~; .Y_ I) 

will depend on the particular pair of quadrants the track is traversing. 

Using (A7.25) we obtain 

~I (~A + 08MA + 0¢) I (l - 6¢.R,A - o¢mA) 

qI (qA + 0y - 0ePA) - ml (oz - 0¢PA - 0¢qA) 

ml (rnA - oe.R,A + 6¢) I (l - 0¢~A - o¢mA) 

which (neglecting products of components of _§_) can be linearized to 

pI-pA 1 0 -£A qA 'X.ApA 9.,AqA 0 x 

.R,I-.R,A 0 0 0 rnA (l+,Q,!) ,Q,AmA 0 y 

qI-qA 0 1 -mA -pA mApA mAqA 0 z 
(A7.29) 

mI-mA 0 0 0 -~ A mA.R,A (l+m!) oe 

0¢ 

0¢ 
that is, amatrix equation of the form 

(t1 - tA) =/1.o . (A7.29') 
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Using a sample of N track traversing quadrant R and quadrant A we can 

obtain in the same way as (A7.9) a global matrix equation 

~t =Mo (A7.30) 

where ~t is a 4N dimensional vector, M a 4N x 6 dimensional matrix. An 

estimate of o will be given by (A7.10). Here G~t is 

G~t 

We can obtain G
1 

by linearizing the functional dependence (A7.28) to a 

form 

(where r
1 

J 

t 1 = T tR + constant termG 

From the recoil cart geometry we obtain for the diagonal elements of the 

GI 

GI 

or 

matrix 

(3. 72cr) 2 

(. 071cr) 

L 

(2.Slcr) 2 

(.71cr/ 

2 

(2.42cr) 2 

2 (1. 36cr) 

(.046cr) 2 

2 
(.06lcr) 

(1.17cr) 2 

(.064cr) 2 

or 2 

l 
(. 82cr) 

(.04Scr)
2 
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The three matrices above are respectively for tracks through quadrants 

2 and 4, 2 and 1, 2 and 3. The error matrix G0 of the fitted parameters 

o will be of the form (A7.12) and from (A7.27) we can obtain an error 

matrix G~ of the form (A7.13). 

D) Estimate of the Beam Axis Parameters 

Inelastic photon-proton interactions producing 2 tracks in 2 dif-

ferent quadrants are used to obtain the parameters of thebeamaxis. If 

the equation of the two tracks are (AS.2) 

-+ 
in the nominal laboratory frame, the coordinates x of the vertex of the 

v 

interaction, defined as the point that minimizes . 

are given by 

-+ -+O -+ -+O -+ 
xv xl + P1Pv + x2 + PzTv 

2 
with 

1 

The equations of the beam axis are, in the nominal laboratory frame 

x Q,y + p 

z = my + q 
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Its parameters can be estimated as 

: l = [ Ik<:v>k 

[ : l = [ Ik <:v\ 

A48 

where k = 1, number of reconstructed event vertices. Scattering angles 

of recoil protons are calculated with respect to this axis. 

AB. Pattern Recognition and Left-Right Ambiguity Resoiution. 

In section AS we discussed the extraction of the parameters of a 

track from the knowledge of the eight s. measurements 
J 

w. + E.s. 
J J J 

(j 1,8) E. 
J 

±1 • 

Let n. be the number of hits recorded on the j-th plane of drift wires 
J 8 

in a quadrant. There are N = IT n. ways these hits can be combined to 
j=l J 

form an octuple of hits (i.e., a track candidate). Pattern recognition, 

i.e., the identification of track candidates that are worth processing 

further, 

a) 

consists of the following two requirements: 

a fit of the type (AS.7) is performed, with sj = w. (j = 1,8), 
J 

using the wire positions as a first gross estimate of 1· The 

x2 
of the fit <x!) is given by (AS.13). G~ is set to the unit 

matrix I, i.e., equal errors are assigned to all t~e s measure-

ments. From Monte Carlo simulation of tracks in our recoil 
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2 system we obtained a distribution of X for simulated tracks 
a 

(and a similar x2 distribution for randomly associated octuples 
a 

of hits). 

2 xa > 80. 

Only less than .1% of the simulated tracks have 

2 X < 80 is therefore required in order to process a-

an octuple further. 

2 
another fit of the type (A5.7) is performed to provide Xb' still 

with~. = w. (j = 1,8); the elements of G~, however, are 
J J <:. 

2 
(G~) .. = oi.s .. The matrix is still diagonal, but to ~J. an 

s l.J J J 

errors. (i.e., the drift length) is assigned. Monte Carlo 
J 

simulation suggested a x~.:::. 15 requirement. 

An octuple surviving a) and b) is processed further. The right-left 

ambigui.ty has to be solved. 
8 There are 2 = 256 possible ways of choosing 

an octuple of £.'s. If we can solve a number m < 8 of ambiguities in a 
J 

8-m different way, however, only 2 combinations will be left. The follow-

ing procedure was adopted. Step b) above provides: 

+ -1 
r G r = - ~ -

where r is given by equation (A7.14). Its components are the residuals 

of the fit. The ratio 

r .Is. 
J J 

is calculated for j 1,8. We then set 

W. + £.Sj 
J J 

(A8.l) 

(j 1,8) 

(A8.2) 
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E. 
J 

R./IR. I 
J J 

if 
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R < IR I < R min - j - max (A8.3') 

E. 
J 

0 if IR. j < R . or 
J min IR. I > R 

J max 
(AB. 3 II ) 

and cr = 500 microns. The right-left ambiguity is considered solved, if 

condition (A8.3') is true. 

error a is assigned to it. 

~. is reset to the value (AS.I) and a small 
J 

A new fit is performed with the val~es (A8.l) 

and the error matrix (A8.2) until the condition (A8.3') is verified for 

at least one plane, i.e., until the procedure is effective in solving 

ambiguities. If m < 8 is the number of ambiguities solved in this way, 

the remaining 8-m will be solved by trying all the possible (8-m)-ples 

of e:.'s in (A8.l) and (A8.2) and selecting the one which yields the lowest 
J 

2 X • Equation (AS.9) will provide the track parameters of the identified 

track. 

Monte Carlo studies showed this procedure to be quite reliable. If 

hits on each of the planes are generated with a random error of 500µ, the 

number of misassignments is below 2%. Optimal values for R i and R m n max 

were found to be .75 and 1.5. 
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