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I. Introduction

We propose an experiment in the Fermilab broad band
neutral beam to study photoproduction of massive states from
nuclear targets. The major physics goals of the proposed
program fall into three overlapping catégories'

1) the detailed study of diffractively produced states
w1th masses up to ~ 8 GeV/c ‘

2) the study of photoproduced leptons pairs with masses
up to ~ 10 GeV, along with any accompanying hadrons,

3) the study of massive (4~12 GeV) final states with
distinct signatures such as two fully reconstructed decays
of massive particles with well defined masses. Included are
associated production of the guantum numbers C or B and the
cascade decay of a heavy particle to states containing one
or more charmed particles.

To accomplish these goals requires the two essential
features of the proposal, namely:

The Fermilab Broad Band Neutral Beam

As we discuss below, the high energy and 1ntensxty
available in the broad band beam make it possible to extend
the mass range probed by photoproduction and to study quite
rare processes. |

An Innovative Spectrometer

To observe the phenomena listed above requireé a spectro-
meter with very higﬁ‘efficiency'for complete and accurate
reconstruction.of complicated reactions at high interaction
rates. While the proposed spectrometer has unusually high
efficiency for reconstruction of complex multiparticle
states, its most novel feature is complete on-line
event reconstruction that permits the most flexible and
efficient possible selection of events and also reduces
off-line computation and storage requirements.

Despite the innovative aspects of the spectrometer design
(or, in fact, because of them), the spectrometer is modest in
cost and could be operational (i.e. taking data) within 18

‘months.




II. Physics Program

As. stated in the Introduction, our primary objective is
the spectroscopy of heavier hadrons, particularly hadrons
associated with the quantum numbers charm and bottom. We
propose to achieve immediately the greatest practical detail
and sensitivity by studying high energy photoproduction from
nuclear targets, using a multiparticle spectrometer with
unuéually high reconstruction efficiency for complex states
at information rates much higher than ever: previously
attempted. 1In this section, we discuss in more detail just
what we wish to do and why. o

A. Detection of Signals in the Presence of Backgrounds

Our ability to observe phenomena of such general
physics interest as associated productién of charm is limited
more by relative background levels than possible production
rates. Fermilab normally produces a factor of roughly 1010
more charm particles per hour than all existing ete” colliding
beam facilities, and yet the almost vanishingly low rates of
the colliding beam facilitieé have provided almégt all of our
present knowledge of charm particle physics, because their
background levels are so much lower than in external beam
experiments.

We distinguish two types of backgrounds:

i) Backgrounds intrinsically indistinguishable from
signal. If the fullest possible analysis fails to distinguish
on an event—bervent basis between background and signal,
one attempts at the very least to detect statistically
significant departures from extrapolated backgrounds. We
attempt to reduce such backgrounds by finding specific
reactions or kinematic regions where signal-to-noise is
maximum. ‘ |

ii) Backgrounds which saturate the experimental detector
at unpleasantly low signal rates. Here one encounters either
the intrinsic rate limitation of the detector, such as lqss




of measurement capability at detectable event rates above
107/sec, or the rate limitation imposed by the maximum rate
at which data from the detector can be digested. Counter
experiments have studied specific processes with simple
signatures that permit fast rejection of>unwanted backgrounds
by factors of 102 to 109. Such experiments can have signal
rates determined by the intrinsic rate limitation of the
detector or even by the available beam intensity.

In nmultiparticle experiments of the type we propose,
the distinction between signal and background may be quite
unambiguous on an event-by-event basis but nevertheless too
complicated for a traditional fast trigger decision. In
Experiment 872, for instance, we were unable to isolate
candidates for charm production from much of the total cross
section. We were therefore forced toAkeep the interaction’
rate low while writing 200 complex events per pulse onto tape
for later off-line analysis. We believe, however, that we

can now completely eliminate this limitation, by supplying
sufficiently complete on-line”reconstruction at éﬁé maximum
rates we can envision in the broad band beam.

We describe the\oﬁ—line reconstruction in more detail }
in Section IV. For the moment,; we shall consider the technical
difficulties of event selection, recording and later analysis
to be adequately resolved and turn our attention to overcoming
intrinsically indistinguishable backgrounds. We attempt to
improve the sigﬁal—to;noise ratio at high signal rate by
maximizing first the relative yield of desired reactions and
second the amount of information measured for each reaction.
By fully reconstructing associated production or diffractive
dissociation, we both increase signal and decrease background.

B. Why Photoproduction from Nuclear Target

We choose photons because the photon appears to interact
with less bias against new‘phehomena than do ordinary hadrons.
*Theoretically, this is because the photon couples directly to




new quarks through their electric charge.l Experimentally,
charm particle production appears to be an order of magnitude
larger fraction of the total hadronic cross section for
photoproduction than for hadron beams.2 Thus,'although the
absolute production cross section for charm particles is
larger in hadron beams, the relative backgrounds are lower

in photon-induced reactions. ‘

' We prefer a nuclear target, beryllium in particular, for
much the same reason. While the total cross section per
nucleon decreases slightly with increasing nuclear size, the
yield per nucleon of massive states increases.3 In addition,
coherent diffractive production from the entire nucleus has a
particularly clean experimental signature. Increasing the
nuclear size much beyond beryllium is strongly inhibited by
the rapid increase in the Bethe-Heitler pair production
- cross section.

C. Isolation of Interesting High Mass Phenomena

Even in photoproduction, the mere observation of high
‘mass is not necessarily intefésting. Consider the reaction

Y+tp--p+tXxX . '
Clearly, if we see all outgoing particles we see a system
whose invariant mass is just the total available center-of-
mass energy. If we miss a few of the outgoing particles,
we see somewhat lower mass. If we consider the invariant
mass, &X' of all outgoing parficles egcept the proton, we
expect that nearly 20% of the total cross section is
diffractive dissociation of the photon, with a mass spectrum
falling rapidly with increasing mass above 1 GeV. The rest
of the cross section is slowly wvarying with gk out to the
kinematic limit. Although the majority of reactions with
large M, can be readily identified as production of two
relatively low mass systems, one containing the target
nucleon, it appears to us that isolation of intrinsically
interesting high mass phenomena is not so simple.




Attempts to observe inclusive production of specific
massive states and their subsequent decays to multihadron
states suffer from large combinatorial backgrounds. Even -
among thevfinal particles from a genuine chérm particle
pair production reaction, we would expeét to find many
plausible but wrong combinations of particles with invariant
mass in the vicinity of a possible parent charm particle.

\ Thus, although in Experiment 87A we were in fact able
to see single inclusive charm particle production with a
small fraction of 1% of the sensitivity of the proposed
experiment,‘we feel that our greatest sensitivity to the
physics of new hadrons will lie in more highly constrained
measurements, particularly fully reconstructed associated
production of charm or bottom. For the production of charm
and related hadrons, we expect the cleanest probe to be
fully reconstructed diffractive dissociation. As we attempt
to show in the remainder of the proposal, we believe that
we can study the spectroscopy of these hadrons - their
existence, guantum numbers, production and dedagfmodes -
with greater sensitivity and detail than any other proposed
program, including ete™ annihilation. '

1. Diffractive Photoproduction

By diffractive photoproduction we mean reactions
Y+ aA-~24a+X ’
in which the nucleus remains intact and for which the
resulting cohefence between scattering amplitudes produces
a characteristic forward peaking of the production cross
section, 2

e
t

where b is proportional to the square of the transverse

dimensions of the nucleus. For a beryllium nucleus, the
transverse momentum distribution is characterized by a
slope b ~ 50 (Gev/c)_z. Thus’roughly two~thirds of the




diffractive production from beryllium has transverse momentﬁm
less than 140 MeV/c. 1Isolation of diffractive dissociation
is experimentally simple: 'Reject events with typically
noisy nuclear breakup and require small transverse momentum.
Such a photoproduced state has the following useful
properties:
i) It is produced forward with the full energy of the
pareﬁt photon, thereby maximizing its detection efficiency
in a forward spectrometer.
ii) It carries most of the quantum numbers of the
parent photon, particularly strangeness, baryon number and
helicity. We thus learn the identity, as well as the energy,
of the parent beam particle.
iiiy The rapidly decreasing yield of diffractively
produced states with increasing mass implies small‘backgrounds
for specific reactions. ' | ' ‘
To illustrate these features, we show in Fig. 1 the

observed P, > distribution for exclusively produced charged

t s
pion pairs in Experiment 87A. In Fig. 2, we show the

observed mass distribution for those events with Pt2 < 0.05
(Gev/c)z. We see quite clearly the coherent photoproduction
of p and p'(1600), but lose statistical significance above
2 GeV, for which we expect a thousand-fold increase in the
proposed experiment. To demonstrate the utility of diffractive
production, we show in Fig. 3 the inclusive pion pair mass
distribution observed in the same experiment. Desgpite an
average of almost one rho per event, the rho meson is almost
invisible in inclusive multipion production, and observation
of heavier states is quite hopeless.

Diffractive production can be just as useful for isolation
of states other than vector mesons. Consider Fig. 4, in which
we show the invariant mass‘distribution for the lowest mass

O

+ - . . N + + - -
7 7 7° combination within coherently produced m w 7w ¥ 7w states.

A clearly visible n - W+W—W0 is present with little background,
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despite the fact that the decay is completely invisible in
inclusive production. 7

Because we expect a large fraction of the yield of a
massive particle to appear in diffractive production,
suppression of the high mass multiparticie combinatorial
backgrounds should be even more impressive for production of
charm particles and their relatives. Consider, for example,
our previous . photoproduction from beryllium or carbon
nuclei. The readily identifiable u+u“ decay permits
identification of high energy {'s regardless of accompanying
secondary particles. About half of the detected {'s are
diffractively produced coherently from the entire nucleus.
Attempts to detect hadronic decay modes would succeed readily
in diffractive production, but inclusive production would be
buried in backgrQUnd. Large fractions of accepted
charm particle pairs, Ne and y states, should appeér‘in
diffractive channels such as broad resonances in the 4 to 6
GeV region. .

2. Associated Production of Charm and Bottom

We expect to see large signals with very little background
in the complete reconstruction of associated production of
charm or bottom. While the relaxation of the diffractive
requirement may be useful for charm production, it is essential
for bottom production. As we explain in Section III, we lack
sufficiently energetic photons to produce 10 or 12 GeV states
coherently from the entire nucleus. But even if we divide the
theoretical predictions of Ref. 1 by three, we expect roughly
105 events with an associated pair of bottom particles.
Although we do not know which decay modes, if any, will be
favored, we are sensitive to all decays except those including
a neutrino, neutron or KL'

We can see that associated production provides a strong
rejection of backgrounds if we note that after choosin§ possible




decay products for one heavy particle, we have considerably
fewer combinations available for the second.
3. Special Decay Modes of Bottom Particles

We should be able to select events containing bottom
production, even if not quite fully reconstructed, by simply
recording all events with a visible sum of individual particle
transverse momentum magnitudes exceeding some moderately
large value, perhaps 6 GeV/c. We could afford to record
almost lOm3 of the total cross section in this manner. If we
produce one or more particles whose masses add up to 10 GeV
or more, we would expect reasonably isotropic aﬁd relativistic
decays to yield an average of at least 7 GeV for the sum of
the transverse momentum magnitudes for the final decay
products. This follows immediately from the observation that

the average value of the sine of the polar angle is:

*
<sin 0 > = 0.785 .

After recording most events containing bottom production, -
we can then search for events with only one fulfy reconstructed
bottom particle, the other presumably missing one or more
~neutrals. BAs we discuss in Section V, we are quite sensitive
to decay fractions as low as 1% to states including a {§ or
one or two charm particles, even though we can readily
identify only a fraction of the subsequent decays of these
particles. ‘ ‘

Note that we are expecting'a signal on the order of 100
events for any reconstructable decay mode with 0.1% branching
fraction. Thus we might worry more about the backgrounds than
simply detectable signals. We have no reiiabie method for
estimating backgrounds. If we consider, for example, B -

YKm, where we detect the § through its clear dilepton
decay, we expect a mass resolution of less than 40 MeV full
width. In Experiment 87A, we observed a possible continuum
of 1/5 of an event per 40 MeV. If we were to scale these




events up by the same factor of 150 that we expect for

genuine B decays, we would then predict 30 background events
under the B signal. Whatever the purely inclusive background
turns out to be, it should be further suppressed by- requiring
some evidence for a second bottom particle in the,form‘of more
visible transverse momentum.

4. Direct or Cascade Decays to Lepton Pairs

The observation of lepton pairs, e'e  or W'u~, provides
a clean experimental signature for electromagnetic coupling
through a virtual photon. The most obviocus example of this
is the decay of heavy vector,mesons. We can detect the
dilepton decays of § or T, regardless of any accompanying
particles. Both triggering efficiency and detection
efficiency are nearly unity for energetic'massive pairs.
Backgrounds are negligible.
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III. Photon Beam

In this section, we argue that the relevant energy

scale for photoproduction of a massive state varies roughly
as the square of the mass being produced. We then show that
the Fermilab broadband beam is by far the most intense source
of high energy photons available anywhere within the next
few years. We point out that for the program we propose,
the hadron contamination in the beam provides negligible
background and possibly some useful physics.

A. Enerqgy and Intensity Requirements

For photoproduction of a state of mass M, the first and
most obvious energy requirement is that the photon energy be

above the threshold energy for photoproduction from a single

nucleon target:

_ 2
Eth = M + M,/2MN .

This is our first indication that the energy required to
photoproduce a massive state varies as the square of photo-
produced mass, but as we shall see this is a severe under-
estimate of the energies required for practical photopfoduction.
We consider separately the energy dependence of inclusive
production of some interesting states and the energies
required for coherent production from a beryllium nucleus.

1. Photoproduction of CC, BE and Massive Vector Mesons

In the article by Fritzsch and Streng,l the inclusive
cross sections .-for CC and BB are predicted to behave as
(l“Eth/Ew) and the exclusive cross sections for photoproduction
of §{ and T from a single nucleon are predicted to behave as
(l—Eth/E,Y)2 with an unphysical extrapolation to t = 0. For
the vector meson photoproduction, we have chosen to provide
our own fit to the experimental data for § photoproduction,
obtaining the result shown in Fig. 5:

do - _ 3.1 2
dt‘e:o = 66 (1-B,/E,) nb/Gev® .
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This form adequately describes the data and yields an energy
dependence that scaleé approximately as mass squared, reaching
half the asymptotic cross section at five times threshold
energy. ' _ :
2. Coherent Diffraction from Berzlliﬁm: Emi - Effect
For coherent photoproduction from a nucleus, the minimum

longitudinal momentum transfer to the nucleus is

2
= M -
/ZEW

If the product of Din times the smaller of a coherence length

9min

or nuclear dimension becomes comparable to unity, the produc-—
tion is suppressed by destructive interference. Although this
effect is not normally isolated experimentally from other
dependence on photon energy and target recoil properties,
one customarily considers coherent production to be suppressed

by a factor eP™Min, yhere tpin = and b is the slope

2
“Amin
observed in transverse momentum distributions. For beryllium,
a value of Dnin = 140 MeV will suppress coherent production
by a factor of three, yielding an effective threshold for
coherent diffractive production: '

2

= M_
Enin = 32 /b
T 2(140 Mev) T
In Table I, we list for wvarious masses both the threshold

enerqgy for photoproduction from a single nucleon, and the

E
th’
affective threshold for diffractive dissociation from

beryllium, Emin ’

B. Enerqy Spectrum of Proposed Photon Beams

We now compare the two photon beams available at Fermilab
and the BEG beam proposed for CERN. For both Fermilab beams
we assume an incident proton intensity of 6 x 1012 at 400 GevV.
We assume the usual 105 ft of liquid deuterium and the largest
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presently available aperture for the broad band beam. To
achieve highest intensity, the Fermilab tagged beam is
assumed to be operated in untagged mode with a thick (20%)
radiator. The CERN beam is described for 400 GeV protons

and a 30% radiator. In Fig. 6, we show the‘photon intensity
as a function of energy for these beams. For the FermilabA'
tagged beam we show separately the intensity for 100, 150,
and 200 GeV electrons, showing the tradeoff required between
energy and overall intensity. 1In Fig. 7 , we show the number

of photons above fixed energy:

max d?x :
N,Y(E,Y) = [ T 4B -
By

For energies greater than 100 GeV, the yield of photons per
incident proton is a factor of ten higher for the broad band
beam than for the tagged beam run in untagged mode with the
relative intensities diverging rapidly with increasing energy.
. The broad band beam is by far the most intense available
source of photons with energies greater than 100 GeV, and with
sufficient intensities between 50 and 150 GeV to require a
forward spectrometer capable of very high interaction rates.

C. Hadron Contamination

"In addition to high energy photons, the broad band beam
contains a small number of KL and neutrons. Because the
total cross section for hadronic interactions in the target
is hundreds of times larger for K, and neutrons than for
photons, this hadron component is not negligible. We have
measured the hadron contribution to the total interaction
rate by simply removing the photon component with six
radiation lengths of lead. We observe roughly equal
contributions to the total interaction rate for energies
between 50 and 150 GeV, with the hadron contribution
increased to 80% of reactions between 250 and 300 GeV.
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At worst, this hadron contamination of the beam might
increase backgrounds by factors of two to five depending
on total energy. Our emphasis on highly constrained
signals should reject hadron~induced backgrounds at
least as well as photon—-induced backgrounds. For
diffractive production, we can achieve event-by-event
identification of parent particles. For more inclusive
measurements such as associated bottom production, we
can separate contributions to observed signals by running
with and without photons in the beam. We expect hadron-—
induced backgrounds to be considerably reduced from the
E~-87A inclusive charm search, where the strange particle
signature of a charm particle decay emphasized the KL
induced reactions so that 80% of the charm particle
candidates were hadron induced.
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IV. The Detector
The physics program outlined above requires a very

special detector. In particular, we require:

i. A detector with very high eff1c1ency for complete
reconstruction of complex states. ‘

ii. A detector which performs the traditional fast
trlgger function - selection of de51red events - when the
desired signature is very compllcated.

iii. A detector whose performance does not deteriorate
in the presence of tens of millions of detectable particlés
per second.

iv. A detector capable of supplying, in useful form,
considerably more information than normally available for
- off-line study.

We will describe below a detector which meets all of
these requirements. Its design has been guided in:large
part by our experience with the E-87a detector, whose
principles of operation, strengths and weaknesses are well

e

understood. ‘
The new detector must have greater geometrical acceptance,

more efficient particle identification and photon detection,
and the ability to operate at higher interaction rates.
Although the improvement in each separate item will turn out
to be a modest factor, the overall increase in the product

of acceptance times interaction rate will be more than a
factor of 100 for those states accessible to E-87A. The
largest single improvement must therefore be in the
‘information handling, for both event selection and event
~recording. Although the overall improvement is a startling
innovation, no new physical principles are introduced. In
particular, none of the apparently sophisticated electronics
involves marginal or state~of~the—art components. Ewven the
hardware processor 1is built with digital circuitry (ECL 10k)
which we héve used for years on a comparable scale.
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The modifications planned for the detector are summarized
immediately below and later described in greater detail:

1. Spectrometer: We increase the solid angle acceptance.

by a factor of 6 over E-87A. We increase the redundancy of
the wire chamber system in a manner that simplifies and
improves the pattern recognition.

2. Particle identification: We greatly enhance efficiency

for complete event reconstruction by increasing the segmentation
‘and solid angle acceptance of the Cerenkov counters and photon.
detector, and by adding a lower threshold momentum Cerenkov
counter. ' ‘

3. Information handling: A preliminary design has been

completed for a processor that will allow almost 100,000
events per second to be fully reconstructed on-line, with
only about 10% deadtime. This will allow efficient and
flexible event selection at high interaction rates. Recording.
the processing results will tremendously reduce off-line
computation requirements. ‘ ,

A. Detector Dimensions and Acceptance Considerations

To understand the relevant dimensions of the detector,
we need to consider momentarily the properties of Lorentz
transformations and the spectrum of masses and energies we -
intend to measure. Consider a system of invariant mass MX
with laboratory energy E = WMX and velocity B = 1. . In the
MX rest frame, a particle of mass m and momentum p* is
produced at an angle 6* away from the axis of the Lorentz
transformation to the lab frame. This particle appears in
the lab with an angle

I3 * .
* x 2
cos O + Jl+(m/p )

*
This relation is plotted in Fig. 8 for m/p = 0, 0.5, 1.
For massive particles, the laboratory angle has a maximum of
*
(p /m) {1/v). For highly relativistic center-of-mass-system

particles such as photons, 80% of the center-of-mass solid
angle lies within 2/¥ in the lab, 94% within 4/v. By
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increasing the lab solid angle a factor of 4 in going from
2/Y to 4/, we pick up only 14% more center-of-mass solid
angle. All K mesons with p* less than 1 GeV appear in the
lab at angles less than 2/v.

For photon detection we have an additional inefficiency
introduced by the hole required in the photon detector for the
photon beam. Here we miss a fraction of the center-of-mass
solid angle (WGH)Z. For our present design, eH = 5 mr, and
we lose 6% at ¥ = 50. Since more than half of the center-

- of-mass solid angle appears at laboratory’angles less than
20 mr at Y = 50, the finite resolving power of the charged
particle identification and the photon detector become
increasingly serious problems at higher energies.

The detector described below has an inner detector that
covers lab angles up to 120 mr with a highly segmented multié
particle spectrometer, and an outer detector that covers lab
angles up to 250 mr with a less segmented detector deéigned
for lower momentum particles. These angles correspond to
2/v and. 4/ for ¥ = 16. We believe the detector is well
designed to cover the range 16 € v < 50 with very high
efficiency for accurate reconstruction of the multiparticle

states which we propose to measure.

B. Detector Layout

The proposed detector layout is shown in Fig. 9 .

The arrangement is very similar to that used in Experiments
87A and 40l: two bending magnets with five stations of
wire chambers, Cerenkov counters and photon/lepton/hadron
detection and separation.

The target (T) is inside the first bending magnet (M1)
and surrounded by a simple recoil detector (R). The narrow
wire spacing drift chambers are designed to cover + 250 mr
(PO, Pl, P2) and + 120 mr (P3, P4) in both bending and
nonbending views. Each - chamber contains four planes, labelled
X, Y. u and v, measuring the nonbending view, the bending
view and + 11° away from the bending view. The individual

chamber parameters are listed in Table II.



—-17 -

The bending magnet M2 must be a new magnet, with an
aperture of 40 in. x 40 in. and a length of 60 in. The
maximum desired field integral is 450 MeV corresponding to
a field of 10 kG. The two magnets would normally be run
with opposite polarity, with field ratios chosen to provide
no net deflection 20 in. downstream of P4, permitting
electrons produced in the target to pass harmlessly through
the hole in the photon calorimeter. Running with opposite
- polarity also increases the number of desired particles
transported safely through the entire spectrometer and
reduces the range of angles to be covered by each mirror in
the downstream Cerenkov counter. The spectrometer resolution
is conservatively estimated at + 0.1 mr, with Ap/pz = + 0.0002
in M2 and Ap/p? = + 0.0010 in Ml. This is identical to the
resolution obtained in E-87A, because we have used the
improvement in spatial resolution to shorten lever.arms and
increase solid angle. If we succeed in achieving 100 micron
rms position resolution in the drift chambers, which appears
practical but unproven, our resolution will>imp£6ve another
factor of two.

| The entire spectrometer acceptance is covered by photon
 calorimeter with the exception of a 4 in. x 4 in. hole for
beam particles and electron pairs from the target. The region
5-~120 mr is covered by a Pb/MWPC calorimeter behind the last
drift chamber. This detector should have photon energy rms
resolution of about 20%//E and will be as finely segmented as
practical, 3000 channels. The region 120-250 mr will see
many fewer and lower energy particles, requiring less »
segmentation but better energy resolution; This region would
be covered by a relatively thin Pb/MWPC and a Pb glass array,
immediately in front of M2.

The Cerenkov counters CO, Cl, and C2 are segmented
atmospheric pressure gas counters with pion threshold momenta
of 3, 6, and 12 GeV respectively. With over 200 phototubes,
the segmentation and momentum range of these counters permit
-efficient particle identification for the range of energies,
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multiplicities and masses we hope to measure.

Scintillation counter hodoscopes S1 and S2 are used in
trigger formation. At the rear of the detector are a
hadron calorimeter and muon identifier.

C. Drift Chambers |

‘The charged particle spectrometer is designed to

provide high resolution and high efficiency for measurements
of ﬁultiparticle states in the presence of 30 million ete”
pairs per pulse and 3 million muons per square meter per pulse.
With 3 mm gaps between anode and cathode planes, the three
upstream chambers have maximum memory times of 60 ns, and
maximum drift times of 20 to 40 ns for 2 mm to 4 mm anode
wire spacing. A new amplifier/discriminator recently
developed at Nevis is nearly deadtimeless and has greater
sensitivity than our ten year old design used in E-87A.

- Operating the chambers at lower gas gain and with shorter
gaps than our present chambers will result in much lower
stored energy and total ionization. ) A

The drift chamber configuration is not Véf§ traditional,
but is a slight variation of our present arrangement. The
four planes per moduleAinclude no staggered pair of parallel -
wires. Instead, once the track is réasonably well determined,
almost any two planes form a staggeredapair, so that the
left/right ambiguity is resolved even when one time
measurement is missing or in error. With our narrow wire
spacing and wiae range of track angles, the initial
improvement in time and position for which wide spacing
drift chambers require staggered pairs is neither necessary
nor possible.

Our present experience indicates that we can reconstruct
more than a dozen tracks from a single interaction in the
presence of one or two unrelated photon conversions and
several out-of-time hits énd still have very close to 100%
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reconstruction efficiency. The reconstruction algorithm
was develbped for Experiment 87A. We first ignore the time
information and find all single view tracks which have no
missing hits. Different views are then paired: two views
fully determine the track, which is then fit to all planes
with an iterative least square fit to five independent
track parameters using the drift times and realistic
magnetic field. Missing hits are thus tolerated in at most
two views. With single plane inefficiencies of well under
1%, in-time tracks very seldom miss three hits.

We would use a time digitizer developed in the later
stages of E-87A. It is purely digital, providing 32 time
bins of width 2.5 ns, with a maximum of a single hit per
wire. We have achieVed finer than 200 micron resolution with .
the E-87A chambers which were not originally designed for
time measurement. We hopé to achieve 100 micron resolution,
but for the purposes of this proposal we restrict our
expectations to 200 microns. The individual wire plane
digitizations can be read out in parallel at 10 MHz, and
so an event with 10 hits per plane requires about 1 Us
for complete readout.

D. Photon Detector .

To obtain high efficiency for full reconstruction of

multiparticle states requires very high efficiency for
reconstruction of a single particle in the presence of other
nearby particles. We wish to build a photon detector
immediately behind the last drift chamber module. This
detector must be 8 £t x 8 £t with a 4 in. square beam hole.
The detector must tolerate more than a million electron
pairs per second produced by beam interactions in material
between the two magnets. It should have sufficient segmenta-
tion and resolving power to allow separate measurement of’
several photons in the presence of several hadrons, with
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sufficient energy and position resolution to allow
identification of intermediate particles such as neutral
pions and to insure accurate reconstruction of the
entire event.

Since most photons result from neutral pion decay,
identifying other sources of photons becomes easier if
neutral pions are reliably reconstructed. Our ability to
see\interesting signals involving photons from other sources
depends on our ability to reduce backgrounds. Identifying
the two photon decay of a fairly stable particle, for
instance, requires good mass resolution, but one would readily
trade a factor of three in mass resolution for improved
detection efficiency and a ten-fold reduction in background.

We have just completed tests of a prototype Pb/MWPC
photon calorimeter which has rms energy resolution
of 24%//E. This is perhaps four times worse than we might
be able to achieve with Pb glass counters, but is amply
compensated by rms position resolution finer than 2 mm and
the ability to separately resolve two showers separated by
more than 4 cm. ’

The sampling size is set by several considerations.

The spatial resolution is optimum and relatiwvely ihsensitive
to confusion if the shower leaves big signals in more than
one element. The energy measurement is similarly insensitive
to confusion if the sampling size is somewhat smaller than
the shower size. The optimum would probably be a two
dimensional array of 1 cm2 elements, but we see no practical
way to achieve this. We plan instead to segment the detector
first into quadrants, with further segmentation into 1 cm
vertical and horizontal strips. The basic sample is 6 mm of
atmospheric pressure isobutane with 25% argon and a trace of
methylal, with electrons liberated by charged particles and
then collected and multiplied by 30 micron diameter anode
wires spaced 3 mm apart. Each plane of anode wires is
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centered in the 6 mm gas gap between two cathode planes,
one segmented into horizontal strips and the other into
vertical strips. Each gas gap is preceded by a lead.
radiator, typically 0.5 radiation lengths, for a total of
22 radiation lengths. Corresponding strips from a sequence
of gas gaps are then tied together so that their current is
collected and amplified by a high gain current amplifier.
The counter tested was 1 ft x 4 ft with 24 gaps, the first
preceded by 1.5 radiation lengths, the next 15 preceded by
0.5 radiation lengths each and the last 8 preceded by 1
radiation length each.

' The Pb/MIPC calorimeter has an output pulse width of
less than 100 ns. With provision to flag out-of-~time pulses,
high efficiency at full resolution is possible at rates above
a megacycle. We have developed a very high quality ADC
compatible with the high interaction rate and high event
reconsgructionArate; but quite inexpensive ($25/channel).

The ADg is 12 bits, with nonlinear dynamic base;ine shift.
Digitization can be accomplished within 10 to 20 pus, at the
end of which time a list of pulse heights above digital
~pedestal is present in a separate buffer for each 256 channels.
After the fast gate, the,integrating dapacitor can be reset
within 100 ns at any time, transferred to an analog buffer
within 1 MUs, or held until the output buffer is available.

We have recently built 6000 such ADC's at Nevis for other

. experiments, but without the analog buffer and with more
cumbersome readout. We require 4000 channels for this

experiment.

E. Charged Particle Identification
Distinguishing among the charged stable hadrons (7, K, p)

in multiparticle states is probably the most difficult
challenge we presently face. The problem has received
considerable attention, and possible solutions for Tevatron
energies have been proposed. 4% We continue to rély, at ‘
least temporarily, on segmented threshold Cerenkov counters.
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The disadvantages of such systems are the limited momentum
range over which identification is possible and the confusion
arising from finite segmentation, but they have the distinct
advantage of falling within our present capabilities. We
propose to improve the segmentation slightly over E-87A and
to extend the momentum range to lower momenta. We postpone
any serious attempt to raise the high momentum limit or
achieve fully efficient segmentation.

In E~87A we used two threshold counters with pion
thresholds of 6 and 12 GeV. ' This permitted full separation
between roughly 20 and 45 GeV, with pion identification down
to about 6 GeV and high energy proton identification up to
about 90 GeV. We would now add a third counter with pion
threshold 3 GeV, which would permit full separation down to
10 GeV and pion identification down to nearly 3 GeV.

The segmentation problem is two-fold. To eliminate
confusion, not only must the number of phototubes be.
considerably larger than the number of particles, but the
mapping of Cerenkov light onto phototubes must germit
separation. If we map light from several particles uniformly
over the same region, segmentation is no help. In both high
threshold counters, light from a single particle illuminates
a 5 in. diameter disc at the back of the counter. Viewed
from the target, this is 12 mr for the downstream counter.
Since the density of high energy forward particles is
proportional to 72, with the entire forward hemisphere
appearing at lab angles of less than 1/Y, separation of
individual particles becomes increasingly difficult at high
energies. |

We describe the three Cerenkov counters in Table III.

We are proposing slight improvement in both the segmentation
and imaging within the original solid angle acceptance of the
counters Cl and C2, with much less segmentation at larger
angles. In E-87A, Cl and C2 had 12 and 16 phototubes, but
they covered less than 10% of the proposed solid angle
acceptance and resulted in some confusion in 30% of the
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accepted four~b6dy final states.

We use rectangular arrays of spherical mirrors to
reflect Cerenkov light onto phototubes. For CO and Cl, we »
require aluminized mylar plane mirrors to deflect the light
to spherical mirrors outside the active aperture of the
spectrometer. For particles from the target region with
momentum above pion threshold, all Cerenkov light reachiﬁgA
an outer mirror is imaged directly onto the good photocathode
region of a 5 in. phototube. Reflecting cones to increase
- the light collection of these tubes would only increase
the number of undesirable photons from other sources. Each
inner mirror focuses Cerenkov light onto a rectangular mirror
baffle which further segments the light with at most one
grazing reflection onto small (1.6 in.)phototubes.

If the segmentation were fine enough, and in the focal
plane of each spherical mirror, we could measure the Cerenkov
angle. With considerably coarser segmentation than would
be required for a true imaging counter, we instead attempt to
minimize the spread of light from a single parti&le compared
to particle separations. We therefore focus on each baffle
a sharp image of the center plane of the Cerenkov counter.

The total number of phototubes is modest: twenty~four
5 in. tubes and one-hundred and eighty 1.6 in. tubes. The
small tubes are only ten stage and require fast amplifiers
with small dynamic range but rapid recovery from overload.
These small tubes are expected to cope with the light from
the 30 million electron pairs per pulse. Oux experience has
also shown that the tubes must cope with modest rates of
charged particles passing through their glass envelopes,

producing quite large signals.
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F. .Hardware Processor

The experimental program outlined in this proposal
requires fairly complete on-line event reconstruction within
tens of microseconds. Since the Fermilab Cyber 175 system
takes a thousand times longer to perform the same computation,
this might at first glance appear to be a difficult and
dangerous reguirement. We believé, however, that such
inférmation processing power has been possible for the
past few years, using simple, reliable and inexpensive
processors assembled for specific problems.

We first develop a general approach to such processing
by identifying small simple hardware elements and simple rules
for their interconnection that permit any digital computation
~ to be performed with optimum efficiency., measured in
operations/second/dollar. Such a general approach not only
permits general application, but is probably necessary for
practical solution to a specific complex problem which
" probably spans most of the general features of digital
computation by itself. B e

Our understanding of the general principles continues
to evolve. Had we built the proposed processor a year ago,
it would have worked exactly as expected. Today we can
build a smaller version that would be twice as fast. After
building and using such a device, we could undoubtedly do
even better, but the originalkdevice would remain functional
and compatible'with any expansion of the problem. -

The general principles are quite simple. Data are
transferred from register to register under control of a
central clock. The clock period, presently 25 ns, is
determined by the time required for register to register
transmission through an intermediate arithmetic operation,
memory reference or intermodule transmission line. Central
control is exerted only by the clock, and by a control/
communication bus which is idle during normal processing,
but can be used to access any register invthe system from
the outside, allowing diagnostic exercises and the loading
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of tables. |

In general, we havé neither central memory nor stored
program. Memory is an integral part of the processor, pro-
viding tables of precomputations,'lists of variable data,
and maps. Three essential control functions appear in the
computation data paths: v

i. V, here is a new data element (from source).

‘ii. C, sequence of data elements is complete (from source).
iii. H, unable to accept transmission (from receiver).

A computation requiring n sequential steps can be
performed in a pipeline of n distinct hardware elements so
that the delay through the pipeline is n cycles, but a new
computation can begin each cycle. Many such pipelines can
operate simultaneously and independently. Such a structure
is called a pipelined parallel processor.

The parallel pipeline structure appears at more than one
level. On a macroscopic scale we expect an event to have
analog signals digitized in parallel with track reconstruction,
while at the same time the previously acceptedré;ent is
undergoing kinematic reconstruction. Such a pipeline may
eventually be several events deep. All information that might
eventually be used must be stored until the final disposition
decision.

Additional, possibly unforeseen, computations can
always be added, either in parallel at some stage of the
pipeline, or in series as a new pipeline stage. Such new
computations should not affect the rate of event reconstruction.

The incredible cost effectiveness of computation in this
structure results from the possibility of using simple
special purpose devices for their specific purposes at full
speed with few idle periods. The pipeline structure almost
guarantees this capability. Operations which must be performed
very many times can be unfolded into a large fast pipeline,
while infrequently performed operations can be folded in several

ways to maintain the same operations/second/dollar.
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The processor can be simulated exactly in Fortran on a
normal computer so that one can study the processor performance
before actuwally building it. We construct software modules
that simulate corresponding hardware modules exactly, and
then specify their interconnections, including the control/
communication bus. Given the input data for the computation,
we can predict the status of every element in the processor,
cycle by cycle. We thus determine how long the computation
would require and what the result would be. We thus isolate ~
bottlenecks and underutilized hardware. Both the hardware
and the software version can analyze raw data from tape.

In addition to the necessary diagnostic and developmental
studies, this permits use of the processor for Monte Carlo
studies. '

We have preliminary designs for a data analysis, selection
and histogram structure which would permit studies of very
high rate processes without recording individual events on
tape. We do not anticipate such rates for reactions of
general physics interest in the proposed expetiﬁént, nor
do we see clearly how to make use of such rates yet, but‘such
a feature will allow on-line diagnostic and calibration
studies continuously without interfering with the selection
and recording of events of more general physics interest.

The size, physical complexity, and cost of the processor
are all small compared to the hardware supplying the input
data. The design and construction of actual hardware should
always be quick and simple. The time and complexity appear
at the software level. '
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V. The Experiment: Interaction and Data Rates

We anticipate running with 3-6 'x 1012 400 GeV protons
per pulse incident on the existing beryllium target. The
~neutral beam collimators would be set at the present maximum
aperture with the 32 m of liquid deuterium in place. The
experimental target would be a piece of beryllium 1.75 cm
thick (5% radiation length), in which about 4% of photons
and 5% of hadrons interact. On the average, secondary
particles have about 2.5% probability of interacting, and so
about 10% of the four-body final states suffer secondary
interactions within the target.

We have designed a detector which should perform well
at the very high rates accompanying 6 x lOl2 protons per
pulse and the largest beam size. Such high intensity may not
always be available or desirable, but will be assumed for
consideration of the instantaneous rates and the challenge
they present. Total integrated rates are based on an exposure
of about lO18 protons, which would be 500 hours at 6 x_lO12
or 1000 hours at 3 x 1012, assuming 400 pulses ﬁér hour. For
such a run, the integrated luminosity is 3.7 x 104/nb for
photons above 50 GeV, and 1.4 x 104/nb for photons above
100 GeV. The integrated luminosity in E-87A for energies
above 50 GeV was 1.0 x 10°/nb.

At 6 x lO12 incident protons and the largest collimator
setting, the neutral beam at the photon target provides about -
lO8 photons with energy above 50 GeV within a spot size 7 cm
x 7 cm. BExtrapolating from Experiment 87a, the total rate of
e+e— pair production in the target will then be 3 x 107 pairs/ .
pulse, and the peak muon flux in the area will be less than
3 x 106/meter2/pulse or about 15 million muons per pulse
incident on the entire detector. . The total rate of hadron
production by photons with energy above 50 GeV is more than’

2 x lO4 per pulse, with a similar number produced by energetic
hadrons in the beam and about twice as many produced by lower
energy photons. We summarize these running conditions

in Table IV .
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We summarize below the acceptance and expected rates for
selected states based on extrapolations from rates observed
in E-87A or on current theoretical predictions. States are
divided into two overlapping categories:‘ those that we
expect to observe in coherent diffraction from the eéntire
nucleus and those representing interesting rare events with
sufficiently clean signatures that we would not require
coherent production to isolate the signal from backgrounds.

We expect an increase in observed signal over E-87A that
‘depends on the state in question, but ranges dramatically
upward from a factor of more than 200. There are several
factors responsible for this increase. The total luminosity
is a factor of 37 higher. In general, the geometrical
acceptance has increased by at least a factor of 4, and the
triggering efficiency by at least a factor of 2. The
probability of unambiguous identification of a typical charged
hadron has increased from less than 0.7 to more than 0.9, . and
the possibility of efficient detection of photons in multi-
"particle final states becomes at last possible; “This enormous
increase in the efficiency of identification of charged
particles and the detection of photons permits not only a
large increase in Signal but also a large reduction of
backgrounds.

A. Coherent Production

In Table VvV , we list acceptance and expected rate for
a representativé sample of coherently produced final states.
We have not included odd pion final states, or in fact any
final states containing photons, because of the difficulty of
extrapolating from E-87A. We plan to study such states and
expect a majority of states with more than two charged particles
to contain photons. Many interesting states for which our
detection efficiency is high have no reliable estimates for
production cross sections, but should be readily visible.
Such states include high mass vector mesons and diffractively
produced continuum which decay into charm-anticharm pairs or

states containing n,'s or x's.
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We see from Table v that not only do we expect large
numbers of events at high masses, but we have extremely
large samples at masses below 3 GeV. We now consider the
listed states:

1.,2.) The coherent W+W~ mass distribution from E-87A
has already been shown in Fig. 2 . The figure shows p and p'
along with some possible structure near 2.1 GeV. This distri-
bution should become more interesting with the increase in
statistics by a factor of 1000 which we anticipate for masses
above the p. o o

3.) The large number of events expected in the four
charged pion channel will allow a thorough study of the still
puzzling decays of the p'(1600). Comparable statistics can
be expected for the W+W~W°Wo state. Any higher mass structures
should be observable up to masses of about 8 GeV, and should
become easier to understand when widths are small compared
to the difference from threshold mass.

4.,5.) K K K K or K K W+W : BAs in the four pion state,
information will be avallable out to about 8 Gerw1th very
high statistics at lower masses. One intriguing possibility
is the existence of g@.resonances. The three ¢¢ events
observed in E-87A all lie within 50 MeV of 2.4 GeV. Our
sensitivity to this state is about 30 events/pb. Our ability
to see ?rimakoff production of Ne will depend on thevbranchihg
fraction of nc’into the specific channels such as ¢¢ agd the
partial width into ¥Y. According to Quigg and Rosner,” the
Primakoff cross section at 200 GeV is, '

T ng~r)
o (Y+Be - Ne +Be) = (10 pb/nucleon) —Iv§g§*
Irrespective of whether we see Primakoff production of Nea
we do expect to see U in coherent production with addltlonal

. +
hadrons, just as we see copious production of nmw T .
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B. Rare Processes with Clear Signatures

In Table VI , we list acceptance and predicted event
rates for specific rare processes. We leave out examples of
conventional particle production that could be selected,
such as Ah and Q. We now discuss some of these processes
in detail:

~ 2) In E-87A we observed 90 events containing a § plus
"hadron, of which 30 events contained at least one identified K
meson. Extrapolating from this we would expect to see 250
times as many { accompanied by hadrons, and provide more
complete measurement of the hadrons. This implies 13,000
such events with 4,000 contaihing an identified K meson.
These events are intereéting for several reasons other than
simply studying properties of inclusive {§ production.
Observation of the accompanying particles should provide
information about the dynamics of charm production, including
illumination of OZI predictions. Other possibilities include
the observation of heavier states which decay to ¢ plus other
particles, whether by weak,Vélectromagnetic or ;trong
interaction. ) . .

3) As shown in the table, we expect more than a million
events with a fully reconstructed D meson. Inclusive D meson
production in itself is probably not best done in this
experiment, but triggering on a visible D candidate would
allow us to look for associated production of other charm
particles or décays from a higher mass narrow state. Specific
known decay modes of the Ac are equally easy to select. Cross
sections for production of other states in association with
observable known decays are not known, but production of F
mesons and the remaining baryons will be observable unless
suppressed by two orders of magnitude relative to DD.

4) Bottom production: The model of BB production
discussed in Ref. 1 predicts an asymptotic cross section for
BB production of 27 nb, with an energy dependence similar to
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that given in Fig. 5 . The model is quite simple and predicts
cross sections for photoproduction of heavy guarks which scale
to lowest order as o =« (eq/mq)z. The model predicts an
asymptotic charm cross section of about 1.0 b and a { cross
section of 50 nb. In E-87A we measured

o (y+C - D®+X) ~ 500 nb/nucleon
o (Y+C - §+X) ~ 30 nb/nucleon .

Integrating the predicted energy dependent cross section over
the photon spectrum, we obtain a total of 325K BB events, most
of which should be fully within our acceptance. The fraction
of these decays which can be reconstructed is unknown, of
course. We cannot reconstruct states with a neutrino, a |

neutron or a K Even with a wide range of detectable decay

modes, we shou%d be able to see BB production by requiring
fully reconstructed associated production. Specific cascade
decays to ¥ and charm particles may permit observation of
single B inclusive productlon.

5) Our estimated upSLlon production is based on a related
prediction for the cross section, which becomes 270 pb at
high energies. Using the energy dependence which we
obtained for the {, and assuming a leptonic branching ratio
of 4 %, we predict 30 detected T - £+£".

C. Event Trigger

We propose to record any event falling into one of the

following three categories:

1) Any coherently produced state, except low mass pion
pairs, with energy above 50 GeV. Experimentally, coherent
means total observed charge zero, low Pt2 and nothing detected
in a recoil detector sensitive to fairly low energy photons.
Since coherent diffractive photoproduction represents about
5% of the total cross section, with the p excluded, this
would be well over a thousand events per pulse, including
hadron induced events. Because we have no desire to £ill a
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magnetic tape every 5 minutes, the majority of these events
would be recorded in very compact form, averaging about twenty
16-bit words per event. Rare and unusually interesting events
would be recorded in greater detail, including raw drift
chamber data and/or raw ADC data (no pedestals). If
unnecessarily large numbers of low mass events would be
"recorded this way., we could always choose to record a fixed
fraction of the low mass and low multiplicity events.

2) Any state containing a lepton pair, except low mass
Bethe-Heitler. Even including low‘mass Drell-Yan and vector
meson decays, this amounts to less than 1073 of the total
cross section.

3) Ccandidates for clear signature production of C or B.
This would include candidates for specific charm particle
decays with enough visible mass to be candidates for
reconstructed associated production or cascade from a heavier
state. The charm particle decay must be to fully identified
hadrons and have a mass within experimental resglution (< 5
MeV) of the correct mass. Td also include mostﬁBE production
but keep the number of candidates below 10_3 of the total
cross section, we would record events'with at least 6 GeV for
the sum of the individual particles' transverse momentum
(magnitude) . ' ' ‘ _

. We hope. to write less than half as many words per pulse
onto tape as in E-87A, or at most 32 K 16-bit words per pulse,
composed roughly equally of 500-800 low mass simple topologies
recorded in compact form and 50-80 fully recorded complex or
rare events. In 500 hours of 400 pulses each, for a total of
2 x 105 pulses, this translates to more than 10 million rare
events and 100 million simple topologies, carefully selected
with full off-line precision from 4 x 102 high energy photo-
production reactions and a comparable number of neutron and

KL induced reactions.
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We envision a triggering scheme similar at the primitive
level to the one used in E-87A. We first form a fast trigger
(Master Gate) which is used to gate ADC's, TDC's and coinci-
dence registers. The decision to accept the event for the

‘next stage of processing, that is track reconstruction and
charge digitization, is formed by a slow trigger (DC logic}
which performs nonrecursive digital operations based on the
statﬁs of drift chamber TDC latches and of coincidence
registers which record scintillation counter coincidences and
low precision (1 to 4 bits) analog-to-digital conversion. |
The gate widths, the DC logic time and the time required to
reset the ADC's are each nearly 100 ns. The Master Gate
deadtime is therefore about 250 ns and so the Master Gate
rate must be kept below 400 kc to keep its contribution to
total system deadtime below 10%. This is considerably less
than the 30 million electron pairs produced in the target or
the 15 million random muons at the back of the detector, but -
ten times the number of energetic hadronic final states
produced in the tafget each pulse. o

The Master Gate is therefore to be the sum of two
unrelated triggers: the first attempting to pick up all
target interactions except muon pairs and low mass Bethe-
Heitler electron pairs by requiring a minimum of perhaps
5 GeV in calorimeters that fill the aperture except for the
beam hole and that portion of the photon calorimeter accessible
to low mass eleétron pairs produced by beam interactions with
material between the two magnets. The second trigger attempts
to pick out muon pairs coming from the target region by using
scintillation counter hodoscopes in the nonbending view. This

suppresses the few million random coincidences per pulse
between muons illuminating the largest areas of the detector
without passing hear the target region. We anticipate no
difficulty in keeping the Master Gate well below 400 kc.
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The slow trigger must then reduce the trigger rate to
the level of 50 kc. This can be done with a sum of simple
triggers requiring something more impressive in the calori-

meters or using the drift chambers as fine grained hodoscopes

to guarantee charged particles from the target vicinity other .

than low mass electron pairs. A

Upon a slow trigger decision to analyze further,,about a
microsecond is then required to transfer all the analog and
digital information to processing buffers before the detector
is ready to accept another event. We can therefore operate
with a total deadtime of 250 ns times the Master Gate rate
plus about 1 is times the slow trigger rate for a total
of 10% to 20% deadtime, even though we requireVIO to 20 ps
to analyze each of more than 50 K events per second.

D. Comparison to Tagged Beam and ete” Annihilation

We regard the program set forward in this proposal as
complementary to the program planned in the tagged photon
laboratory. Although there will inevitably be some overlap
in the physics produced we intend to concentrate our efforts
on those areas which are dependent upon the high energy and
high intensity of the broad band beam. 1In our view, there

are two such areas:

- 1. Photoproduction of very high mass states. We have
argued that the production of states with masses in the
range 5-12 GeV/02 is best accomplished in the broad band
beam owing to its relatively high intensity at high energy.

2. Photoproduction of rare events with complicated
topologies. We have argued that the observation of rare
events with complicated but well defined signatures is
possible only if running is done at very high intensities
with a detector capable of correctly identifying and
measuring such events.

We would not expect to compete with the tagged beam.
in areas in which a knowledge of the photon energy or the
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’lack of hadron contamination in the beam is critical. (such
an area would be measurement of the energy dependence of |
inclusive charm production.) However we do expect to be
able to study final states such as very high mass vector
~Mesons, associated production of charm pairs with each
particle decaying through an observable decay mode, and the
inclusive production of B mesons which are beyond the reach of‘
the .tagged beam due to the two considerations listed above.
Most of the states accessible to photoproduction
experiments can also be observed in e+é-,interactions-
However, there are major differences, the main one being

that the entire mass range is covered simultaneously in
photoproduction. In general, rates (measured in events/hour)

for the production of specific vector mesons are higher in
storage rings run at the appropriate energies,'while rates
for charmed particle production (and presumably B meson
production also) are orders of magnitude higher in photo-
production. For example, in e'e” annihilation at the 3.77
GeV resonance, the D°D® cross section is ~ 10 nb° (~ 2 nb
off resonance) while in photoproduction the cross section
is ~ 500 nb. The time averaged luminosity for the experiment -
proposed here is 2.1 x 1031/cm2/sec (assuming 1 pulse every
9 sec) which is comparable to the luminosity obtainable in
ete™ storage rings.

E. Future Plans

We hope eventually to extend the experimental program of
this detector to hadron induced reactions and to the higher
‘masses and energies which become accessible with TeV protons.
"The present broad band beam can readily become a high quality
neutron or K; beam. Both the detector and the‘present beam
line are compatible with the efficient utilization of whatever
proton beam is available during the possibly hectic transition
to a superconducting main ring of energy up to 500 GeV.

Because the laboratory angles of secondary particles
decrease with increasing energy, practical secondary beams
can be built with considerably higher intensities, as well

as higher energies. Several members of this collaboration
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are presently involved in the design of a high energy e/v/
hadron beam line which would be available after the Proton
Lab is upgraded to Tevatron energies. Operated as a broad
band photon beam, it would have high intensity of higher
energy photons with no hadron contamination. Charged or
neutral hadron beams would also be available.

We have designed the presently proposed detector so
that the changes required for operation in the Tevatron beam
would consist of additions to the proposed detector without -
replacement of any major elements. The longitudinal dimensions
of the detector would increase, but not the transverse
dimensions. ‘

To take full advantage of the Tevatron beam would require
two major advances in the detector operation, which we believe
we could make after the program of the present proposal is
well underway. The only real hardware challenge is the
extension of charged hadron identification to higher energies.
at the moment, we suspect that this could be accomplished by
converting the inner segments of C2 to high pfeéision imaging
Cerenkov counter, using highly segmented phototubes with '
micro channel dynode structures. The other advance which we
believe possible, but do not wish to explain or defend at this
point, is the efficient utilization of the two or three
orders of magnitude increase in information rate possible
in hadron beams. Interaction rates of more than 106 high
energy hadrons per second are possible and should be
compared with more like 104 for high energy photons in this

proposal.




VI. Construction: Costs and Time Estimates

We estimate construction costs for new equipment plus
replacement cost of old equipment which we wish to use to be:’

New olda
Mechanical Electronics Electronics Total

Drift '
$ 90 K $110 K S 40 K $240 K

Chambers
??23‘;’2223: 100 X 100 X
gg‘fgg?meter 100 x 160 K . 260 K
§§§i?§§§ 100 K . 40K 40 K 180 K
2:?g§§meter 45 K 15 K 60 K
¥gggtifier 10 ¥ 10 K 20 K 40 K
R s a e 10 X ok 20 X
$355 K  $445 K $100 K $900 K

We request a major piece of new equipment from Fermilab:
an analyzing magnet with one meter squaré useful aperture,
providing a field integral of 15 kG meter with a pole length.
of at most 1.5 meters. We also request that the lab supply
material for the muon identifier. ' '

The $45 K mechanical assembly cost of the hadron calorimeter .
includes an estimatévcf the cost of replacing the existing
'5 ft x 6%ft iron plates with 9 ft x 9 ft iron plates. We
could make use of much of the E-87A cabling, MWPC electronics,
phototubes, and scintillator for a total of at least $100 K

of the estimated $900 K of new equipment.
All electronics, the drift chambers, Cerenkov counters,

hadron calorimeter and muon identifier could be installed
within 12 months of approval and funding. ' Construction and
installation of a new analyzing magnet and photon calorimeter
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might require 18 months. With installation of the drift
chamber system and track reconstruction hardware, we would
wish to use muons accompanying targeting for the Tagged
Photon Facility (TPF) for debugging and calibration. If
approved in November 1979, we could be fully operational
by mid-1981 without disturbing any other experimental |
program. _

' Predictions of long mid-year accelerator shutdown for
construction, present uncertainties associated with
transition to superconducting main-ring operation, and the
prospect of proton lab “"pause" for upgrading to Tevatron
energies, all make predictions of running schedules
difficult. We could be ready by mid-1981, installed in
the present 87-A pit EE4. Operation of the present ,
broad band beam with the detector in EE4 is compatible with
construction of a new beam line. The present beam and
detector location would not be compatible with TPF operation,
but our proposed physics program requires sufficiently modest
running time, about 10 calender weeks, that intérference
with the tagged beam program should be minimal. We would
hope later to move the detector into a new proton beam line
which would permit utilization of TeV protons simultaneously
with TPF operation. ;

We believe that our off line computation requirements
" will be less than those of E-B7A. We wish to retain the
Fermilab PDP-11 presently used for data acquisition.
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VII. Summary

We have discussed in this proposal a program to stﬁdy
the photoproduction of high mass hadronic states. We
"believe that the exciting physics contained in these states
is best extracted through the wide band neutral beam used in
conjunction with the proposed detector. The experiment as
described can be mounted for a modest cost over a reasonable
time period, and has been designed to have a natural extension

to the Tevatron.
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Table Captions

A compilation of Emin and Eth as a function of mass M.
E

min is the photon energy needed to produce a t value of
th is the production threshold energy.
Wire chamber sizes and wire spacings.
Cerenkov counter design parameters.

A summary of the proposed running conditions. -
Rates for selected coherent processes.

Rates for selected rare processes.
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Table I
M{GeV) E . = M2/2(0.l4) | E,, =M+ Mz/sz

7 _min ‘ ‘ th

1 3.6 , 1.5
2 14.3. | 4.1
3 32.1 ‘ 7.8
4 57.1 | 12.5
5 89.3 18.3
6 129. - 25.2
7 175. 33.1
8 229. _ 42.1
9 289. . 52.2
10 357. 63.3
12 514. ' 88.8
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Table II
Distance # of
Chamber From Target ° Dimension Spacing Wires
Pp X 30 in. 15" x 15" 2 mm 192
Y,u,v : 192 x 3
PL X 55 " 30" x 30" 3 mm 256
Y, U, v . : ‘ 256 x 3
P2 X 80 * 40" x 40" 4 mm 256
Y,U,v 256 x 3
P3 X 226 ¢ 53" x 68" 6 mm 224
Y,Uu,v 288 x 3
P4 X 430 " 91" x 113" 6 mm 384
Y,0,v , 480 % 3
5728
wires
X
8/
- .
7 %




Cerenkov Counter

Radiator
(n-1)x10°
Pion Threshold
Length

Downstream Size

Number of Spherical
Mirrors

Size of Mirrors

6
c

# of Photoelectrons

Segmentation
o
11661
1} 6]6]1
16} 6|1
1{6] 6{1
4 =
Note:

E-87A acceptance.

Table IIX
Co
C4Hip
1200
3
20 in.
40 " x 40"
16
12" x 12"
; 50 mr
6
¢
1| 4| a1
1| 6] 611
"l b
: :
1i12(12 |1
1/6{ 6|1
1{4]| 4 {1
6:

Dotted lines correspond to

-4 4

Cy , c,
NZ , Nz/He
300 75
6 12
100 in. 180 in.
48" x 48" 100" x 100"
20 .25
16" x 1633 20“ x 20!3
25 mr 12 mr
8 o 4
C,
111} 41111
1] 44-6~-4.1 1
i ¥
161261
C_» - _r
1147671411
11y 411}1
12 =
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Table IV

Conditions: 6 x 1012 ppp at 400 GeV, Large hole in CF408B
CF410B,
32 m of D2 .
Target: 5% r.l. of Be
e+e7 rate = 30 x 106/pulse
p's = 3 x 106/m2/pulse
L = 18.5 x 10~ 2/nb/pulse (E, > 50 GeV)
Hadronic Rate = 22,000/pulse EW > 50
8,400/pulse  E, > 100

For 2 x 10° pulses (500 hours)

L = 3.7 x 10%/nb E, > 50 GeV
1.4 x 10%/mb E, > 100 GeV |
5.1 x 103/nb E > 150 GeV

Y
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Table V

(Coherent Processes)

State E87 (Obs) Acc.87 Acc New Expected
1. Yep' (1600) i 1™ 800 0.04 1.00 720 X
2. V=TT > 1 GeV 7500 0.04. 1.00 6.7 M
5> 2 400 o 360 K
> 3 50 | 45 K
3. =47 > 1 GeV 60,000  0.15  0.98 14 M
> 2 11,000 2.6 M
> 3 1100 ' 260 K
> 4 100 | | . 24 K
> 5 10 | v 2.4 K
4. KK KK » 2 gev 50 0.05 0.40 14 X
> 3 8 s 2.3k
> 4 1 ' 300
” 3 | 860
5. Y-KKTT > 1 GeV 7000 0.09 0.75 2.1 M
> 2 5000 - 1.5 M
>3 . 500 ‘ 150 K
> 4 70 | 21 K
> 5 10 | 3 K




Table VI

(Rare Processes)

E87 ,
State (Obs) Acc 87A Acc New
L.y=y N ,
TRIT 350 0.15 0.97
ete” 100 0.05
2.%Y-{y+hadrons 20 0.20 0.80
y+Kthadrons 30 0.15 0.52 =
=y 15 0.20 0.85
-
Ll
3. W*Do(ﬁo)+any»(c=500nb)
+ )
LR 100 (0.005)  0.57 *
Lt g rT (1) (0.005)  0.45 *
4+ - - + -
LK 7 K i (4) (0.01) 0.46 *

4. y-B(B)tany

E
(o=27(1——§3)nb)

o, _
LyrTr =4 4 kET | 0.60 *
LpPrtakEr Tt 0.50 *

5. YT (=270 (1-—2) pb)

T 0.90
+ -
e &

-47—

Expected

1.1 M
80 K
80 K

13 K
3.7K
2.3K

18 M
400K
3.2K
6.6K

325K
550 (1% BR)
85 (1% BR)

800
15
15

* For final states involving K mesons the dominant
inefficiency is from K/p separation below ~ 10 GeV/c
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Figure Captions
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2 .. . . . -
The PT distribution for exclusively produced W+W

in E~-87A.

The mass distribution for coherently produced K+W~

in E-87a.

. . + - . . . :
The inclusive v 7 mass distribution from E-~87A.

+ - o

The mass distributioh for the lowest mass T 1 T

. . o , + -~ +
combination within coherently produced w 7w 1 7

events in E-87A.

The energy dependence of dg/dt at 6§ = 0 for the photo-

production of { mesons. The fit

- O
m

curve is

do - _ 3.1 2
el = 66 (1-E, /E) nb/Gev”® .

=0

The photon energy spectra for various beams available

at Fermilab:

a) broad band beam with 6 x 1012

400 GeV protbnsf large’

collimator hole, and 32 m of liguid Dy,

12

b} tagged beam with 6 x. 10 450

GeV protons, a 20%

radiator (untagged mode) and 100 GeV electrons,
c),d) same as b) with 150 GeV/200 GeV electrons.
The integrated photon spectra for the two Fermilab

beams and the BEG beam at CERN.
from the proposal SPSC/P 109.

The CERN curve comes

The observed laboratory angle as a function of the
. *
center of mass angle for particles produced with m/P

0, 0.5, and 1.

The layout of the proposed detector shown in the non-

bending view of the two magnets.
vertical scales are the same.

The horizontal and
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COMPARISON BETWEEN TPF AND P 627

I. COMPARISON OF BROAD BAND NEUTRAL‘BEAM WITH
BREMSSTRAHLUNG BEAMS :

The greatest distinction betwéen the tagged photon
-facility {TPF) and our prOposal for the broad band beam lies.
in the enormous difference between the two photon Eeams. ‘The
broad band beam can provide typically two orders of magnitude
more high energy photdns per primary proton, with a harder
photon spectrum. The 627 detector is therefore designed té
handle higher instantaneous intensities and higher data
acquisition rates than the E 516 detector could reasonably
be expected to encounter. Particularly with the superconducting
main ring, our detector would make full use of far more |
intensity of high energy photons than could be available from
any Fermilab bremsstrahlung beam.

To illustrate the intensity isste, we present “again
Fig. 7 from our proposal, showing the number of photons above
specifiéd energy for the %road band beam, the Fermilab tagged
beam and the BEG beam designed for CERN. For thé‘broad‘band'
beam, we would obtain more than 108 photons with energies

above 50 GeV for 6 x 1012

400 GeV protons, representing no
extrapolation of the yield per proton beyond present experience.
The rates shown for the tagged beam are taken at face value
from the TPF design report of May 1977 (TPFDR) and represent
more than a tenfold extrapolation bevond present experience.

The TPFDR rates are based on electron yields per>pr§ton about-

five times larger than any previously sustained yields,

followed by conversion to photons in a thick 20% radiator. -
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The BEG beam and a similar beam designed at Fermilab would
transport the maximum possible yield of electrons above a
low momentum cutoff.

To maximize the yieids of high energy phoﬁonS'in an
untagged mode of operation, both TPF and BEG would use thick
radiators in the electron beams, 20% to 30% radiation length.
These radiators provide several low energy photons‘per beam |
electron, in a troublesome energy range below a few GeV.
These low energy photons produce low energy electrons in the
photon target and subsequent detector material. Electrons of
less than a few hundred MeV will be reflected by the first
analyzing magnet, enhancing the general level of éctivity in
recoil detectors and any drift chambers within the magnetic
field. The high intensity curves shown in Fig. 7,§ssumed, -
2 x 10% 100 Gev electrons per pulse for TPF and 5 x 108
electrons per pulse for BEG, incident on a thick radiator
before the photon target.

The fundamental difference in the dependence of photon
yvield upon photon energykin the different beams should be
obvious. Both~the broad band beam and the bremsstrahluﬁg
beams staft with the same photons. The bremsstrahlung beams
convert the photons to electrons and then convert back to
photons, with considerable energy degradation'at each
conversion. The broad band beam simply transmits 3% of all
photons within the maximum solid angle acceptance of 0.25 |

wsrad. We do see some enhancement of the gpectrum at low




photon energies from electron pairs radiating in the deuterium
before sufficient deflection by a magnetic field. A scin-
tillation counter in the photon beam counts at twice the rate
one would expect from extrapolation of the high energy photon
spectrum.

The relative superiority of the broad band beam as an
intense source_éf highVenergy photons increases rapidly with

proton energy. The photon spectrum of the broad band beam is

= ¢ N, A0 (Ep2 x‘?%‘-—m@——il )
d}{d]?_L PL2= 0

EF

where C =~ 0.03 is the attenuation factor introduced by
the deuterium ;

Np is the number of interacting protons ;

A = 0.25 x 10“6 isvthe,so%;d aggle7accéptaan;of the'
beam: and M+ = »
= E /R .
x = E, /B,
This has the simple form

an
Y - m 2
e Ep F(x) N.p

showing that the total number of photons above a fixed

fraction of the primary proton energy increases as the square
’of the proton energy. This increased yield érises not from

any increase in the forward productiou of photons by the‘
primary protons, but rather from a rapidly increasing acceptance
for the forward photons by the fixed solid angle 6f thel

neutral beam. Above energies sufficiently'high that the

angular spread of the forward production falls within the -




acceptance, the increase in yield disappears. For a BEG
beam; no such increase would occur. For TPF, which collects
electrons from photons with initial production angles out to
about 1 mrad vertically and 3 mrad horizontally, some increase
in acceptance with energy is still poSéible, perhaps as much
as the increase already assumed in Fig. 7.

To scale Fig. 7 to 1 TeV primary proton energy, simply
- scale electron and photon energies with proton'energy and
increase the broad band beam by a factor of 6.25.° To estimate
the actual number of photons per hour and the instantaneous
intenéities requires an estimate of the proton flux. Present
rumors suggest that we might expect a 20 second spill'every

60 seconds, with at best no increase in the number of protons

PR

per pulse over what has been available for about 1 second
every 10. For a fixed number of protons ber spill, the number
of protons per hour woui& then fall Ey a factof of 6, but the
instanfaneous intensity of protons would obviously fall by a
factor of 20. For the broad band beam, the. total yield of
' photons per hour would remain essentially constant, with
instantaneous electron pair rates falling by a factor of 0.3,’
but the hourly yield of photons above 100 GeV would increaseA
by a factor of 4. VIn other words, if the‘prima:y proton
energy increases from 400 GeV to 1 Tev, the vyield per primary
proton of photons above 100 GeV in the broad band beam will
incfease by a factor of 25, with 6.25 as many photons above |
250 GeV per TeV proton as presently obtéinable above 100 GeV

per 400 GeV proton.




The broad band beam has in practice a much broader useful
energy range than the TPF. The TPF can maximize total yield
above a fixed photon energy by tuning the electron beam to a

' somewhat higher energy, providing no photons above that electron
energy; If the 20% radiator proves practical; the TPF could -
produce at most 2% as mahy photons above 100 GeV per 1 Tev
primary proton, simultaneously yielding no 200 GeV photons.

The TPF could produce almost i% as many photons above 200 GeV

as the broad band beam, but accompaniéd by even smaller relative
yields between 100 GeV and 200 GeV. We tﬁus believe it correct
to regard the broad band beam as two orders of magnitude more
intense than the TPF bremsstrahlung beam, with a much harder
photon energy spectrum.

To compensate for the low 1ntens1ty of energetlc photons,

.
o e

E 516 plans to use a very thlck photon target- 2 m of liguid
hydrogen or even deuterium. The difficulty with such thick
targets is that a typical interesting reaction has six or more
forward particles, and for a majority of such interactions,
at least one secondary will interact on the way out:of the
target. In addition, more common lower mass forward systems
often reinteract, forming an apparently more massive and
complex forward system and therefore greatex backgrounds,
particularly at the trigger level. With full online recon-
struction, we aré'in principle able to make betfer use of a
thick target, but we are not convinced that one would wish to

go beyond 5% interaction length.




In summary, the broad band neutral beam offers by far
the highest iﬁtensity, highest energy photon beam which we
have encountered. Furthermore, because the beam is not a
bremsstrahlung beam, but instead contains phbtons from |
neutral pion decays in a distant primary tatget, we can
safely permit our multiparticle spectrometer to &iew every
single photon interaction in the photon térget, at the
highest possible photon intensities. One might also note
at this point that the broad band beam can operate as a
neutron source of approximately primary proton energy at
intensities as high as we can use, and we could use very
high intensity, probably about 108 neutrons per‘second pro-
ducing a few million interactions/second with about 105/sec
fully reconstructed. With six radiation lengths of Pb and
a single cryostat in the beam, we would have a‘uniquely
Clean and intense K., beamy; with an energy spectrum and

interaction rate similar to that of the photon beam.




II. COMPARISON OF THE FORWARD SPECTROMETERS

.We claim that there exist reasonably fundamental
differences between the two detectors which reflect the
- different purposes for which they are intended,‘which in
turn reflect properties of the beams in thch they would be
located. Our detector, for instance, will reconstruct
complex reactiéns more efficiently and operate at higher
intensities, because we know nothing of the final state
beyond what we reconstruct in the spectrometer;\and because
we intend to make use of the considerably higher photon
intensities of the broad band beam.’ |

To compare the poséible future performance of the E 516
detector with our proposed detector, we consider the E 516
detector as it is presegtly‘takgng §bage{ rather'ﬁyan as
described in TPFDR, and also consider improvements which
might overcome any limifations which become apparent. As
stated in our proposal, we can readily see for E 516 a
rewarding program of measurements involving known parent
photon and recoil proton, with sufficienﬁ energy and |
intensity for detailed studies of charmkparticle'prOduction.
The nearly assembled E 516 detector is quite impressive to
see in persén. After studying that detector, we conclude
that it should eventually work more or less as intended,
but would still be inappropriate for our purposes, despite
its greater cost and complexity.

We héve designed our magnetic spectrometer with emphasis

on very high multiparticle reconstruction efficiency at very



high rates. The spectrometer requires sufficient redundancy
to tolerate finite single wire inefficiencies and reasonably
high rates of unrelated accidental coincidences. We must
also maintain stable valueé for the electrostatié fields
within the chambers. We have designed a new amplifier/
discriminator with greater sensitivity and lower deadtime
(~ none) than either our old designvor the LeCroy circuits
used by E 516. We can thus operate with lower wire gain,'
reducing space charge effects and total ionization. Our
chamﬁer design has ﬁaximum drift distances of 1 to 3 mm,
with anode to cathode spacing ranging from 3 to 6 mm,
so that drift times and memory timeskare as lowkas praCtical.
Low peak fields at the cathode surfaces are achieved by N
having more cathode surface and_ appear.in practice_to help
chamber stability. The larqer cell sizes of the E 516 detector>
result in longer drift tirmes, much longer clearing times for
space charge, greater sensitivity to space charge effects and
a need for greater stability and‘knowledge of the drift
velocity. |

Since one‘seldom finds two spectrometers with identical
plane configurations, one must conclude that pattern recog-
nition principles are not self-evident. Our own design |
represents a modest improvement over the E 87 geometry. We
have no doubt whatsoever that the configuration Leads to
maximally reliable and efficient reconstruction. We have a

track reconstruction algorithm which has proven reliable,
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efficient and accurate. Our proposed drift chamber spectro-
meter would certainly be able to cope with higher instan-
taneous rates and more complicated events than the E 516
detector, but quantitative éomparisons are difficult at this
point. Certainly the E 516 magnetic spectrométef will cope
with‘the intensities and multiplicities envisioned for E 516.
Our reéonstruction'algorithm is sufficiently simple that its
hardware implementation is also’simple and inexpensive.

The greatest shortcoming of the E 516 detector is probably
the marginal segmentation of the Cerenkov counters. On p. 48
of the TPFDR, we encounter the following sentence: - "However,
the identification of thevstrangeness of all the final state
particles is difficult, and can be made only in some small
fraction of the events.".. This is in.fact just what we wish .
to do, however, The two TPF counters, Cl and C2, are essentially
the same as the E 87 counters. The segmentation is indeed |
inadequate. The analysis presented on p. 40 of the TPFDR is
quite misleading. The probability of confusion is,obviously
not a simple function of the number of sééondary pérticles.
The forward parficle density alsovscéles with the square of
the ratio of the forward system energy divided by'mass. . The
two counter system provides full hadron seéaration oﬁly
between approximately 20 and 40 GeV. Considering the photon
energies and the final state multi?licities expected, we
suspect‘that the short counter‘with low pion threshold which

we proposed to reduce the lower range of unambiguous separation
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to 10 GeVAwould be even more useful for E 516.

The remaining detector components appear similar. The
E 516 SLIC is less segmented and contains more interaction
- lengths of material than our proposed photon calorimeter,
but it appears to have better energy resolution. The E 516;
muon identification looks marginal at the moment, but the
eventual additioh of position measurement within the hadron
calorimeter should cure any problems. |

We turn next to comparison of the data aéquisition.system.
With the exception of the sophisticated special electronics for
the recoil detector, E 516 relies quite heavily on slow,
expensive, and relatively unreliable LeCroy ADC's and TDC's.
After digitization time of hundreds of microseconds,.seﬁeral
hundred words per eventxarevava;léb¥e at CAMAC transfer rates
of a fraction of a megacycle. In our system, the storage |
elements of the receiverd are freed within approximately_l @sec,
during which time the analog signals are transferred to buffer
capacitors, and the digital information, such'aé drift chamber
TDC céntents, is transferred serially to aigital‘buffers for
reconstruction: We could recoﬁstruct at least one typical
event with full offline precision and detail every lOrusec.
While one could undoubtedly achieve similar capability with
the E 516 detector by massive replacement of electronics, we
do not see how the event rate in the TPF could fully justify
such an éffort. The E 516 plan to eventually incorporate
simple information from the forward spectrometer into a

trigger decision sounds necessary and sufficient.
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IS THE BROAD BAND BEAM THE RIGHT PLACE FOR A NEW DETECTOR?

Rumored aoubts about the long range prospects for the
broad band beam have raised questions aboutvthe wisdom of
committing the resources necessary to assemble the proposed
detéctof in EE4, the present site of the E 87 detector. Thése
doubts érise primarily from misinterpretation of previous
experience with muons and hadron contamination, along with
unrealistic extrapolation to Tevatron operation.

I. HADRON CONTAMINATION

Consider first the effect of the hadron component of
the beam, which is essentially independent of proton energy,
although the effectivenéss of the deuterium filter does rise
with hadron energy. From the most recent E 87 charm search,
one might readily conclude thatﬂhadgph;cqntaminatign seriously
compromises our ability to study photoproduction:' fully 80%
of the candidates for charm production were hadron induced,
and we estimate that 40% to 50% of éll reactions below 200
GeV were hadron induced. Although this’is‘a considerable
increase over the 15% which we observed in earlier 400 GeV
operation, we assumed the larger value in the proposal as
worst case operating conditions. The hadron component of the
neutral beam consists of neutrons with a fairly‘flat energy
distribution out to the primary proton energy, and KL with an
ehergy spectrum similar to that of the photons.

As a result of the inadequate angulaf,acceptance of the

E 87 analyzing magnet, out to a scant 40 mrad, the E 87 charm
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search had negligible acceptance fdr charm particle pairs

and could accept single charm particles only from’very high
energy photons. The mean visiblé energy for a recorded
candidate was roughly 150 GeV, with considerable missing
energy possible, particularly in neutral hadrons. The
neutron contribution was therefore enormously‘enhanced; The
signature required for analysis was one or two strange particles
and possibly a baryon. Thé»c?arm candidates therefore
represented a considerably larger fraction of the total cross
section for hadron interactions than for photoproduction
reactions.

Even if the number of photoproducfion and hadron inter-
aCtioné were comparable, we would not have large hadron-
induced backgrounds for reactions whgch_are more typical of
photoproduction than of hadron interactions. Associated pro-
duction of charm or bottom pairs, vector mesons and diffraction
into nonstrange nonbaryon states arekreactions which represent
far larger fractions of the total cross section for photo-
production than for hadrons. These reactions will be unam-
biguously identifiable in the proposed experimént. Not only
do we not expect significént hadron background for these photo-
production reactions, but we expect to eventually study in
detail., charm, bottom and massive diffractive production by
K, and ngutron, evenAthough this should be considerably more
difficult that for photdproduction simply because these

processes represent smaller fractions of the total cross section.
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One can undoubtedly think of measurements which require
a priori knowledge of the identity and enerqy of the parent
beam particle. For such measurements, one must rely on TPF
and experiments in charged hadron beams. On the other hand,
we could carry out the measurements which We propose at
luminosities at least ten times higher than would appear
possible in a bremsstrahlung beam orrcharged hadron beams,
and still another factor of ten higher than TPF.

II. MUON RATES AT TEVATRON

The remaining primary objection to the broad band beam
which we must face is the issue of muon flux at higher proton
energies. The fear appears to be that we have already done
the best we can to shield the detector from the three chief
sources of muons: ‘from:meson dgcay§ﬂip the proton_dump, betyeen
the proton target and the dump, and in the beam halo upstream
of the proton target, and thét furthermore our present salvation
is marginal and results from ranging out most of'thé muons
below 30 GeV in material upstream of ﬁhe detector, a feature
which would disappear with an increase in the muon ehergy
scale. That this fear is groundless should be readily
apparent when one recognizes that although the yield of muons
per proton increases linearly with proton energy, the instanf
taneous proton intensity will fall by at least a factor of
20 for a superconducting main ring. Even for 400 GeV protons,
we rely quite heavily on magnetic deflection. The beam line

is the product of the frontier days of Fermilab and can be
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readily modified to obtain fewer muons per primary proton of
1 TeV than we presently obtain for 400 GeV. The target box
must be modified in order to sweep higher energy protons out
of the neutral beam into a magnetized dump. In addition, we
would place a saturated iron magnet immediately after the
target box, so that we maintain a fixed polarity horizontal
magnetic field from the proton target through sweeping magnets,
beam dump and at least three meters beyondvthe target box.

We have always had sufficient magnetic field along the beam
line to sufficiently deflect muons of primary proton energy,
but have had difficulty keeping the deflections accumulating
with a fixed sign. Iron toroids proved useless, and the
return yokes of the cryostat magnets provide a muon transport

system. _ B o L L

IITI. CONFLICT WITH TPF OPERATION

Another long range okjection to the present beam may be'
the present incompatibility with TPF operation. - A few days
of rigging are now required to switch between broad band and
electron beam operation. During TPF operation, radiation
from an electron beam collimator on the west wall of EE4
makes the detector area inaccessible. An effort to establish
simultaneous operation of the broad band beam and TPF may be
justified by a scarcity of external beam time. A drastic
option of building a'n@w beam line and detector area has been
proposed to eliminate this conflict and permit the option ofv
a charged particle beam. A cheaper alternative would probably

be to further separate the present beam lines at the target
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box, which WOuld require digging ﬁetween EEl and EE4, and to
erect shielding between the electron beam and the detector
area in EE4. In any case we would be very anxious to maintain
the present broad band beam configuration: same deuterium
absorber and no increase in the distance from proton target.
to photon target.

'IV. TEVATRON OPERATION:  PHOTON YIELDS AND EVENT RATES

As stated pfeviously, the total yield of photons per
proton scales as the square of the proton energy while the
energy scale is proportional to the proton energy. The
expected yield of photons for 6 x 1012 incident protons at
1 TeV is shown in the accompanying figure along with the
yield for an egual number of 400 GeV protons.

Assuming 6 x 1012 ?ev_protgnsfgre;dglivered.iy one .
20-second spill every minute, the total number of protons
per hour is a factor of 6 lower than for present 400 GeV
operation while the instantaneous proton rate is reduced by
a factor of 20. However, the total number of photons produced
per hour increases by a factor of 4 over'400 GeV operation for
£, > 100 Gev, and by a factor of 10 for E, > 200 GeV. At the
same time, the instantaneous e+e“ rate drops a factor of 3
while the instantaneous P rate drops a factor of 10. These
results are summarized in the accompanying table.

Also included in the table are the expected hourly rates
for massive final states in which the energy threshold

dependence of the cross sections are expected to have a




significant effect on the production rates. We present a
comparison of Doﬁo, BB, and T production for TeV and 400 GeV
operation based on the same assumptidnsfas in our proposal.
In spite of a reduétion'of a factor of 6 in the number of
incident protons per hour the expected hourly rate of charm
pairs increases by 2, of bottom pairs by 4, ana'of T by 6.
With the increased yield of high energy photons, we could
carry out the proposed physics program in comparable time

12

with 2 or 3 x 10 protons per pulse. On the other hand,

the reduction in instantaneous intensities would permit

13

operation with more than 10 protons per pulse, if they

were available.
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Table I: Broad band beam hourly rates for present 400 GeV

operation and projected Tevatron operation

Protons/pulse 400 GeV 1 _Tev
Total seconds 3600 - - 3600
Total spills 360 , 60
Total beam seconds : | 360 ' . 1200
Total béam protons 2.16 x lOlS 3.6 x 1014
Total photons, E, > 50 ~ 3.6 x 10%° 6.7 x 10%°
Total photons, E, > 100 1.35 x 10%° 4.56x 10%°
Total photons, E, > 200 1.87 x 10° 2.07x 10%°
ete™ rate (5% radiator) 3 x 107 /sec 9.4 x 106/sec
‘*{u rate . .3 x_lO?/m?/sec 3.8 x lGS/mi/sec
v - D°D°+any (0=500 nb) - 32 K/hour 60 K/hour
S KR 5.8/hour 10.7/hour
¥ v - B(B)+any (0=27(1- gzﬂ)nb) 580/hour 2100/hour
S A 1.0/hour 3.6/hour
v - T{o = 270(1- %EQ)apb) 1.44/hour 8.5/hour
ot 0.054/hour 0.32/hour

+ Same assumptions as Table VI of Proposal 627.

, - 2
* pgsumes e e /proton « Ep , W/proton « Ep.
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HARDWARE, PROCESSOR

I. MOTIVATION AND GENERAL DESIGN GOALS

We have been designing for several years a general
approach to data processing capable of complete reconstruction
of complex multiparticle spectrometer events at rates in
excess of los/sec. The specific system we are ﬁow désigning
will be simple, reliable and inexpensive, providing far more
computation power than any existing offline computation center.
Such systems can in general provide high energy physics
experiments with an enormous increase in the rate of readily
available highly processed information.

A standard experiment has 10% to 10° measuring elements
and can tolerate event rates well in excess of 106/sec.
Typically, however, only a very primitive subset of the
measuring elements is‘cqmbined in some simple manner to
form a crude trigger decision, selecting perhaps one hundred
events for later analysis. Such event selection schemes
place strong restrictions on the type of rare reactions which
can be studied, often introduce large uncorrectable measurement
distortions, and are not usually very efficient in that they
tend to miss too many desired events and accept too many
undesired events. Eqgually important for its impact on the
final measurement, such information-starved schemes often
result in a fundamental conflict between the need for direct
measurement of interesting physics reactions and the need
for constant monitoring and calibration of the detector.

With high bandwidth online computation, we can relax the
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crude trigger by a factor of a thousand or so and provide
continuous online monitoring and calibration of the entire
detector, including the reconstrﬁction hardware.

We have attempted to be as genefél as possible in our
approach to digital computation, both because we expéct to
apply the approach to other problems and because our
specific application ié complicated and'likely to éhange Qith 
time. In fact, the general principles that we have been
organizing would appear to have wider application than simply
in computation hardware and have provén quite useful in tﬁe
organization of the measuring elements (TDC's and ADC's) and
in the organizatiqn of information transfer; or the general
interface scheme which we refer to as the Transport Bus.

Ideally,‘we would Like to design a small number of simple
hardware modules with which one could cénétruct the solﬁtion
to any specific problem with the full generalitj of a standard
Von Neumann machine. For our problem,; we have indeed accom-
plished this, with a few simple modules sharing among
themselves considerable common strUCture.' In practice, a
typical probleﬁ will probably have a hardware solution
consisting primarily of modules chosen from a finite set of
generally useful modules but quite possibly alsovrequiring
a few simple modules specially tailored to the specific
problem.

Such a computer architecture méy eventually be fully
programmable and useful for general purpose central

computation, but for the immediate future, we see practical
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application only for special purpose construction of compu-
tatioh systems dedicated to specific problems which are at
least awkwa%d on normal stored program computers. Our
structure is programmable in the sense that the computation
algorithm consists of specific modules and their inter-
connections. Dynamic storage is used only for precomputed
constants and iﬁtermediate results. |

The computation power of this system will result strictly
from the efficient matching of conventional hardware to the
specific computation problem. The intrinsic speed or
computation power of the hardware componenfs will not be
unusual. We intend to use standard industrial technology in
a conservative manner. The necessity for matching the hardware
to the cbmputation results, in ﬁgcthin*a‘small‘vag}ety of
quite dissimilar structures which appear to perform similar
computations. A simple computation to be performed for each
of a hundred unrelated inputs is not subject to the same
optimization as a predetermined computafion a hundred times
larger for a single input, even though the two different problems
might entail exécﬁly the same computation. Similarly, an
operation to be performed once cannot be performed in the
same manner as an identical operation which mﬁst be performed
one hundred times, if we are to maintain réasonably uniform
efficiéncy of hardware utilization.

In the following pages, we attempt to provide a detailed
description of the specific structure which we are aesigning.

It is perhaps difficult to isolate the general priniciples of




-2

the hardware computation from the specific details of the
computation. The track reconstruction algorithm, for
“instance, has functioned successfully for years in offline
Fortran programs, but it is obviouSly specific to our
geometry. We will make limited reference to application in
other geometries, in particular a solenoidal geometry.‘

ITI. GENERAL PRINCIPLES OF PRESENT DESIGN

A. ECL 10 K Modular Construction

The hardware modules use a limited set of ECL 10 K
integrated circuits, of which the only examples of mofe than
medium scale integration are menmories, primarily a 4 bit by
256 word random access memory. Active processor information
usually resides in registers which are either shift registers
or counters. These registers are modified only on @an edge =
of a central clock pulse, and any modification is determined
by levels which are derived from the output levels of registers
through directly coupled logical, arithmetic and memory
reference operations within one full clock cycle, presently
estimated to be 25 ns.
| Communication between modules, for example}‘is accompliéhed
in this manner, using flat multiconduétor cable with crimp-on
connectors. More than a dozen modules can usually be bussed
together on one cable a few feet in length, although a single
soﬁrce with few receivers is common. - Transmission from
ouﬁput registér to input register requires a time equal to
a few gate delays plus whatever transmission or settling

time is required by the cable, which might well be 15 ns for
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a cable loaded with more than a dozen modules. The trans-
mission time must fit within the clock period, but otherwise
we héve no critical timipg of intermodule communication.

A module contains few distinct elements: from one to
four registers accompanied by a modest combination of logic,
arithmetic and random access memory. Memory alone usually
implies input and output data registers and input and output
address registers. Much of the circuitry is common to many
distinctly different modules.

B. Synchronous Pipeline

The resulting structure is a synchronous pipelined
system in which all register modificatiéns occuf simultaneously,
with synchronization achieved through a central clock, whose
period is determined by .the worst ngeLregister—to;register:ﬁ,
transmission time. The time delay through a sequence of
operations may be considerably increased by synchronization
through otherwise unnecessary registers, but this syn.chrom'.z::'z-~
tion allows the absolute maximum rate of entry into the pipeline
and enormously simplifies design and interconnection. Pipeline
deléy only affécts the rate of computation when thé deiay is
inserted in a loop, so that the result of one‘pipelined
computation is required to begin another. Even in such a
loop, pipeline delay will not affect cémpﬂtation rate if
unrelated computations share the pipeline. The éhly practical
example which we have encountered where pipeline delay slows
the overall computation rate somewhat is in nested loops whose

index sequence is affected by computations within the loop.
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C. Simple Highly Decentralized Control Allows Efficient

Parallel Computation

In addition to the central clock which is fanned out with
equal time delay to ever§ module, the only control information
necessary accompaﬁies the data in the processing paths. Quite
primitive control information is all that is required for
communication. Each unique data element must be identified,
typically with a single bit labelled valid. A block trans-
mission is terminated by a single bit labelled Complete. If
any receiving element in a register-to-register communication
is unable to accept new information, a single bit communication
labelled Hold is generated, indicating that the present
communication must be postponed.

We thus face the prospect of a>sequence of registers

ol

with register-to-register communication controlled‘by infor-
mation travelling in at least two directions. Ordinarily, on
each clock edge, we would expect registér information to
advance one register "forward", but, if we allow a Hold to
propagate "backwards", we immediately encounter a situation
in which a Hold signal must immediately'pfopagate to the
beginning of the sequence in a single clock period, not a
particularly practical possibility. We do not attempt_to
lock up the entire pipeline Qhenever a Héld occurs, beacause
this would be difficult to accomplish and would slow down
computation éxcessiveiy. A register which contains no

valid data can be loaded on the next clock edge, regardless
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of any downstream Hold, effectively blocking the Hold.
Throughout a specific module, we provide the status of any
downstream Hold generated within the module, along with the
valid status of intervening registers, allowing the Hold
full propagation within and out of the module in a single
clock period. We cannot readily envision such a look-aheadr
feature for intermodule communication and must therefore
usually provide a redundant and normaily invisible storage
element at interfacesAbetween modules. Thus when an input
register of one module is unable to accept data, a Hold is
génerated on its input cable, preventing rééeivers on that
cable from léading any valid data on the next clock edge,

and forcing the sender to repeat any valid transmission.

e
7

This Hold does not affecg loading ofﬁthg sending module‘s

registers on the next clock edge, but rather is itself

loaded into a single bit Hold register at the output, freezing a

normally transparent latch inserted between the output

register and the cable. This Hold register becomes an

internal Hold for the sending module. The redundant

- storage element.permits the Hold to propagate backwards,

one module per clock period, blocked of course by an empty

register in its path, just as Valid propagates forward,

one register per clock period, blocked in turﬁ by any

Hold encountered. | |
Although probably not immediately obvious, this simple

control scheme and its simple generalizations provide optimal
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synchronization of possibly gquite complicated structures
with long diverging and converging pipelines with many
mutually interfering inputs. Conflicts and therefore

Holds m%y be generated at several depths in the pipeline‘

on every cycle without overall interference ever exceeding
worse case single element interference. A conflict often
generates a not-Valid propagating forward and a Hold
propagating backwards, but a not-Valid and a Hold annihilate
on contact. |

D. Outside Access to Internal States for Initialization

and Testing

Because computation is not the only desired mode of
operation, we do have an additional small control cable
buésed,to all modules. ©One line:-speeifies Process mode, in =
which case the system functions as descfibed above. For
other modes of operation, this control bus provides read/write
access to most internal storage elements so that pre-computed
constants can be stored for subsequent computation or so that
hardware performance checks can be perforﬁed. The bus is-
simple: three éontrol bits specifying operating mode, eight
address bits specifying module and storage element, and two
data bits, one for input and one for output. If the element
is an ordinary data register, it is also a shift register.
The control bus can force parallel loading of its normal
input ‘levels or a serial shift in or out of the control bus
data lines. If the element is a counter, it can similarly

be loaded in parallel, incremented or decremented, but the
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~single bit of information available to the control bus
depends on the specific counter and is typically a test

for zero or equality with another register. Most other
directly acceséible elements are single bit flip-flops.
Thus, with little additional hardware, we have managed

to provide read/write‘acceés to internal storage in a
manner which does not affect processing speed, but
typically allows sixteen bit data transfer at rates above a
megacycle for table loading and diagnostic checks.

E. Completely Well-Defined Sequence of States

1. Simple Exact Fortran Simulation

Because the system is synchronous, we know exactly
what state té expect after a clock edge if we know the
complete state of the system before the edge. We can.thus »
simulate the entire processor offline with a simple Fortran
program that describes the precise state of every storage
element, clock period by clock period. Given the input
information for the processor, we can thus predict theyprecisé
binary form and arrival time of the result. This Fortran
program has the‘same modular form as the processor: a
separate subroutine for each distinct module type. One need
only supply a list of modules, specifying tyvpe of module

and cable connections.

2. Simple Complete Diagnostics
With the aid of the control bus, the system can be
almost arbitrarily subdivided. Small diagnostic computations

can then be set up and executed by the subunit in Process
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mode at full clock speed. Intermodule connections can be
verified. Every single state and operation of a module

can be checked. Saﬁple eomputations, whether for the entire
processor or subunits, can be simulated offline, fed to the
processor and checked at predetermined clock periods.

Any hardware malfunction which interrupts processing,
whether a permanent failure of a component or an intermittent
which merely disturbed the operation sequence, can be quickly
and automatically detected and identified. Intermittent
failures which occur at too low a level to be detected by
diagnostic exefcises and fail to interrupt processing, will
remain undetected, but could only introduce confusion and
inefficiency at levels several orders of magnitude below the
levels intrinsic to the measurements~involved. o= =

III. DETAILED EXAMPLE: TRACK RECONSTRUCTION

A. Track Reconstruction Algorithm

The magnetic spectrometer configuration is particularly
simple: three drift chamber modules upstream of a dipole
magnet and two drift chamber modules downstream. Most of
the tracks originate in a target upstream of a dipole magnetic
field immediately preceding the first drift chamber module,
but this fact has no relevance to the primary reconstchtion
algorithm. Each of the five drift chamber modules contains
four measurement planes, labelled X, Y, U, and V. The wire
spacing within a plane varies from module to module, ranging
from 2 mm in the first module to 6 mm in the last module,

but corresponding views are parallel for all five modules.
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One view, X, 1is the non-bending view. The other three
views, Y, U, V, provide redundant nafrow angle stereo in
the bending view. There are no staggered pairs of parallel
planes in a module. Instead, the planes are arranged within
a module so that no more than two wires cross at any X, Y.
The primary track reconstruction algorithm consisﬁs of
three distinct stages which can form three sequential pipeliné
levels. " First, single view tracks are independently found
in each of the three bending views. The particle trajectéries
follow a straight line in chambefs 1, 2, 3 and then bend by a
modest angle in the magnetic field before continuing in a
straight line through chambers 4 and 5. The three parameter
trajectory in a single view has two constraints with five
measurements: the coordinate in pldne- 2 is a linear combina=
tion of the coordinates in planes 1 and 3, and the plane 4
coordinate is a linear combination of the coordinates of
plahes 1, 3, and 5.’ Qur wire spacing isrsufficiently fine
that we do not require drift time information at this stage.
For each bending view, A%, the change in Y slope in
passing through the magnet, is simply a linear combination
of the coordinates in planes 1, 3, and 5. 'Aftér‘findin§ |
and listing all 5-plane single view tracks in each of the
three bending views, we pair the lists and search for
tracks in two views with similar values of &%, generally
two views of the same track. Any two views fully define
the track in three dimensions with fair precision. We

expect a small fraction of one percent to be the probability
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that an in-time track passing near a wire will not result

in a drift time measurement. The prébability that the

drift time is inappropriate is considerably larger, since
the firét and only measured time could be for another track,
in-time or not, or even a delta ray from the correct track.
The probability that at léast one measuremént is missing in |
more than one bending view is thus a small fraction of

one percent. We thus find the correct trédk with very high
detection efficiency, in fact, an average of about three times
each, but with low’precision. Some "tracks" found in this
manner are fake.

We therefore next use the approximate track parameteri-
zation to predict the track coordinate in each of the twenty
planes and perform an .accurate least-square f£it with five - ¢ 
parameters, and up to twenty drift time measurements,
accurately incorporating the actual magnetic field, fringe
and all. We describe this in more detail below, but we
use a simple iterative procedure which allows reassignment
of measurement and drift ambiguity. A least square fit is
- performed first without drift time information, and subse-
quent interations start with a sufficiently well defined
trajectory that the drift ambiguity exists only for drift
distances less than an ever decreasing uncertainty.

To avoid multiple recdrding of the same track, We compare -

each new track with the complete list of previously recorded
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tracks. If two traéks share an excessive number of
measurements in the bending view, we keep the getter track'

or the first track if the two are of comparable quality.

To reduce the amount of needless fitting, each time we have

a track of sufficient quality to insure that it is a

correctly measured track, we flag the bending view measurements
in modules 1, 3, and 5. For any initial pairing of single

view trajectories to start a detailed fit, we then require

that each view have at least one unflagged measurement among
planes 1, 3, and 5. -

After reconsﬁruction of all five chamber tracks, a
similar procedure yields the remaining straight line tra-
jectories through chambers 1, 2, 3 which did not continue
through chambers 4, 5. .This completes.the reconstruction of -
tracks originating upstream of the first chamber. A modest
quite diséimilar effort it required to reconstruct v°'s
decaying downstream of‘the firgt chamber and will not be

discussed here.




B.1 Single View Line Finder

To find tracks in a single view requires a threefold
nested loop: for every combination of first; third aﬁd’
fifth plane measurements, determine whether second and
fourth plane measurements exist which satisfy constraint.
relations and, if so, record the indices of the plane 1, 3,
5 measurements along with the computed slope chénge AY. The
threefold loop readily decomposes into two binary loops.

The first finds straight lines in planes 1, 2, 3 and the

second continues the trajectory through planes 4, 5.

!
i
[
i
i

In one single view, the predicted number N of the

2 .

wire in plane 2, which lies on the line between wires Ny

and N, in planes 1 and 3 is

3

N2.=AN1+BN2+C .

The constants A, B, and C depend on the individual
'plane wire spacing, beam line coordinate and transverse
displacement, and must therefore be changed each time a
chamber is moved. The predicted NZI, generally not an
integer, is computed to three binary places. The compufation
is performed by table reference and simple addition and the
result compared with a bit‘map of measureément wire numbers
- in plane 2. 'The following diagram illustrates the logical

partitioning into identifiable modules for the hardware

search for such three point lines:




N
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These symbols are défined in the following manner. A
module is indicated by a circle containing an identifying
symbol. Lines connecting these modules represent the inter-
module cables. Input ports are of two types: a read input,
indicated by an arrow, forms part of an active processing path
through the output, but a write input, indicated by a solid
blob, directly affects only internal storage within the
module. The five distinct modules shown are o | .

1) Binary index generator X
| €Lt
= X

z

2) List X;

L y—> %

3) Normalizer X ‘/;I\ axX+b

4) Adder X )
) e oy

J

N
5} Map v/lk\
A

The binary index generator counts the number of wvalid
transmissions at each input and generates all pairs of

indices consistent with the accumulating counts. The list
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stores sequentially in internal‘mémory any data appearing at
the write input port, and retrieves the data by index from
the read»input. The normalizer module generates a linear
mapping of its input. The normélizer is a simpler equivalenﬁ
of three physiéal modules: two lists and an adder. The adder
is self-explanatory, except that it allows the additional
options of subtraction or logical operations. The map determines
whether a measurement N exists within a programmable rdad~
width (up to + 1.5 wire spacing in units of one-—eighth wire
spacing) of a prediction N'.

All modules can accept a new input each 25 ns clock
period, but the list and map modules cannot simultaneously
perform internal read and write, and so typically interrupt
the read path to perform a write. TIf the number of measurements
in each plane is ni; the number of cycles required to store
all data simultaneously is the largest of ng hz, ny- The
number of cycles required to generate all combinations is

In addition, n. cycles are required to reset the map.

nyn,. 2

If we ignore propagation delay, we conclude that 120 cycles,

or 3 WUs, would be required for a perfect 10 track computation.
In practice, we want more than we have outlined so far.

When the map test establishes that Ny and N3 determine a line

through a measurement in plane 2, we want to retrieve the

1 13 for later use and also immediately retrieve

for computation of three new quantities. The first

index pair I

N, and N

1 3
such number, N, . will be added with linear transformations
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of fifth plane measurements‘N5 to form predictions for the |

fourth plane measurements N@. The second addifional computa~

o~

tion linear in Ny and N, is AQ, which will similarly be
combined with a transformed Ng to yield the slope change A&.
A guantity YT is used for three chamber track reconstruction.
We accomplish these additional computations with little
additional hardware by re-using most of the same structure.
We introduce another loop whose index we call page. This.pagé
index is sufficiently useful to become a threefbit addition
to the control field of the cables. Ali input ports now have
the option of recognizing only those cable communications
with specific page bits, optionally modifying the page
internally or using it‘internally for additional control or
data. The normalizer, %n partiqpla;g uses page toﬁghoose
among tabulated linear functions. The full three-point line

finder is thus .

o

Nz

We have introduced two new modules:

6) Another list

N

Le
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which is physically the same object as the previous list,
except for options, one of which now makes the‘write input
port also éerve as a read port, transferring data from the
write input register to the output register as well as into
internal memory. Another independent option{allowé the read
input to simplyrcount distinct map transmissions, interrupting
the write path to read from the memory with the accumulating
count as index. The two read input ports produce 6utput with
differing page numbers.

7} A page counter -—9<::>—m—> . with one internal register,
which simply passes input data to output and can be programmed
to detect a specific page to begin a sequence of transmissions
of the same data with incrementing page number.

Our hypothetical perfect 10.track event now reguires an .
additional 30 cycles to generate the additional three
computations per line, for a total of 3.75 Qs. For real 10
track events, this time seldom exceeds 5 Us, despite extra
measurements and accidental collinearity of unrelated points.

The individual 3-point lines found byrthe preceding
structure form ﬁart of the input data fér a similar binary
loop which pairs these lines with plane 5 measurements N
and checks for the existence of plane 4 measurements N4
within a programmed distance of the trajectory defined by

N;,N;,and N This structure appears as

5°
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We have now introduced three new modules: .

8) Comparator
—@—

9) Index List \/f“\
L

~~

The comparator compares N, with predetermined limits

to determine whether the 3-point line might have entered
the magnet aperture and continued through chambers 4 and 5.

If so, it is counted by the index generator and causes the

37 -

index list module to store an accumulating count of comparisons.

The switch module simply merges its two inputs sequentially
" onto the single output cable, with priority in case of
simultaneous inputs indicated by the dot. When the index

list module receives a read request, it maps an index of

~~

Ng 13

point line, passing along undisturbed the index IS‘

within limits into the index I of the corresponding 3
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Data storage for the n total 3-point lines requires

13

13 clock periods. Storage of the N,, N5 measurements

and eventual reset of the map are as before. The number of

only n

cycles required to generate all N& predictions is just the

number of plane 5 measurements times the number of.%% which
pass the comparator test. An additional cycle for each complete
liﬂe is required to obtain AY. The computation time required
by this loop is similar to that of the 3-point line loop.' Thé
two loops operate simultaneously and independently, except

that the second binary loop requires input from the first.

The complete liné finder for the track processor consists
of the above pair of binary loops operating independently
in each of three momentum measuring views, or a total of six
binary‘loops operating simultaneously for similar times,
typically less than 5 s for a real 1l0-track event.

'B.2 View Matching

The only input to the view matching processor is the
set of three single-view AY lists. Each of three pairs of
views forms a binary loop identical to the UV pairing described

below
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The slope changes measured for lines in each view are stored

in lists, all pairs are passed to an adder module which

performs a subtraction. If the difference between AQ in two

views is within comparatér module limits, the delay module

:iz:::}a-passes on the index pair which will be used in

track fitting to retrieve the two sets of threé indices.
Although this is the simplest loop in the entire track

processor, simulafion studies show that it is the first to

blow up in messy events. In principle, both the line finder

and the view matching have computation times that grow as

the sguare of the number of tracks. Roughly speaking, however,

the fraction of the n,n_,n_. 3-plane combinations which

17375

accidentally satisfy the N,, N, constraints increases for

2" 74
messy events. If our 1Q-track event generates ten.correct -
and ten fake lines in each view, we have 400 line pairs in
each view matching loop, “or just over 10 us for the view
matching. Events with 20 measurements per plane typically
require less than 20 ps but 100 ?er plane (more than one wire
in four) will be insoluble even though a few hundred micro-
seconds would éuffice if the constraints held up. In
simulation‘studies with E 87 raw data, we find that combining
adjacent pairs of measurement for chambers 1, 3, 5 is
necessary to reduce excessive repetition of lines for
moderately complex cuts.

For the proposed photoproduction experiment, most

reactions have fewer than six forward particles, so that even

100 ps for 10-track events would probably be acceptable.
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If we later attempt to study high mass production by high
energy neutrons, we would use some form of non;recursive
trigger-~logic to select candidates for reconstruction that
undoubtedly would include a high rate of very complex
reactions. By that time, we might add two more features to
the line finder and view matcher.

The first addition tightens up as much as possible on
the two constraints in the single view track projection. The
maps produce a féur—bit difference between prediction and the
nearest measurement within the road if there is only one.

1

By storing the first difference, N,-N, and then combining

it with N4—Né , we can interrogate a 256-word table to

determine whether the track projection satisfies a more

restrictive two—dimensiqpalrconﬁtraint,” } o | vrt
The second additioh increases the View matching constraints

by requiring that, in the missing momentum—ﬁeasuring view, at

least two of the three planes 1, 3, 5 contain a measurement

within a preset roadwidth of the value predicted from the

two views. Thié would reqguire an additioﬁ,of three adders,

six normalizers and nine maps.

B.3 Track Fitter

Although we have not completed the detailed logical désign
of the track fifter, we have fully simulated the arithmetic
of the structure outlined below. We are now attempting to
reduce the detailed logic to a minimal set of physical
modules. We expect to complete design and simulation within

one month, by early February 1980.
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The input data for the track fitter consists of the
full set of raw measurements along with resulté of the line
fiﬁding and ﬁatching. The raw measurements consist of wire
numbers and drift times, but the drift times are mapped
immediately into a 4-bit fraction of maximum drift distance.
(The mapping does not require knowledge of the track angle
because the drift distances are short and becausé the tracks
are almost normally incident.) The input from the preceding
processor stages consists of lists of index pairs as well as
the lists of wire numbers for chambers 1, 3 and 5 which
were used to find lines and had adjacent pairs of wires
combined into single entries.

The first step is to retrieve the original six wire
numbers which define a mgtched E?ir gfliines.‘ The?index’paig?
telling us which two lines were matched is first used to
retrieve the three indices Il I3 15 defining each line. . These
indices are used to read one-bit lists which indicate whether
the corresponding measurement has been assigned to a good
track. Each of the two views is required to have at least
one unused measurement in an effort to éuppress fitting each
track three times. Because the tagging of measurements occurs
at the bottom of a long pipeline, several more candidates
have entered the pipeline before a specific candidate can
affect the one~bit lists. Candidates are therefore acéepted

preferentially from one view pairing, eg. UV.
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Sets of six indices which pass the bit map test then
retrieve the six wire numbers which define the two lines.
The initial values of the five independent parameters of
the particle trajectory are each linea£ in'the six.
measurement56
Py = L A:i(.i) Nn+AiC(\p) -

The coefficients Ain are predetermined offline by é
Afive parameter least square to the six measurements. The
coefficients depend on which pair of planes we consider,
indicated by the superscript p. The cdmputation §f the

parameters is performed with a sum-multiplier structure which

is the wbrkhorse of the track fitter: for each pairing, the
constants Aéi) are §tored in a 64—wprd table. 1In each table
location, we store the sum of Aégl and each of the“constants”
Aii) for which the nth bit of the table address is 1. qu
computation, the 6 wire numbers’Nh, along with a 2-bit page
number identifying the desired set of constants, are all

transmitted simultaneously but bit-serially on a single cable.

The following diagram shows the logical structure of a sum-

multiplier module:

\ - -

1;31‘ (i R& *+~ R;

BN
B
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The six wire addresses are each transmitted together on
one cable, one bit at a time, low order first.' The six wire
address bits and the 2-bit page form an 8-bit address for the
256~word table T. The input register Ry is loaded from the
cable every clock period. The contents of the addressed

table location, T(R1l), are loaded into R, the following cycie.

2

An arithmetic logic unit (ALU) at the output of R2 either

adds the contents of R, to a second input or simply passes R

2
along. A control bit identifies the first transmission in a

2

sequence, forcing the ALU to pass R, along to R3. Otherwise
the register Ry, connected to the other ALU input with a
singie bit ghift, is effectively divided by two, added to
1% and the result stored in Ry

The wire numbers are 10-bit binary numbers. Théreforeyj
the tenth transmission is accompanied by a second control
bit identifying the last transmission and loading R, with the
3 three cycles later. The input regisfer Rl is
10-bit, but the table, ALU and remaining registers have size

contents of R

determined by the computation. We require 12-bit precision
for the initiai parameterization, which in turn requires 16-
bit arithmetic in this structure. The result is transferred
from R, either bit-serially or in parallel.

A logic diagram of the track fitter would show the
following sequence leading to the generation of the initial
parameterization of a track candidaté‘ First the paired

indices of matched projections are stored in a separate buffer

for each of the three pairings and retrieved serially with
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a priority multiplexor which preferentially‘reads from the

UV buffer but UY if no UV is available and VY if neither UY
nor UV are available. The resulting indéx pairs, accompanied
by page number identifying the pairing, read from'liStsrof
indices (1

13 IS) and (Il, 13) generated by the line finder,

forming the index set Il 13 I5 for each of the two views.
These indices, in turn, access the one-bit tag lists. If

each selected view has at least one of its three measurements
" not tagged as used by a very good track, these indices are
next used to.retrieve the actual wire numbers used by the line
finder in planes 1, 3 and 5. BAll six wire numbers, accom-—
panied by page, are shipped bit-serially to sum-multiplier
modules with the aid of a bus controller whose primary
function is to count to .a preset number of cycles before .
turning on the last-bit indicator.

The five independent parameters are chosen to be the

four parameters of a straight line before the analyzing

magnet and the change in Y-slope after the magnetic deflection
in the Y-direction. We wish instead to héve two sets of 4
parameters deséribing the straight line trajectories before.
and after the magnet. The trajectory is describéd to a good
.approximation by a simple deflection at the magnet center
plane. If we choose to parameterize the lines by slope and
apparent intercept at this center plaﬁe, the second set of
four parameters ig just the first set with the Y-slope

changed. The small corrections to this approximation are not
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guite negligible, particularly for the otherwise unchanged

- X-slope. This requires table reference, 8~bitlmultiplication
and 12-bit addition. 'The resulting parameterization, although
accurate to only 12 bits, must be internally consistent to
16-bit accuracy.

This éxpanded 16-bit parameterization is next used to
bit-serially generate simultaneously all 20 individual Qire
plane coordinates predicted by the approximate parameteriza-
tioﬁ. If any of the planes are sufficiently inside magnetic
fields, we must also compute the deviation of the actual
trajectory from the straight line, multiplying tabulated field
integrals by Y-slope change. The full prediction requires
15-bit accuracy: 9-bit integer wire number and 6-bit fraction.

We next simultaneously search gheltwenty lists for
measurements within some preset distance of the prediction,
keeping only the fractioral predictions and for each wire
within the road, simply the index and the difference between
wire number and integer predictidn. Along with the
‘lists of measured drift distances, these fractional predictions
and integer reéiduéls are the only inputs to the least-
square fit outlined bélow.

The least-square fit determines 6-bit corrections to the
original parameterization which minimize the weighted sum
of squares of differences between méasurement and prediction .
for the twenty planes. The problem is now linearized. The
change in coordinate AX for the nth plane is a linear

combination of changes in the five parameters, APi:




—46—

AX. =L o . AP, .
n i=1 ni 1

If the residual error in plane n is 6n,and the measurement is
assigned a weight Wn' we wish to minimize with respect to AP
20

S= ¥ W_ (§_ =~
n=1 " noy

2

l“niAPi) .

IMuwn

The result is a matrix equation

—) -
M AP = A
where u  _ s wa .a .
1] n ni nj
n
by % E Wnénani -

We first transform the equation by multiplication with
the inverse of the usual value of the matrix:

M .°
i3

a O .
ni nj . g . pa . . o hod

s ™

with the resulting equation

MoiB =3
where ' o,”1
i3 T Z VL0 %k %n 3]
' o -1
Ay =E¥m9nm(m)ﬂcdmg -

The original Mij has large positive diagonal elements

2 v .
(Mij < Miiij)’ but the new Mij is even better, quite close
to the identity matrix. The weights Wn are usually 1, but
are zero if no measurement has been assigned and otherwise
inversely proportional to the mean square uncertainty in

the measurement. The approximate solution is
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APy = by /My
which has the form
20 20

APy = (nzl(wnén)Ani)/(nElwn Bni) *

The individual plane coordinate changes introduced by
these APi are then calculated precisely. The ané, Ani and
B ; are all predetermined constants, stored in appropriate
sum~multipliers. We regquire one iteration ignoring drift
time followed by three iteratidns incorporating the drift
time. The sum multipliers all require 8-bit tables and
arithmetic, but only four bit-serial transmissions are
required per iteration. The iteration sequence is
1) map drift distances and residuals into L Wnén:
2) generate 4-bit AP, with 4-cycle ?itfserial summTpltiply; ‘
3) followed by 4-cycle divide; * o | ) .
4) generate 8-bit AX with 4-cycle bitwéerial éum~multiply.
The iteration is a pipeline which can accept a new computation
every four clock cycles, but has a total’pipeline delay
roughly four times larger. By buffering this pipeline to
permit at least four tracks withiﬁ the pipe, single tracks
can pass through four iterations with a propagation delay of
‘about 2 is, but ét a rate of one every 400 ns.

We next determine W , Wnéhz for each plane andvcalculéte
EWn, and (anénz)/(zwn). If the track satisfies a definition
of véry good, the indices for chamber 1,3,5 measurements are

used to write into the tag lists described above. If the

track passes a less restrictive cut, it is compared with all
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previously accepted tracks for a plane—by—plahe comparison
of measurement indices. If two tracks share tbo many
measurements, we keep the better track, or if comparable
quality the first track.:

The entire track fitting pipeline, which begins with
the retrieval of six wire numbers to generate the initial
parameterization, will probably accept a new candidate every
400 ns, and have a total pipeline deiay of almost 4 us.
Real fracks will be submitted an average of about three times
to the fitter unless suppressed by tagging rbughly 10 candidates
after initial submission, so that between 3 and 10 tracks
we can expect little dependence on the number of tracks for
total fitting time. The structure outlined above might
require 10 ps for a typical 10 track event, but could be .
less than 5 pus for a comparable structure. The actual
configuration will depend on the coét and complexity
required for specified rate, as well as the rate requirements.
If we are unable to reduce ADC time below 10 us, we will have

little incentive to push track fitting to much shorter time.
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C. Detailed Description of Individual Modules

The following logic diagrams outline the internal
logic of individual modules. We explain in detail the
operation of the binary index génerator. The internal

storage elements are:

we, write counter

RC, read COUntef

P read poiﬁter

A, "~ data in list

o write complete

B inner loop pointer

G first pair sent

v Valid out

c Complete ocut B ER : | 3

All counters and flip-flops are reset to zero byvan
initialization condition éenerated either by the generation
of Completé out or externally through the control bus. If
we define the following logic levels |

s = (Rcl = 31) + (Rc2 = 92)

Il

[(Rcl # wcl) + (Rc2 # wcz)]~(§7§) -G

b = (RC, = WC,) + B - (RC; # WC,)
we can express the logical operation in a notation R = (x) (Y),
which is meant to indicate that the contents of the register
R will become X on the next clock edge if condition Y is’
true. The binary index generator operation is then fully

defined by
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RC; = (RC,+1) (bsv+Bsv)
(0) (bsv)
RC, = (RC,+1) {bsv+Bsv)
( 0) (bsv)
B = (b) (sv)

c = (C -c2-(Rcl=wcl)-(Rc

1 =We,)) (V)

2
v = (G-(Rcl¢wcl)+s~(Rcz#wc2)+Al-A2~G)

G = (Al'AZ)

we, = (WCi+l)(input cable V-H)
c; = {1)(input cable C)
P, = (P;+1) (s- (RC;#P;))
P, = (P,+1) (S- (RC,#P,))

o L s

The binary index géneratorwgenerates all possible

ir

pairs of indices less than or equal to the number of trans-
missions on each input. After at least one transmission on
each input, the first index pair (0,0) is transmitted. The
generator then funétions as a nésted loop, with the outer‘
loop index a new value and the inner loop index ranging over
all previously used indices for the other side. If possible,
'inner and outer loop designation is exchanged at the completion
of each inner loop. This permits a binary loop to proceed
even while two sets of data are being generated.

For index generation when tests within the loop could

affect index sequence, the most common example of which is
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pairing of two lists of ordered data, this structure can
pOStpone the need for a test decision,;minimizing the
effect of pipeline delay. If, for instance, the test
re;ult is that for subsequent indiées Rcl' the indéx RC2V
should élways be greater than the present ﬁalue, RC2+1
should be stored in a Lower Pointer; which replaces the

zero loaded into RC, at the beginning of an inner loop.

2
D. Construction Costs and Time Estimates

Important general design decisions remain. Among these
are packaging or physical construction. We have produced
detailed layouts of the most complex modules, particularly
the list, to verify the feasibility of singie layér printed
circuit boards and to determine the physical size. We will
wait until logic design has been completed for more than = .
just the track reconstruction before making a final decision.
The considerations include ease of access and interconnection,
packing density, cooling, reliability and cost. Complete
design and prototypes should be available in the spring of
1980.

Qur estiméted $100 K for the entire processor, including
track reconstruction, photon reconstruction, charged»pérticle
identification, kinematic reconstruction, distributed buffer,
histograms and a central buffer, appears to be a reasonable
upper limit. The system can be indefinitely expanded. ’Perhaps
as we gain familiarity with’the problem, we may attempt

something more complicated than we could justify for a
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first experiment. We are not including the cost of tape
drives or online mini computer.

The proéessor will contain fewer components by far than
either ADC or TDCAsystem. Most modules would be commercially
assembled. ©No unusual or difficult construction‘will be

involved. We could have the entire‘system assembled within

a year of approval.
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IV. COMPLETE DATA ACQUISITION AND PROCESSING SYSTEM

In the following pages, we attempt to outline in some
detail our proposed data acqﬁisition system, beyond just
event reconstruction hardware. The entire detector has been
designed with the goal of accurately and reliably measuring
reasonably complicated reactions at high rate: instantaneous
fates on the order of 107/sec and event reconstruction rates
in excess of 105/sec. The detector has more than lO4
receiver elements, of which only a few percent provide
positive information for a typical reaction. To make this
information available to an event reconstruction system.with
a new event every few microseconds and a.transfer'time of
less than a microsecond, we regquire receivers designed to
do just that. The principles of operation of the front end
permit reliable measurement in the pfesence of high instan-
taneous rates and a noisy environment.

A. Drift Chamber Measurements

An amplifier—discrimiﬁator has been developed at Nevis
recéntly, the result of several years of intermittent study.
The inexpensive; high speed, low-threshold and very nearly
deadtimeless circuit has an externally referenced threshold
and should permit reliable signal detection at the minimum
levels possible within the constraints of noise and externél
feedback. The amplifier has low input impedance, ~ 100 q,
and internal pulse shaping to maximize signal to noise. Push-
pull output minihizes the disturbance of the nearby environment,

reducing the difficulty of shielding  the input from the output.
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Actual operating thresholds depend on details of éhamber
construction, but will be lower than we have previously
achieved.

The TDC system assumed in the propoéal is a Nevis
design which has been used for a few years in modest quantity.
This TDC has a purely digital 5-bit time measurement with
2.4 ns time bins. Valid measurements are transmitted at
10 MHz. Built with ECL 10 K circuitry, the system is simple
to use aﬁd very reliable. Some SOQ channels of the 16-channel
cards were constructed commercially in 1976 for $10/channel.
Recent price quotations yield similar cost, because integrated
circuit prices fell to compensate for increasing board costs.
The cost is dominated by the multilayer printed circuit board.

We have recently rgexamineq‘thig design, guid%d by our
processor‘design effort, to see if we can do even better.
Although we have not yet produced and tested a prototype, the
design looks straightforward. We can produce a 32-channel
card for about the price of the previous l6-channel card.
The number of components per channel has been reduced by
nearly a factor of two, and only doﬁble—sided single lajer
printed circuit boards are required. The TDC has a 4-bit
time code, with the same 2.4 ns time bins} and 40 Miz readout
Vof valid measurements. The time span cén be inéreased in
increments of two bits, with accompanying increase in board
size and cost. A 2.4 ns time bin corresponds to 120 micron

binning of drift distance, with 35 micron rms error introduced
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- by the binning in quadrature with larger measurement unéer—
tainty. Sixteen such time bins are quite adequate for up to
3 mm wire spacing. For our largest wire spacing, 6 mm, we
would double the size of a time bin, introducing 70 microh
rms digitization error, which will be dominated by measurement |
error in the large drift chamber.

In addition to 32 input signals, the TDC has a fast gate
and fast reset. During the gate, any input signal from a
drift chamber discriminator sets a coriesponding flip-£flop
and latches a 4-bit time code. Only the first signal is
recorded for each channel. If a slower trigger decision
rejects the event, a fast reset immediately clears all
flip~flops.

If the event is to-be recordednua,sparsefdatarréadout .
procedure similar to the old TDC but with the addition of
‘input and output registers on the communication bus, permits
each plane to be read sepafately at 40 MHz. If we transfer
at most 32 measurements per plane to the précessor buffers,
we can guarantee that the TDC system is always unloaded and
ready for another event within 1 pus. |

B. Analog to Digital Conversion

At Nevis, we have designed a l6-channel 12-bit ADC,
of which 5,000 channels have been commeréially constructed
within the past year, for a total cost of less than $30/
channel, including power and crate. The linear gate has
dynamic baseline restoration which results in pedestal

stability of a fraction of a bin, even in the presence of
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low frequency noise, without the raté dependent pileup
normally associated with AC coupling. The measurement was
absolutely stable and linear to within 0.2%. A fast reset
allows tﬁe integrating capacitor to be reset with a time
constant of < 20 ns, for an‘effective reset time of ~ 100 ns.

The 16 channels are digitized one aftef another, with
the results stored in memory on the card. .The results are
then shipped serially to a nearby card.which subtracts
tabulated digital pedestals, storing for later transfer
only those measurements a preset value above pedestal. This
design is not quite suitable for'ourvpurposes; " Following
a decision to digitize, more than 20 ps must elapse before
the linear gate is again available.

The ADC may be the most challenging part of the processor.
We require approximately 4,000 channels of ADC, whose total
cost, even for $30/channel, will certainly‘exceed the total
cost of the "hardware processor".. For similar cost and
complexity, a new ADC design incorporating minor changes f:om
the previous design will introduce a l us transfer of the analog
signal from the integrating capacitors to buffer capacitors
and increase the event rate by permitting data transfer from
the card to proceed in parallel with digitization. We will
reconsider the entire design, but most probably the event
processing time will be determined by the ADC system; not the
track reconstruction. To reduce the time per event below

10 us,may prove too difficult or expensive. For the moment,
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we would be guite content with a 10 us ADC, with a 1 us
buffer transfer.

C. Kinematic Reconstruction

’Although kinematic‘reconstruction is deeper into the
design pipeline than we have progressed, we attempt a brief
look—ahead to establish the plausibility of dnline event
selection based on precise reconstruction of possibly
complicated expressions in a flexible manner. We perform such
computations ét the same event rate as the track reconstruction
and charge digitization, first computing individual particle
parameters, inciuding charged particle identification, photons
and identificatioﬁ of neutral pions, and then proceeding to
multiparticle computations.

General features shguld inc}ude;simple prograggability,J
so that new computations can be introduced on short notice.
The kinematic computations will probably be based on bit-
serial transmission and arithmetic, with 16-bit fixed point
numbers everywhere except within structures of the form
M= JS XiYi , which might have higher internal precision.

Not that higher precision or floating point representation
are impossible, but they introduce complexity and expense
which should appear only where necessary. Bit serial
arithmetic structures are incredibly simple and allow very
simple data transmission. An isolated bit-serial adder,
for instance, requires oné 4-bit registér and half of a

dual one-bit adder:
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L CA’}L . agqj—

1
4 +
Y — ”
Z < l

Simple structures using full word shift registers and

ALU's can perform multiplication, division, and square root.

With tables we can perform Taylor series expansions, etc.

Computations must be carefully set up to avoid unneces-

sarily large numbers of operations or high precision arithmetic.

We try to avoid complicated operations within nested loops.
Consider multiparticle invariant mass computations, for

instance:

M2

.

]

2 = 2
(£ E)) - (2 B))
® 2
= 5 + . - . - »
(Z(E+P_),) (E(B-P ) )-P,
We could compute Esz by brute force, but we first note that

_ 2 2
E-P = (m +PL )/{E+P3)

2 2
~ (m +PL )/2PZ .

The fractional error in the approximation is less than (m2+P.L

/(4P22), less than 1% for a 5 GeV proton or a 200 mrad pion.

The formula for invariant mass is then

2 2
2 5 m +p

_ L
M™ +P " = (2 E) L (—FT) L

Similarly for Lorentz transformations:

2y
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g
!

E = W(E—BP“) .

Both expressions have the form large number times difference
between two large numbers equals small number, indicating a.
need for great numerical precision. On the other hand, 16-

bit fixed point arithmetic is fine for

p, " = [v(1-B) JB- (E-P,)

I :
E" = [y (1-8) 12 +v (-

if we know (E~P1) and [y(1-B)] .

\

D. Information Storage and Distribution

1. Transport System

A data transport system has been designed at Nevis énd
supplied to existing exp;rimentgl AE;viéiéned primgéily as N
an interface between interfaces, the‘system consists of
modules bussed together within a single crate, with the
capgbility of limitless expansion to other crates, possibly
quite distant. Sixteen-bit data words can be transferred
between modules on the transport bus at rates up to 10 MH=z.
The communications use the same simple control‘functions
described for the processor: Valid, Hold, Complete with
now a larger Page or name field. Data transmissioné may
be identified with the name of the source module, permitting
multiple destination modules to share a communication.
Modules, eg. the link between crates, may contain random

access memory, both for storage of data and to allow
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programming of module operation. The equivalent of the
control bus, described earlier for the processor, is just the
same transport bus with a specific tag bit, permitting local
access tovmodulesvfér control and programming.

To establish communication between differenﬁ objects,
we need only interface each object to the transport bus.
Subsequent communication can be readily established between
any two or more devices. Several simultaneous (interleaved)
unrelated conversations are possible, subject only to the
10 MHz limitation on total communication rate within a
single crate, and somewhat slower communication between
crates, |

2. Distributed Buffer

We are still desigqing themdisﬁfibuted buffer}reqﬁired
for a distributed pipelined pro;ess;f. The initiai raw

data, and all,intefmediata computations which might bé
requested later, must be stored for each event, as they are
generated, and retained for as many events as is necessary to
decide what data to transfer out of the processor. We
therefore are designing a buffer module which plugs directly
onto a transport bus, and in addition, has a direct fast
communication port. Blocks of data can then be stored by

name, simultaneously in several buffers, and later retrieved

or dismissed by name, usually through the transport bus.
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3. Online Histograms

For event selection and detector calibration and per-
formance checks, we are designing simple histogramming
structures. The most complicated such structure, still
quite simple, is patterned after the E 87 offline analysis
program, and allows a family of histograms of related data
so that we obtain histograms of selection criteria and the
resulting effects of progressively more restrictive cuts.
The related variables are bussed'simultaneously but bit-
serially to a block of identical modules which each contain
sum-multipliers and histogram memories. Any linear combina-
tion of up to 8 variébles, within an even larger set, can
be histogrammed, and a trigger priority level can be
established by comparison with preset limits. The histo- .
gram contents can be accessed through the bus, whichis in
fact a version of the trénsport bus, for either scope

display or permanent storage.
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BUDGET AND SCHEDULE

The cost of the proposed experiment can be divided
into two components -- 1) the cost of constructing the
spectrometer itself; and 2) the cost to the‘laboratory
of its support. In both cases, we believe that the costs
are relatively modest and that our estimate of the spectro-
meter costs are unusually accurate for the proposal stage
of a large, complex experiment.

The cost of the spectrometer itself was estimated in
the proposal to be ~ $900 K.. Approximately half of the cost
is in detector electronics {hardﬁate processor, ADC's, TDC's,
amplifier/discriminators, phototubes) and half in mechanical
assembly costs (drift chambers, Cerenkov counters, gamma ray
detector, hadron calorimeter). :The .electronics costs are
well known since all the electronics are constructed using
components with whiéh we are very familiar, having used them
for years. In constant dollars, the electronic costs are
certainly overestimates, because‘we have provided upper
limits when in doubt, and the componeht costs continue to

decrease with time. These electronics costs are categorized

below:
Hardware Processor. ~ $100 K
ADC's 4000 x $35/channel 140 K
Analog Amp + Cable 3400 x $10 34 K
TDC's 7000 x $10/channel 70 K
,Amp.Disc+ Cable 7000 x $15/channel 105 K
Phototubes 650 x $100/channel 65 K
Total

$514 K
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The costs/channel include power and associated cabling
necessary to transport signals from the pit to the
counting room. Mechanical assembly costs are estimated

in the proposal to be as follows:

Drift Chambers $90 K
Photon Calorimeter 100 K (200 R)
Cerenkov Counters 100 K
Hadron Calorimeter 45 K
Muon Identifierx 10 K
Trigger and Recolil System 10 K
Total $355 K (455 K)

Costs for the hadron calorimeter do not include the cost of
the steel which would be supplied by Fermilab. We now believe

i

that concrete will sﬁffice for the muon detector.\}n addition,
a closer éxamination ofﬂthe cos£ of’mechanical aséémbly of t%e
photon calorimeter leads us to believe that $200 K is a more
realistic estimate than our original $100 K. Again we emphasize
that these estimates are based on our past experiences working
with very similar detectors or prototypes. Detailed engineering
studies of these components cannot be prepared until approval of
the experiment has been granted. Additional miscellaneous items,
both mechanical andvelectrOnic, are comparable to the uncertainty
in the overall cost, leaving the overall estimate at ~ $1 M.

The major cost’to Fermilab is connected with supplying
an analyzing magnet. We desire a magnet with a 48 in. x
40 in. aperture, an effective field length of 60 in. and a
10 kG field (PT = 450 MeV). Fermilab has estimated the

total cost to Fermilab of such a magnet to be ~ § 600 K

including magnet construction, powering, cooling, and
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installation. We believe this cost to be closer to $200K

and are currently investigating the costs of building a new

magnet with the desired parameters although we have not
abandoned efforts to obtain an existing‘magnet from
elsewhere.

Another potential cost to Fermilab is that arising
from discussions of the desirability!éf constructing a
new beam line. As we have indicated earlier, we have a very
strong desire to remain in the broad band beam because of
its high intéﬁsity/high energy quaiities. We feel that a
much more attractive possibility than construction of a
new beam would be the undertaking of the previously discussed
modifications to make the broad band and tagged beams
compatible. . L . ' PR -

Schedule

We would be ready tb install the hardware processor
and drift chamber system for tuneup within one year of
approval of‘the proposal (i.e. in spring of 198l1). We
would hope to develop an operating system using muons
produced duriné'taggea beam operation during this period.
Following the shutdown beginning in June of 1981 and
ending in the spring of 1982, we would install the
remaining detector elements and expect delivery of the
large analyzing magnet. This would allow us to initiate
our final tuneup and begin data taking in spring or summer

of 1982.
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SUMMARY

In summary, we hope you will not regard our proposal as
calling for just another forward spectrometer. Our
spectrometer would provide unusually complete and reliable
measurements of a wide range of interesting physics
reactions, with flexible and precise event selection at very
high interaction rates. No other forﬁard spectrometer, at
Fermilab or elsewhere, will have comparable sensitivity
to high mass, rare or complex reactions. In the broad band
beam, we will have access to the highest intensities and
energies available anywhere, for beams of photon, neutron
or K.. We have devoted considerable effort to design

L
studies, and we are confident that we can do as we propose.




	Proposal #0627
	Addendum to Proposal #0627

