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Proposal To Do Photon Physics with the Tevatron

at the Tagged Photon Spectrometer

Introduction

We propose to use the existing Tagged Photon Spectrometer .
(TPS) to do high energy phbton physics at a very early stage of
Tevatron operation. The Tagged Photon Spectrometer was built over
the last few years by our group following the design defined in the
TPS Design Report, which is attached. It is a very large
acceptance, high resolution magnetic spectrometer with electro-
magnetic and hadronic calorimetry, Cerenkov particle identification
and a éophisticated recoil detector surrounding the target. The
spectrometer was conceived from the beginning with the Tevatron in
mind, and represents at this time we believe, the first operational
Tevatron detector. (See the two lettersto L. Lederman, November 6,
1978 and April 25, 1980, regarding Tevatron physics with photons
which are attached.) The spectrometer sits in the Tagged Photon
Beam which we presently operate at -~ 140 GeV electron energy with

400 Gev protons. Without change this beam is capable of 300 GeVv

electron energy which is the ideal energy to run with 1000 GeVv

Tevatron protons.

At this writing we are running experiment 516 with the TPS.
This experiment uses an elastic recoil proton, missing mass,
trigger to explore diffractive charm, psi, and QCD physics at large

masses. Before the Tevatron comes to Proton East we are intending
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(appropriate letters will follow) to continue to exploit the
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spectrometer with experiments focussed on physics complementary to
the diffractive approach of the present run. This will include the
use of forward mass and P, triggers, emphasizing non-diffractive
photoproduction, and/or the use of active solid state target decay

' detectors.,

The Tagged Photon Tevatron détector is already built and
running. Therefore it is not necessary for us to justify a major
expenditure for a large Tevatron facility to do photoproduction
physics. Furthermore we are presently using a very powerful
trigger processor in association wih the recoil detector, and this
processor can be 'readily reconfigured for a wide variety of
triggéring purposes. These considerations afford wus the
flexibility of deciding on a specific trigger and experimental
configuration at a later date in order to optimize the study of
physics which will be interesting at the time Tevatron energy beams
are available. The precise physics direction which we will want to
take will be determined by three factors:

a) Our experience over the pre Tevatron years in exploring the
complementary photon physics areas noted above will teach us the
gapabilities of the spectrometer and the associated analysis
software. This will allow us to select the best match of Tevatron
physics to the detector. |

b) The relevance of different physics directions will be better
understood closer to the time of the first Tevatron photon run than

now.




c) In addition, actual knowledge of the integrated luminosity and ¢’

energy to be available from the doubler/saver must play a major

role in the final choice of physics.

Subject to these determining factors we expect to select our
first Tevatron physics from one of the areas outlined in the

following.

QCD Physics

The photon is an ideal probe for the study of QCD and jet
physics. For example, in the region of large P, we believe it
possible to isolate the basic sub-processes often referred to as

QCD Compton and photoh—gluon fusion.

a) QCDh Compton

b) Photon Gluon Fusion

- In both processes we expect to observe two high P, jets,
corresponding to the interesting sub-processes, and a soft target

jet. It is interesting to compare photoproduction of three jet

processes with hadron~hadron jet experiments and with hadro-~
production of direct photons. The three : jet photoproduction

events are clearly cleaner than hadron-hadron jet events, both

-

-



theoretically and experimentally. For example, hadron beamé
necessarily have a soft jet from the beam fragment, which, in a
fixed-target experiment, tends to overlap kinematically in the
detector with the hard constituent scattering jets. The photon 3-
jet interactions have no beam fragments. This is illustrated in

the following figures.

LDWP,\.
bewm — v
™ 4 JET hadron -~ hadron scatterin
High Py c ering
+qt
1
LDU)—P_L
¥h3k?L 3 JET photon - hadron scattering
-’
Low P,

In addition, since the photon has a pointlike coupling to quarks,
all of the incident photon energy 1is available for the basic
subprocess. In a hadron beam the energy is shared among more than
one constituent. Therefore, a 300 Gev photon, for example, can
deliver the same amount of effective energy to thé fundamental
constituent interaction as a 600 GeV meson or a 900 GeV baryon. As
a result high p; Jjets are a larger part of the cross section in
photoproduction than in hadroproduction. Furthermore, from the
theoretical point of view the photon structure function should be

calculable from basic principles.




Direct photon production in hadron hadron scattering experi-
mehts is intended to probe the same constituent sub-processes. The
experimental problem in those experiments is the extraction of the
single photon signal from the large “o +yy and w-*nof background

in the final state.

E516 data presently being collected contains a sample of Jet
events, OQur experience analyzing these events will lead to an
understanding of our ability to isolate and measure photon

initiated jets at Tevatron energies.

In the present run, as noted earlier, our data is triggered by
a single recoil proton. This should result in a sample of unbiased

two Jjet events which might be called Bethe-Heitler quark

- production.

c)

Proton

We also have a trigger, based on the outer regions of our electro-
magnetic calorimeter. which should give us a sample of QED Compton

events.
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In this case we should see a high P, jet recoiling against the high
P, photon. Experience gained from the present and future runs with
the 400 GeV machine should prove invaluablé for doing an excellent

Tevatron QCD experiment.

A significant test of QCD can be carried out without
identifying jets by comparing the p, dependence of inclusive at and

T production at high %_fﬁﬁ'

A difference of -1 nb/GeV2 at a p, of
2 GevV/c is predicted because of the presence of gluon
bremstrahlung. Quark-antiquark jets cannot contribute to a n+n—
production cross section difference, so a measurement of this
difference would be a clear test of QCD theory. It is important to

note that this difference is of the order of 50% of the inclusive n+

cross section at high P, (see Figures 3 and 4 of Ref. 4).

The Tagged Photon Spectrometer is ideally suited for the study
of QCD physics. The spectrometer can use all of the flux which the
tagged photon beam is likely to deliver. The large acceptance and
fine segmentation (which can be easily improved further for the
Cerenkov and SLIC systems) should be ideal for the isolation of
jets. Rate estimates indicate total cross sections for processes a

-211b for

and b to be ~ 0.2 pbarns each, for a jet p,> 2 Gev and .. 10
P, >4 GeV. With the minimum standard Tevatron luminosity described
later this would mean 3000 events in 1000 hours for each process

for p, >4 Gev, and -anmlevents for p, >2 GeV.



Charm-Bottom Studies

It is obvious that the rate of charm and bottom production is
orders of magnitude higher in fixed target experiments than in e+e—
annihilation. This fact, along with the relatively high ~ 1% charm
component in photon induced reactions, is the motivation for the
present Experiment 516. In E516 we have used a recoil proton
trigger to select clean charmed events. 1In a Tevatron experiment
we would extend the present charm study to higher mass, energy and
|t | regions and possibly also to rarer decays. We would use both a

recoil and a forward trigger which would accept non-diffractive

charmed events as well,

A continuing interest at the Tagged Photon Spectrometer is the
study of charmed meson and baryon decays. Rare charm decays will
provide a wealth of information about the structure of the charged

7

weak currents. An obvious case is a measurement of the branching

fractions of the Cabibbo-suppressed decays D° + K'K”and D° » # #

A low statistics measurement of these decays has indicated a factor
of three difference between the two rates. This can be understood
by the presence of heavier gquarks in the weak currents. A
systematic study of the Cabibbo-suppressed two body decays of Do,
D%, F¥ will have implications for the weak couplings of heavier
quarks. Additionally, measurements of Cabibbo-suppressed semi-
leptonic modes of charmed mesons will provide useful information

about the Cabibbo angle associated with charm decays. Also

measurement of rarer Cabibbo-favored decays will help in the



understanding of the AI = 1/2 rule as it is extended to heavier
guark decays. Cabibbo~suppressed decays generally will have
branching ratios of 10“3. For a total D° cross section of 500 nb
this means cross sections of 0.5 nb for Cabibbo-suppressed decays.
With the integrated luminosities we can expect in standard Tevatron
running (300 events/nb as discussed later) we can expect a
reasonable number of these decays. Experience may Jjustify a
maximum luminosity run which is also discussed in a later section.
The most important factor for a successful long range program of

charm physics is, however, a systematic study with continuity

through the years before and after 1000 GeV protons.

One additional way of identifying charm events with very low
background would involve the use of a high resolution vertex
detector. We are thinking here in terms of solid state detector
developments or the high pressure - high resolution gaseous
hydrogen drift chamber describéd in the Appendix. Developmenfal

efforts on a high pressure chamber will start soon at UCSB.

Another possible goal is the study of bottom states. We
anticipate that bottom studies will be very difficult due to the
low cross section, which is expected to be -~ 1/30 of the charm cross
section in photon reactions, and to the anticipated relativelj

large number of high multiplicity decay modes.




We do not c¢laim that the isolation of bottom events will be

easy. However, we can make the following observations:

a) Bottom is expected to decay predominantly to charm. Very
recent results from CESR appear to confirm this,!?

b) A sample‘of clean charm events with a total forward mass of
> 10 Gev will therefore be enriched in bottom.

c) Since combinatorial backgrounds go up very rapidly with
multiplicity, bottom particles with unambiguously reconstructed
charmed particles will be the cleanest candidates for bottom
events.,

d) Bottom events should be much more spherical than most
events with high foward masses. The large acceptance of our

spectrometer will be very valuable for this physics,

We anticipate having a clean sample of 2 100,000 charm events
with . 1,000 - 3,000 of these containing bottom. From experience
with the E516 data we hope we will learn how to add up various decay
modes in mass plots. This approach would lead to a good bottom

signal.

Beam Requirements and Costs

What kind of luminosities will this experiment require? We
have given an indication in the discussions above of the cross
sections involved for the different physics. Present experience is

that one can expect about 1500-2500 events per nb per 1000 hours at
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5 x 1012 400 Gev protons, average 12 second rep rate, 30% deadktime,
150 GeV electrons. Scaling this conservatively to 800 GeVv protons,
300 GeV electrons, 60 second rep rate, one can expect at least 300
events per nanobarn per 1000 hours at 5 x 1012. (Use of the high
pressure H, active target described in the Appendix would reduce

this by 10.) This represents a reasonable luminosity to carry out

most of the physics outlined in this proposal.

Certain classes of physics, the rare decays of charm, for
example, may be able to benefit from increased luminosity at lower
Y energy. With the Tevatron, a factor of three increase in
luminosity is possible at an electron beam energy of 140 Gev. A
factor of 10 in electron yield is gained from the 1 TeV protons

compared to 400 Gev. Considering 1013

improved drawers (vs 5 x 1012 at present) and a rep-rate of once per

protons on target in the

minute (one sixth the current rep-rate) a factor of three increase
in luminosity (compared to present running) to < 8000 events/nb in
1000 hours can be obtained. A long 20 second Tevatrén spill would
allow the instantaneous rates in the drift chambers to be equal to
the instantaneous rates of the present run even at these high

luminosities.

What costs and expenditures will be required? Very, very
little. We expect to be carrying out a steady program of relatively
modest imprbvements over the next several years. This will include
additional tubes and Winston cones on the Cerenkov counters,
forward backward segmentation of the SLIC readout, improvements in

the tagging system, adding redundancy in the recoil detector, and

muon counters, trigger change capabilities, etc. Costs of the

order of $100,000 per year will be handled routinely by support
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funds of the various university and Fermilab physics departments
groups. Specific to the Tevatron is the need to cater the data
acquisition capabilities of the on line computer to the twenty
second spill expected by increasing the buffer bulk memory. It can
also be expected that a major upgrade 6f the online computer system
will be carried out because the present PDPll system is a serious
limitation for a facility of this magnitude. (The support for this
upgrade will be shared between the Fermilab computing department
and the Fermilab and University Physics Departments in a manner

which will be determined after discussion and negotiation).

We emphasize that no changes are required in the electron beam
or tagging system for Tevatron physics at the TPS. Both are capable
of 300 GeVv operation without change. This is the maximum electron
energy for which there will be sufficient flux to carry out any
conceivable program of photon physics (othef than a total cross
section measurement). As is the case for other experimental areas
muon hardening may have to be implemented. However, the 20 times
longer flattop will go a long way toward mitigating any
difficulties with ambient muons. To bring Tevatron protons to
Proton East at the early stage we are requesting will, of course,
also require the right bend construction work to be complete by the

time the energy doubler is operational.
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Conclusion

Our understanding of the present Fermilab approval system is
that Stage 1 approval refers to the proposed physics program and
Stage 2 1is for major expenditure for construction of the
experiment. 1In our case the experimental spectrometer is already
constructed and waiting. The experiment specific expenditure$ will
be relatively minor. Furthermore some form of approval for this
proposal this year 1is extremely important to us because of
planning, funding contract, and personnel considerations. We
request that Stage 1 approval be granted now for the general plans
for physics that have been outlined in this proposal. Stage 2
approval and the agreement would a?ply to the specific choice of
physics and what will be, we believe, the most sensitive issue in

the early Tevatron era, intensity and scheduling.

In conclusion, we would. like to emphasize that we are
préposing a very early Tevatron experiment. The argument for this
is based on the fact that at the time the Tevatron turns on this
Tevatron detector will be thoroughly seasoned by several
experiments. Our group will be experienced in its use and the
analysis of its data. Reconstruction and other offline software
packages will be in routine operation. This proposal to do photo-
production at the Tagged Photon Spectrometer offers the laboratory
an assured and inexpensive access to significant Tevatron physics

as soon as energy doubler protons are available in Proton East.
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APPENDIX | Possibility of Using High Pressure H2 Gas as a Charm

Vertex Detector

Basic considerations of vertex detection
Some important properties of H2 gas drift chambers

Limits on resolution

~ Basic design of the detector

Analysis of a possible experiment
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1. Basic considerations of vertex detection

There are two basic approaches to detettign of downstream vertices in
charm decay. The first, track count detection, uses ionizatibn measurements
to give a signal indicating that the number of charged particles has changed
at some location downstream of the primary vertex. Thfs method works best
at high charm particle las energy, taking advantage of the time dilation
effect to give large sepafations between the primary and decay vertices.A
Here we concentrate on the second method, Qertex recénstruction, which is
potentially more general and provides more information. In part?cular, the
tracks which emanate from the decay vertex can be associated with those found
in the forward spectrometer, greatly reducing combinatéria] backgrounds.

Vertex reconstruction techniques require a track resolution which is in-

dependent of the charm particle energy. To see this consider the following

schematic picture:

The time dilation effect, which leads to increasing vertex separation with
increasing energy, is compensated by the vertex resolution which is propor-
tional to the lab decay angles, which in turn decrease with increasing energy.

The conclusion is that transverse track coordinates need to be measured with
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a precision of & ct. These values range from ~ 30 microns for 0%'s to 300
microns for charged D's, with F's and Ac's probably closer to 30 microns.

To seiect Do, F and Ac events with this technique will require resolutions of
better than ~ 30 microns. Charged D's are relatfvely easy.

()

‘2. Some important properties of H2 gas drift chambers

We consider the use of a 100 Atmospheric HZ gas drift chambef as an ac-
tive target in a high energy beam. Hz has the obvious advantages of low z,
which is important in photon beams, and a theoretically nice target particle.
The density of IOO Atmospheres is approximately 1/10 that of liquid hydrogen.

wﬁat is perhaps less obvious is the possibility of very high resolution
obtainable with HZ' This is due to two considerations. The fifst is the
fact that under reasonable drift field conditions the drift §peed is about
an order of magnitude slower than standard drift chamber conditions. This
means that with normal timing electronics we can do an ordgr of magnitude
better in position resclution. The second consideration is the low thermal
diffusioniof hydrogen. These considerations are explained more thoroughly
in.the next Section.

).56

The drift speed, w, in H, gas scales approximately as 1.15 (E/P

2

cm/psec where E is the electric field in volts/cm and P is the pressure in .

Torr. This corresponds to 6 microns/nsec at 100 Atmospheres with an electric

field of 25 KV/cm.

3. Limits on resolution

The position resolution is ultimately limited by diffusion of the drift-
ing electrons and by fluctuations in the ionization processes. |In addition

to these fundamental limits there will be geometrical and instrumental effects.
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First we consider the fundamental limitations.

A. Diffusion

The rms deviation of an electron in a drifting swarm is Gx = Y20t
where D is the diffusion constant and t is the time of drift. For electrons A‘
the diffusion in the direction of the field is given by DL which is usﬁal]y
smalter than DT’ the transverse diffusign. |

it is true that the quantities g; EE- and w are functions of E/N wheré E
is the electric field, N is thé parfic]e density, p is the mobflity,Vand W
is the drift velocity. The value of E/N is often expressed in the units Td
{(Townsend) which is 10f17 volts/cmz. At 293°K we can convért to E/P units
where P is the presSure fn Torr (1 Atmosphere = 760 Torr). .

v

. EfN in Td = 3.03 (Efp) in m

At 100 Atmospheres E/P = 1.3 10~5 E(volts/cm) and E/N = & 10—5 (E volts/cm).

D
We then express Oy in terms of the measured quantity L

H
/D D,

X H H E
| y b,
where we have used the definition u = T and x = wt. A plot of T is shown -
(2) | | '

in Fig.Al. § The range of likely values for E lie between 10 and 25 kv/cm.
The values of O after 1 cm Qfldrift, then lie between 26 and 19 microns,
respectively.

We can count on a measured resolution significantly better than O,

In principal, one could measure the mean of the swarm to a precision of

311

where N is the number of electrons in the swarm. For 1 mm sample of H2

at 100 atmospheres N is ~ 100, so the theoretical limits are 2.6 and 1.9
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microns respectively. If one triggers the timing electronics on the first

electron to arrive, Gaussian statistics gives a resolution of

f.e. v 10 microns.

B. Resolution Due to Fluctuations in the Primary lonization

——

In the ionization process most of ;he electrons have only a few tens of
eV of energy and lose all of their energy very close to the ionizing particle's
path. Due to Landau fluctuatiors one can expect a few electrons to have more
‘energy,and a larger range, leading to a smearing of the ionized electron
from the ideal perfect straight line. We can make estimates which indicate

that this effect is in general not serious.




The spectrum of larger energy transfers is

dN _ 153 (p dx) ey
at 2 ne¥

where p dx is the matter thickness in gms/cm2 penetrated by the beam and T
is the ionized electron kinetic energy. The number of electrons with energy

T0 or greater is

For 1 mm of H, at 100 atmospheres p dx is 9 lo-h gm{cmz. Typically we then

2
have a 1 electron of energy > 140 eV per mm, and a 14% chance of having an
electron of energy > 1 keV.

These electrons will multiple scatter in an almost isotropic manner with

71 T] .72(3) gm/cm where T is in MeV | The range for

_an effective range R =
a | keV electron is about 5§ microns. We conclude that the primary ionization

process will not seriously degrade our resolution.

C. Geometrical Effects

We expect our tracks to slope at angles " }05 to .1 mi]liradians. This

leads to a transverse distance spread of < 100 microns per l mm of track lengt%

.05 -

ora o ﬂ:ir_ 30 microns. This is comparable to the[dnffusnon spread
3

D. Timing Resolution

A serious contribution to current drift chamber resolution is time reso-

(1)

lution, time stability, etc. In careful experiments it has been shown
that the observed resolution is accounted for by the combination of elec-

tronic resolution and by diffusion. Even with &~ 50 - 60 micron resolution,
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the electronics is still important. For our case we have drift speeds be-
tween .U em/sec - .6 cm/sec (depending upon the drift voltage), which are an
order of magnitude slower than most drift gases. For our case 6 microns is

about 1 nsec so we are less sensitive to timing problems,

E. Miscellaneous

A resolution of 5 or 10 microns is quite an achievement and we can ex-
pect numerous troubles in achieving this. They don't, however, appear to

be fundamental.

k. The Basic Design of the Detector

-

We have in mind a detector geometry something like that shown in Fig. A2.

Field Shaping Grid \'
~Sense Wires I s A

Fig. A2

The incident photon interacts with the hydr§gen nucleus in the active region
on constant drift field. The electron swarms, corresponding fo the event
tracks, drift toward the multiple parallel sense wires which lie in a plane
which is parallel to the incident photon direction. To maintain the necessary

high resolution properties, the sense wires will need to be surrounded by an
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aperature limiting and field shaping grid, shown schematically in Fig. AZ.V_:
The sense wires feed multi-hit TDC's so that each sense wire gives the loca-
tion of all of the charged tracks in one dimension transverse to the beam
direction. The electron swarms have a width of a few nsec and are separated
by typically 150 nsec at a di#tanca 5cm downstream of the primary vertex.

A typical track, produced at an angle of .1 radian, wifl leave the sensitive -
region of the detéctor which we have in mind; after travelling 10 cm. With
sense wires every 2 mm this would give a highly redundant series of n 50 mea-
surements per track in the one projection. |[f thesé'measurements are each
accurate to a precision of ~ 15 microns we should be able to identify the
presence of downstream vertices due to Do‘s, F's, Ac‘s, and charged D's Qn?ess
the decays are unfavorably oriented. This precision may be optimistic but

in any case charged D's should be easy.

5. Analysis of a Possible Experiment

The design of an experiment using such a detectdr is very constrained
by the necessity of minimizing background rates. In a photon beam the main
backgrounds’come from photon=pair conversions in the H2 gas and upstream win=-
dow, and by Compton scatters of vefy low eﬁérgy phb%ons from the infrared part
of the bremsstrahlung spectrum and from synchrotron radiation. The slow driff
speed of the electrons in Hz, which is an‘advantage for positfon resolution, i
is then a disadvantage as far as sensitivity‘to background id concerned.

It is impoftant to keep the size of the beam, in the bend plane, small.
This allows for tight collimation just upstream of the detector which will
reduce synchrotron radiation. A small beam size also means that the drift
region of the detector can be kept smali, reducing the sensitive time. A

small beam size also means that the upstream window can be made smaller and

therefore thinner.
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The photon beam can be made ~ 1 cm in width by means of beamrtuning, up-
stream collimation, and proper choice of radiator size, without a large loss
of beam flux. We then choose a drift distance of 2 cm, which means that most

tracks will go at least 10 cm before exiting the drift region. Nith an elec-

tricvfie]d of 25 kv/cm at 100 atmospheres we have a drift speed of.0.6 cm/ysec.

The avefage time of drift of a-pair background track is then 1.7 ﬁsec.

Now we try to estimate the‘ihcident photon flux which can be used with
this detector. We assume that the limit will be a desfﬁe to have a small
probability of having an accidental pair or Compton track in the region of
the event, rather than probiems in the functioning of the chamber. It seems
quite likely fhat most accidental tracks could be identified without causing
problems, but we adopt the crite}ion that we would like the accidental prob-
ability to be less than 30%.

Now we estimate the pair and Compton rates per incident tagged photon.

We assume that the target length is 1.5 meters as in E516. The target is then

1.35 gT/cmz which gives a 1.7% chance per photon for pair conversions. We
assume an ubstream Be window which is 1 ;m wide by .5 cm thick, which adds
another 1.1%. The center of the detector tﬁen has a flux of pairs which is
'2.3% per incident photon. A 30% accidental rate due to pairs corresponds to

1.5 105 pairs/sec or 6 166 photon/sec.

Pairs above 200 meV travefse'the entire detector without multiple scat~

tering out of the drift region. The number of photons with sufficient énergy .

to cause such pairs is approxims tely

300Gev

NY = TNe el TNe 2n(1500)

.2Gev

where T is the radiator thickness in radiation lengths and Ne is the number

of incident electrons. The number of tagged photons is approximately

|




“A I=10;
300Gev '

tagged _ dk  _
NY TNef K '-TNeﬁn?

150Gev

N tagged

so that T Ne z'fﬁff - The number of tagged photons allowed is then

N tagged _ 6 ]06 n 2

5
v = m 6 10 /sec

This is about 1/h the flux being used in E516. =

We need to show that the accidentals due to Comptons are not worsé than
those due to pairs. In the energy region from .2 to lOMeQ the Compton cross
section Oﬁlhydrogen is large compared with the pair cross secti;n. This is
also arregion where absorption hardening of the photon beam is difficult.

The bremsstrahlqngApart of the flux is

N tagged
= X dk .y tagged dk
dNB = T el 1.4 NY K

The synchrotron flux is, for each incident electron, very approximately

0.{

) AT 1073

VAL dk

\ %J
x| [m

for k < Ec where EC is the critical energy, E is the electron beam energy,
.15 !0"3 is the angular acceptance of the beam defining collinafor with res-
pect to the last bend in the beam transport,’and a is the fiﬁe structure con-
stant. The critical energy is always above the region of interest so the
equation can be used for our present purposes. We must multiply by a factor

of two to take into account the tagging bend as well as the last bend in the

electron beam transport. We then find, using T = .2,
= tag dk
dNS 2.9 NY i
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The probability of an accidental Compton in the 10 cm fiducial

region of an event is then

10Mev

2
comp _ 2 10cm tag dk p cm
N = 1.35 gm/cm™ x T5ocm X (l.3++2.9)NY Wz'p(k) on

.2Mev

vValues of the absorption coefficient,~% (k) vary from 0.2 cm?/gm to
0.03 cmz/gm, in the region of interest. A rough value for the
integral is 0.41. The accidental Compton probability is then 0.16.
We conclude that Compton backgrounds are less than or are

comparable to those from pairs.

We conclude that a flux as high as 6 x 105 tagged photons/sec
can be handled readily by this detector. The standard Tevatron
luminosity referred to in the text of this proposal corresponds to

6

~2 10" tagged photons in 20 seconds or ~ 1 x los/sec. At the

maximum luminosity, 140 Gev, conditionAreferred to in the text we
would have . 2 107 tagged photons in 20 seconds or ~ 1 x 106 per
second which is somewhat more than 6 x 105 but probably tolerable,
In using this detector at high luminosity we will, of course, be
able to adjust the photon flux if necessary by changing to higher

beam energy to the point where the accidental levels are determined

to be acceptable.




- b e e

We would like to thank Professor Sebastian White for numerous
useful discussions concerning the properties of hydrogen drift

chambers.

REFERENCES

1. These important properties of hydrogen gas aré described in
the Diffusion and Drift of Electrons in Gases, L.G.H. Huxley
and R.W. Crompton, John Wiley and Sons.

2. This plot is taken from Reference 1, page 622.

3. E.J. Kobetich and R. Katz, Phys. Rev. 170, 391 (1968).

4. Nina A. Filatova, et al., Nucl. Inst. & Methods 143, 17-28 (1977).



November 6, 1978

To: Leon Lederman
From: Tom Nash dﬁ\\,
Subject: Photon Physics with the Minimal Tevatron

Photon physics is presently undertaken in the Broad Band and Tagged Photon
Beams in Enclosures EE-4 and the Tagged Photon Laboratory respectively. At
Tevatron energies it is unlikely that the M flux in EE-4 will allow viable
experimenting. One will thus be limited to use of the Tagged beam (perhaps
modified after first generation Tevatron experiments) and the possibility of
a new high intensity, large momentum bite electron to photon beam going into
a new area just east of the TPL. (This assumes that P-West is saturated with
non-photon physics and that funding is "minimal" so that the much needed re-
building of Proton targetting does not happen at first.)

Itis my opinion that construction of a new photon beam is not warranted at
Tevatron startup since a) the new Tagged Photon Spectrometer was designed
specifically with Tevatron photons in mind (see following discussion); b} its
use can be shared by two alternating groups with different physics goals thus
making efficient use of P-Bast; and c¢) as far as I can see from the physics
perspective of 1978 the present facilities will not be beam intensity limited
and will be able to make a good start at Tevatron photon physics. Over the
next few years as the physics horizon develops {(before and after initial Teva-
tron results) it will become far clearer whether, and how, to build an alternate
photon facility. I will therefore limit the following discussion to experiments
in the Tagged Photon Spectrometer using the existing beam with a "minimal®” Teva-
tron.

The Tagged Photon Beam can transport up to 300 GeV. With the present accelerator,
electron yields are not sufficient to do physics above about 140-170 GeV (with

the exception of the total cross section which went up to 200 Gev)}. With the
minimal Tevatron this translates to an upper limit on e  energy of "~ 300 GeVv

which matches exactly the existing capability of the transport. With 150 GeVv
electrons (75-145 GeV photons) the spectrometer acceptance approaches 100% for
charm-like masses in the 3-6 GeV range. I : ] effects in photoproduction start
tc become a limitation to physics around 10m%ev With 300 GeV electrons (150~290
GeV photons) and no geometrical change in the spectrometer there will be full
acceptance in the 6-12GeV mass range and ltminl limitations setting in at " 20 GeV.




(Although basic detector positions would remain unchanged the bending power

of the magnets would have to be scaled by a factor of two to maintain resolu-
tion. The magnets are capable of providing the additional field required.)

The higher energy will not only extend the useful mass range it will help
certain energy dependent processes at lower masses. In particular as discussed

later Primakoff production (of the ﬂc » for example) is somewhat dependent on
enerqgy.

An alternative approach to doing photon physics with the Tevatron is to use

the higher proton energy to increase the e™/Y beam intensity at lower energies.
Doubling the proton energy will increase the e/y intensity by approximately a
factor of 10 at 150 GeVv. This additional intensity will be extremely useful

but it will require some tagging system modification (more channels) if tagging
is required and it is not likely that the spectrometer drift chanbers (in parti-
cular) will be able to stand the higher rates. A change to the new Charpak
gated drift chambers will very possibly be appropriate for the chambers ncarest
the target. Other spectrometer changes will probably also be required for very
high intensity. For this reason, as well as the reduced intensity of the initial
minimal Tevatron, I expect a push to higher photon energies will tend to proceed
a push Tto higher intensity.

Maximum luminosity is now v 20 events/nb hr with 150 Gev e™, 5 x 1011 p/sec.
With a minimal Tevatron this translates to roughly 4 events/nb hr at 300 GeV
and 40 events/nb hr at 150 GeV.

Listed below are some‘specific examples of experiments. For any particular
experiment there is an optimal electron energy {(and corresponding maximum inten-—
sity) given the capability of the detectors and the accelerator at the time.

New Quark Physics: Obviously the extended mass range opens up important
physics involving the new b guark states and, imaginably, the t quark.
There are difficulties, of course, but they do not appear insurmountable.
First is the matter of rates. Whereas the total charm photoproduction cross
section is thought to be 1-3 Ub, the total bottom cross section is esti-
mated at 25-50 nb. With a 300 GeV minimal Tevatron e~ beam this would
still produce some hundreds of bare bottom states/hour. Second are the
higher multiplicities and lower branching ratios making it harder to
find signals. However, large multiplicities are the strong point of a
spectrometer with a fixed target compared to a colliding beam. I would
not be surprised if the colliding beams have an even harder time finding
bottom states than they had with charm.

The cross section for Yp - T with 300 GeV e  will be the order of % nbarn
compared to 35 nbarns for Y. With the minimum Tevatron one should

get a total of 2T/hour. Although a recoil missing mass trigger will

be very useful for this channel one will have to cope with small branch~
ing ratios. A 1000 hour minimal Tevatron run would yield n 40 each

T ~» e+e“, u+u" and most interestingly t¥1~. The latter can be definitely
identified by looking for a peak at the T mass in the missing mass spec-
trum for events with T'1~ signatures (Je, UM, YT, etc.). This is a
definitive test of the point like leptonic nature of the T since the
rates T » ete™ and T + T+1~ should agree within a few percent. The T
resonance strongly enhances T production over Bethe Hejtler in the

9.5 GeV mass region.



Jets: It has been a cormeon belief that real photons because they have
g = 0 cannot be used to kick quark or gluon jets out of a nucleon.
John Ellis recently pointed out that QCD specialists have realized
this is not true. In fact it is
just as good for the virtual quark
or gluon to be off its mass shell
as for the photon. Kinematically
this corresponds to large forward
mass (M, 2 8 GeV) which can be
identified in the spectrometer.

At Tevatron energies, Jjets will

be better collimated by a very
helpful factor of 2. This and the clean photoproduction environment
will allow a good study of jet phenomena including, perhaps, identifi-
cation of gluon jets.

Primakoff production of O+ states: BAn optimist would insist that Primakoff
production of Te{(2.8-3.1 GeV) is feasible with the present accelerator.
Total event rates have been estimated at v 4/hr at maximum luminosity (I'YY=20KeV)
In reality the number of final states, most in principle detectable, and
their backgrounds make this a difficult undertaking. The extra energy

at 300 GeV increases the cross section by maybe as much as a factor of 3.
Note that this gain is lost by the factor of 5 reduced minimal Tevatron
intensity so that 7l may best be dealt with at v 150 GeV. At a mass of

3.5 GeV (ny ) rates are lower by ™~ 3 at 150 GeV and the Tevatron factor

of 2 would bring this up to the borderline of feasibility. The reason
Primakoff production is important enough to worry about factors of 2 is

that it is a calculable process with one parameter, I'yyY. Thus an experiment
can set a strict limit on the existence of 7T at a given mass and FYY‘

Heavy Lepton Bethe Heitler Production: Coherent pair production of

2 GeV leptons on Be increases from about 1/hr with a 150 GeV e~ beam

to about 5/hr at 300 GeV (5 x 101t p/sec). The gain is lost with minimal
Tevatron intensities. Here again a marginal but important experiment
becomes somewhat less marginal. With a Pb target an increase due to
energy of 10 can be expected giving only v 1 ev/hr for a target .2%Xo thick.

One is very tempted to consider the Primakoff and Bethe Heitler experiments in
particular with a new broad band electron to photon beam bringing maybe 50X
more photons to either the TPL or a new enclosure. However a large (full)
acceptance spectrometer is, in my wview, essential to exploit properly this
physics and the use of such a spectrometer at super high luminosities is a
very difficult problem which will take time to solve. In fact, the tendency
for cross sections to fall with mass and for multiplicities to increase will
force us to deal with very high luminosity in large acceptance spectrometers
in order to be able to take full advantage of the broad array of new physics
available with the Tevatron. This is clearly one of the major challenges for
the next few years.

TN:plnm

cc: C. T. Murphy
J. Peoples




Fermilab

April 25, 1980

To: L. Lederman
From: T. Nash <g'
Subject: = Heavy Quarks at the Tagged Photon Spectrometer:

Considerations for the Woods Hole Panel

From our earliest design discussions, it has been almost intui-
tively obvious to many of us at the Tagged Photon Spectrometer
that we are building the first Tevatron detector. At this time
we are working hard bringing the system up to take data. The
aim is to get successful data and results from either this run
or the one coming in the fall. So successful, we would hope,
that it will then also be intuitively obvious to the world
outside our private discussions that the TPS will be ideal for
1000 GeV physics. However, right now we are religiously keeping
our blinders on and concentrating on bringing up the system to
look at diffractive charm production in its first run. I can
therefore not provide the latest predicted rates for bottom
production, etc., but rather only an outline of what are the
future prospects for the spectrometer.

The spectrometer is now set up in an optimized match of rate

and acceptance to look at charm and QCD physics (quark masses

~2 GeV, forward masses 4-6 GeV) with tagged photons from 70-140
GeV (e~ beam energy 150 GeV; proton energy 400-450 GeV). . The
optimization was done based on the idea (not yet proved or dis-
proved) that the best (perhaps, only) way to study heavy quark
states which dominantly decay into many particles is to struggle
for maximum acceptance (both geometric and particle type) of all
final state particles. Exclusive measurements, constraining both
charmed and anti-charmed masses, should have signal to noise far
higher than those seen in the inclusive measurements made to date;
and these require full acceptance in order not to lose rate. QCD
studies require full acceptance to avoid trigger and analysis
biases. For the masses and beam energies indicated above, the
spectrometer has >90% geometrical acceptance (see Tagged Photon
Magnetic Spectrometer Design Report, Table IV, attached).

At these energies the Tagged Photon Beam prov168572106 tagged
photons/pulse which is turning out to be (as we planned) near the
limit of rate for a large acceptance spectrometer,

The required spectrometer acceptance was determined from two
parallel types of considerations, Table III from the 1977 TPS
Design Report shows Lorentz transformed SPEAR data at 4 GeV.
Figure 8 shows the range of lab momentum and angle for a cascade
decay of a 3 GeV particle at 100 GeV, (Similarly for




M=4.4) » (M = 1.85) + (M = 1,85)

[+ (M= 0.14) + (M = 0.,14)

this type of analysis gives 8 ~ 150 mrad.) The approximate
. detector acceptance is shown on” the figure showing how the 2
magnet low p/high p charged particle detection system matches
the required acceptance.

So, the system is ideally matched for charmed study for 400 GeV
protons, 150 GeV electrons. The intuitively obvious statement
is that because of the Intuitively Obvious Scaling Parameter
(I0SP), m /ELAB, the detector acceptance is also ideally matched
- for 5 GeV'gquarks with 1000 GeV protons and 300 GeV electrons.

" (I0SP is obvious because angles scale as

P S m e .mo - m
p" Eqa Lorentz Factor (Y) EY

The spectrometer's magnets can be powered to more than twice the
field we require for the initial 150 GeV experiment and thus will
be ready for 300 GeV without change. With no changes at all the
e~ beam and tagging system can go to 300 GeV. (They were designed
to go to those energies for the 0, experiments.,) Thus it almost
appears that all that is needed f0r this first Tevatron experiment
are 1000 GeV protons on the P-East target.

Nothing in the world can be that perfect. First of all, the fact
is we are, as said earlier, just bringing up the system and have

a lot to learn about how to do this kind of physics: how to

- trigger, how to reconstruct, how to cope with the complexities of
the system and the highest possible rates. . From all this learning
will come a better understanding of what —-- presumably modest —-
modifications ought to be proposed to do physics with the Tevatron
and exactly what that physics ought to be. The second catch is
that bottom physics, scaling considerations aside, is harder than
charm because a) rates will be ~10X lower and b) multiplicities
will be ~30% higher. The hope is that the increase of experience
from doing .this kind of physics with charm will scale with the
added complications of bottom.

Another intuitively obvious area of discussion has to do with why
this physics can't be done better at colliding machines. We were
frequently asked in 1977 why we were undertaking our effort when
SPEAR was going to do it all. The fact is (and was) that SPEAR
couldn't do it all because sitting in the center of mass they
would have had to cover 4w in the lab to cover 4y in the CM.

With a fixed target we will cover (nearly) 4w of the Lorentz



transformed photon fragmentation by covering ~200 mrad in the
lab. This allows one to use a long strung-out detector (see
Fig. 1) in which measurement and identification of qifferen§
particles can be dealt wigh in a systematic and serial fashion.
There is thus hope that 7, u, ¥, XK and nucleons can all be
detected and identified over essentially 4m in the center of
mass.

Decay lifetimes of charm and bottom also become more th;nkable
as subjects of study because of the Lorentz boost (particularly
at 1000 GeV) compared to colliding detectors. Some of my
colleagues have been thinking seriously about triggers based
upon lifetimes of heavy quark states that become particularly
attractive with Tevatron energies and are, of course, impossible
with colliders. -

One stated objective of -our program of physics is to understand
the production of heavy quark pairs from photons in the presence
of a nucleon. This should lead to information on heavy quark
interactions with conventional quarks and nucleons that probably
cannot be obtained in any other interactions, manifestly not
ete™ collisions.

In sum we are talking of a whole area of physics which can only
be done with the Tevatron. It would be irresponsible not to
pursue these subjects and to bang on with no more than 5 or 6
identical experiments around the world each time a new interac-~
tion region energy is reached. That would be much too limited
as I cannot imagine that anyone believes that all possible sur-
prises have been predicted and that these are only to be
"discovered" at low luminosity and extreme energy.

The trouble is that we are struggling on with ridiculously low
levels of funding, high levels of bureaucratic regulations, low
repetition rates and proton energies, long shutdowns, etc. that
are making it wvery difficult for us to compete with Europe. In
our experiment, the on-line computer, just to name one area of
difficulty, is 1/4 the size of what a similar sized experiment at
CERN has and 1/2 what is minimally needed. Engineering support
for electronics is so limited that we are forced to use commer—
cial equipment of unspeakably low quality. We need engineering
support to develop off-line processing systems .to cope with the
huge amounts of analysis that will be required.

As lumbering and slow as is the general pace at CERN, they now
appear to be able to mount large experiments faster than we can.
- One can only hope that our large experiments, like the TPS, are
either aimed better or are more flexible than those at CERN,
because there is little hope of funding new systems faster than
the Europeans.

TN:mef

Attachments
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Table IIIX

Typical Angular Acceptance Requirements

(Lorentz transformed from SPEAR inclusive data.)

Mx = 4 Doy = 4‘ ns==as
Angles that include 95%, 98% and 99% of
secondaries
x Peey 6 (95%) 6 (98%) 6 (99%)
GeV - rad rad rad
100 1 . .262 .300 .326
5 .110 .127 .139
10 .076 .088 .096
15 .062 .072 .079
20 .054 .062 .068
30 . 045 .053 .058
40 .040 . 046 .051
75 1 . 300 . 345 «377
5 .126 .145 .160
10 .088 .101 .111
15 - .072 .083 .091
20 .064 .074 .080
30 .053 .062 .067

40 .047 .054 .059




- 22 -
Table IV

Monte Carlo Calculation of Spectrometer Acceptance

Acceptance

’ Per Per
‘Model (see text) ng, K (GeV) Mass (GeV) Particle "Event
1. Lorentz transformed ~4 75 4 .988 .95

SPEAR ete~ data S ’

100 .998 .99

140 .999 ’ 997

2. Hadronic 6 75 - .995 .97
7 100 .999 . .992

7 140 .999 .999

3. Charm Pair 6 75 4 (2+2)  .984 .90

5 (25+2%) .96 .80

6 (3+3) .93 .73

7 (3%+3%) .91 - .57

6 100 4 .995 .964

5 .984 .90

6 .97 .83

7 .95 .73

9 .90 .52
6 140 4 .999 .994

5 .995 .97

6 .982 .93

7 .975 .865
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I. Introduction

This report describes the design of a magnetic spectrometer
facility to be built in the Tagged Photon Lab. The design has
been developed by a collaboration of physicists from Fermilab,
The University of California at Santa Barbara, The University of
Colorado and The University of Toronto. This group was formed
to build the facility and to carry out the experiment described
in Proposal 516,l which is a study of photoproducedrstates
{including charm and hidden charm) with a forwardvmass.> 2.5 GeV.
Although the design of the facility’is developed from that out-
lined in P-516, much thought has gone into making’the facility
versatile enough to be used for a continuing program of physicé
by different groups. In addition to the 100 GeV photon physics
of P-516, this facility is designed to be useful for experiments
like the following: ‘pion production experiments, hadron jet
experiments,Z 300 GeV and very high intensity photon physics
with the energy doubler including searches for and studies of
heavy leptons.

A detailed layout of the spectrometer is shown in Fig. 1.

In Table I may be found the sizes and locations of the detectors.
These.are the locations expected for the startup of the facility
with photon gnergies in the range 70 < k < 140 Gev. However,
much of the spectrometer will be mounted on a rail system. This
will allow, for example, the spectrometer to be stretghed out for
future use at higher energies.

The following is a brief overview of the system prior to the
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detailed discussions in the remainder of the report. The recoil
system surrounding the target identifies recoil protons and measures
their angles and kinetic energy (see Fig. 3 & 4 in Section II).
This information can be used to determine the missing mass of
the forward going system of particles that recoiled off the proton.
Angles are measured by three cylindrical wire chambers (PWCl, PWCZ,
PWC3). Energy is measured by total absorétion and range in a’fbur—
tiered cylindrical liquid scintillator detector (Ai, B C, Di)'
Pions and protons are distinguiéhed by the dE/dX information.
The forward spectrometer is a_tWo magnet system (Ml, M,) consisting
of a low momentum, high acceptance spectrometer combined with a
lower acceptance spectrometer for higher momentum particles. There
are five banks of drift chambers (Dy, D,, D3, Dy, Dg) to measure
momenta and angles of charged tracks. Two atmosphere pressure
Cerenkov counters (él' 52) will be used for K, m, p particle
identification. A segmented liquid scintillator shower counter
{SLIC) will measure energy and angles of electromagnetic particles

+ o]
(e, m

; Y). A segmented hadrometer will be used to detect neutral
hadrons (KE, n) and will be used in triggers. It will also be
essential to possible hadron jet experiments. Table II summarizes
broadly the capabilities of the facility, including acceptances,
resolutions,‘eth

In the follcwing sections of this report we will first
discuss the design considerations and constraints that have lead
to the present design of the recoil system and the forward spectrom-

eter. We will describe the approach to triggering that we are

planning and the reconstruction of multitrack events. This will
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Table I

Locations, Sizes and Acceptance of Detectors

Location : :

(m) on Size (m)(z) Acceptance(l)

beam line Hor. Vert. Pmin(GeV) A6 (mrad) Aey(mrad)
tgt center 0 - - - - -
D1XUV 1.68 .67 .56 1l +199 167
D2Xuvl 2.18 .85 .65 1 +182 +149
D2XUV2 2.21 .85 .65 1 +180 +147
D2XUV3 2.24 .85 .65 1 +178 +145
M1 2.2+.6 2 .76 - ~+350 +136
D3XUV1 3.41 1.75  .1.20 1 +176 £176
D3xXuv2 3.71 1.75 1.20 1 +162  *1e2
D3XUv3 4,01 1.75 1.20 1 +150 ~ %150
M2 4.7+.6  ~2 .76 - ~+170 t 72
Cl upstr 4.2 1.40 .64 5 +148 t 74
Cl dnstr 7.45 2,51 1.14 5 135 * 77
D4XUV1 7.51 2.10 1.25 10 +120 79
D4XUV2 7.97 2.10 1.25 10 +120 * 78
D4XUV3 8.12 2.10 1.25 10 +120 * 77
C2 upstr 8.2 2.1 1.25 10 +120 77
C2 dnstr 15.1 4.33 2.50 10 3120 * 82
D5X12 15.2 4.33  2.50 10 £120 t 82
Control 15.3 .064 .064 accepts y beam only
Shower Ctr
(C) upstr
SLIC dnstr 16.4 4,14 2.64 neutrals *127 + 82
Hadrom. 18.15 4.90 2.95 10 | +110 + 81

dnstr

Notes:

1) Acceptance for rays from target
center. Magnet bends at 5 kG-m,
same polarity

2) Sizes specified as follows: Only

magnet apertures to limit vertical
" rays from either end of target.
Horizontal acceptance * 120 mrad

for P_:
targe%ln

rays from upstream end of
for low P system and from

target center for high P system
{(z 110 mr for hadrometer).



Table II

Overview of Spectrometer Capabilities
(for electron beam energy = 140 GeV)

Recoil:
1< |t] < .6 Gev? é% =+ .1 86 = * 6 mr

] < o
207 £ 8 % 90 M, < * 350 MeV for M, > 2 GeV

acceptance = 50% for e"xlt!,
2 < A< 15 Gev 2
wt vs p identification range |t| < .6 Gev?
7° identification efficiency~.72
-n identification efficiency ~ .45
Forward charged spectrometer:
Low momentum system
1 <P <10 GeV 2 =:8.610% s0=12.1nr
ehoriz < %z 150 mr
evert < % 135 mr
High momentum system
10 < §p _ -4
P < 120 Gev > = % 2.2 10 P 6§06 = * .05 mr
®roriz < ¥ 120 mr
Overt <% 72 mr
Particle Identification - 7 vs (K or p): 5.5 < P £ 50 GeV
mvs K vs p:- 21 < P £ 50 GeV
"Neutrals:
ehoriz <+ 120 mr* SE
: -3
vert * 82 mr = It .1 g7 86 = * .3 mr

Luminosity: -~ 1 event/nb/lols protons

- *(£120 mr with upstream shower counters)

B
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be followed by a detailed description of the various detectors

and experimental eguipment that will be built. We will leave to
the last, appropriately next to the acknowledgements, an outline

of costs and scheduling.

II. Design Considerations of the Recoil System

The purpose of the recoil system is to measure the four
vectors of particles recoiling from the 2m long hydrogen target.
It must do this in less than ~ lusec so that a missing mass can
be calculated and used in the trigger. Since the associated
photqproduction of charmed states‘will require missing mass in
excess of 2 times 1.80 GeV, the missing mass threshold can be
safely set at 2.5 GéV in the trigger. As discussed in Section
IV, this will reject most of the yp cross section including all
the low mass neutral vector mesons*(pc, w®, ¢°, pO!; etc.) and

will enrich the data with charm events.:

A. Acceptance

We consider the reaction

Yp * M, p'
X \'Y% M
[
P © P

where particle My is the forward going system predominately
detected in the two magnet spectometer. Figure 2 shows the
simple two body kinematics curves for this reaction at

several energies. It is clear that the polar angle 8 for the
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p' recoil mainly lies between 30° and 80° for the M, range

of 2 to 6 GeV. Only near values of |t is the angle less

min
than 30°. "Thus the recoil system is designed to have high
acceptance for 6 2 45°. Only in the downstream one-half
meter of a 2.0 m long hydrogen target is there any accep-
tance loss for 8 $ 45°. Figures 3 and 4 show a side and
frontal view of the recoil system and illustrate how the
detector encloses the target. |

The azimuthal angle acceptance is almost 337.5°. This
is 94% of the full 2n. As shown in Fig. 3, a segment in 8§
is removed to provide structural support for the access to
the three cylindrical PWC's.

We éefine momentum acceptance of the recoil proton as
that percentage which stop inside the liquid scintillatosx
range detector. This of course depends on the t distribution
of the recoil particle, and its recoil angle 6. The recoil
angle 6 determines how much material the proton must traverse
(in the target and PWC's) before it reaches the scintillator.
It defines a minimum momentum. The effective scintillator
thickness increases as 0 decreases and defines a maximum
momentum. A reasonable estimate is that the acceptance will
be in the range of 45% to 55%. This assumes a recoil slope
" of A T 4 GevV 2, which is the value suggested by the high
energy ¥ photoproduction experiments. Figure 5 shows how

At

the proton recoil acceptance varies with the e recoil slope

A and for three different ranges of t measurement. The

expected range is 0.1 <|t! < 0.6 Gev?. It is clear that
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building a detector to measure much lower and/or higher t,
which would greatly increase the complexity and expense,
would not provide a commensurate gain in acceptance.

B. Resolution

The equation for missing mass is sz z‘ka'cose - 2kT
-2mT where k is the beam energy, T and p' are the recoil
proton kinetic energy and momentum, 6 is the recoil proton
angle relative to the beam and m is the proton mass. The

error contributions then vary as

My = ﬁ-(p' cosB - T)§k

_ 1 (k cosb _
Mg = g C—g— - (km))éT
SM, = = X p' sing ¢¢
8 M

and the total missing mass resolution is

M, = Y o 2
b4 6Mk

+ &M% + &Mez

The variation of the 6Mi curves with T and different
values for M, k, 6k, 6T, and 68,representing extremes, are
shown in Figs. 6a~-d. The T interval from about 30 to 300 MeV
represents the typical acceptance of the liquid scintillator.
At very low T, multiple scattering dominates &6 which, in:turn,
dominates 8M. These low T protons are alsorthe recoils

which will not make it through the hydrogen, the target walls
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and the chambers into the liquid scintillatcr.

In Fig. 6a, at T = 300 MeV the error contributions

I+

from GMT and &M kare equal when 8T/T = 4% and 86 = =76

8
milliradians. The resulting &M, .., =

-+

175 MeV at M =

2 GeV, k = 50 GeV. This guides our choice of wire spacing
in the cylindrical PWC's to measure 80 to ¥ 6 mrad. A
pessimistic case of 6T/T = + 12% giveS‘éMtotal = + 350 MeV
for the difficult case of low mass (2 GeV) and y energy
(50 GeV), as shown in Fig. 6b. Even here the missing mass
resolution is.acceptable. For very high missing mass the
resolution is dominated by the beam momentum uncertainty
8k/k * * 4%. This is illustrated in Fig. 64.

In conclusion, the recoil system is designed to
measure recoil protons in the t range 0.1 to 0.6 GeV2 and
to calculate the missing mass to within * 350 Mev/c2 i1
M, > 2 GeV.

X

C¢. 7, P Identification

Pions and protons (T < 300 MeV) can be separated by
relative dE/dx signals in liquid scintillator compartments
A;r Bys Cyo and D;. The relative pulse heights in each
compartment are shown in ¥Fig. 7a for recoil angle 8§ = 90°
and in Pig. 7b for receil angle § = 30°. For example, in
Fig. 7b, a 230 MeV proton could not be mistaken for a pion
of any energy because of its large pulse height in segment
B and zero pulse height in segment C. A more ambiguous case
is a ~ 470 MeV proton, which perhaps could be interpreted

as a 200 MeV pion.
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The exact energy range over which this particle
identification is useful will depend upon the precise
energy loss dependence and the resolution of the energy
measurement in each compartment. If no special mapping or
correction calculations are reguired, it may be possibkle
to have this information on-line. Otherwise it will be
available off-line, after the resolution has been fine

tuned.

III. Design Considerations for the Forward Spectrometer System

A. Acceptance

High mass states tend to decay into a high multiplicity
of particles. 1In order to be able to reconstruct the masses
and decays of these states it is essential to have very good
single particle acceptance. For experiments involving elec-
tromagnetic production of n, or heavy leptons, cross sections
are extremely low and one cannot afford to lose any acceptance.
Nature has apparently been more generous with charm photo-
production cross sections, but not so generous as to allow
experiments that skimp on acceptance. For these reasons
we have studied carefully the acceptance requirements and
have designed the spectrometer to meet these requirements.

A first guide to the acceptance requirements for the
forward detector comes from Lorentz transforming to the lab
the x dependence of e'e” colliding beam data at 4 GeV as
measured in the SPEAR magnetic detector.2 Table III shows

the results of integrating these distributions. The Table
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Table I1I

Typical Angular Acce?tance Requirements
for Multi Hadron Final States

(Lorentz transformed from SPEAR inclusive data.)

Mx = 4 D, = 4 n==6
Angles that include 95%, 98% and 99% of
secondaries
k Poev 8(95%) 0 (98%) 8 (99%)
GeV rad rad rad
100 1 .262 .300 . 326
5 +110 .127 .139
10 .076 ' .088 .09%6
15 .062 .072 .079
20 .054 .062 .068
30 .045 .053 - .058
40 .040 .046 .051
75 1 .300 .345 «377
5 .126 .145 .160
10 .088 .101 .111
15 .072 .083 .091
20 .064 .074 .080
30 .053 .062 .067

40 .047 .054 .059
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gives angles that include 95%, 98% and 99% of all secondaries
above a given momentum. From these numbers we see that magnet
acceptance of * 120 mrad will include almost all secondaries
down to 5 GeV and most of those below 5 GeV. Above 10-15

GeV only abecut * 75 mrad is required. The two magnet system
matches these requirements by providing more bending power

at smaller angles for the higher momentum particles and large
acceptance at low momentum. A more graphic approach which
also demonstrates the reason for a two magnet system is

shown in Fig. 8. Here, as an éxample, the solid curve shows
the dependence of angle on momentum for a pair of 500 MeV
particles decaying from a 3 GeV state produced at 100 GeV.
These in turn decay into a pair of 140 MeV particles for
which 6 and p are allowed to fall within the dashed curves.
The spectrometer acceptance is roughly shown on the figure.
For this particular case Bm = 170 mrad. As another example,

ax
the cascade

M= 4.4) » (M =1.85) + (M = 1.85)
M= .5) + (M = .5)

M= .139) + (M = .139)

has Smax: 150 mrad and will also have good acceptance. For

M = 6 GeV instead of M = 4.4 the same cascade will have
Oax = 300 mrad indicating a beginning of the fall-off in

acceptance at 6 GeV for k = 100 GeV.

Considerations like those outlined above have been used

as a guide in designing the acceptance of the spectrometer.
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We have also checked the acceptance of thg design in detail
using a Monte Carlo program. Several different production
models were used including
1) Assuming the photon to be excited to a 4 GeV
intermediate staté and then decaying with the
characteristic multiplicity and spectrum measured
in e*e” interactions at SPEAR as described above.
2) Assuming the photon to be a hadron, interacting
with a proton, and producing hadrons with the
charactéristic spectrum measured in 7p and pp
interactions:

4o
dp, dx

=p; e %1 1 -t

3) Assuming the photon is diffractively excited into
a DD state with each charm particle. decaying into
a Krrm final state.
As can be seen from Table IV, the results are similar for
the different models with the acceptance falling below 98%
of secondaries only for pairs of particles with masses
over 6 GeV.

B. Resolution

Given realistic limitations on drift chamber resolution
and magnet power consumption, there is a tra&eofﬁ between
mass resolution {derived from angle and momentum resolution)
and acceptance. From the standpoint of'charm spectroscopy
‘one can get an idea of mass resolution requirements by noting

that theoretical predictions3 for meson and baryon states of
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Table IV

Monte Carlo Calculation of Spectrometer Acceptance

Acceptance
‘ Per Per
Model (see text) n_y K (GeV) Mass (GeV) Particle Event
1. Lorentz transformed ~4 75 4 .988 .95
SPEAR ete~ data o
100 .998 .99
140 , .999 .997
2. Hadronic 6 75 - .995 .97
7 100 .999 .992
7 140 : .999 .999
3. Charm Pair 6 75 4 (2+2) .984 .90
5 (2%+2%) .96 .80
6 (3+3) .93 .73
7 (3%+3%) .91 .57
6 100 4 .995 .964
5 .984 .90
6 .97 .83
7 .95 .73
9 .90 .52
6 140 4 .999 .994
5 .995 .97
6 .982 .93
7 .975 .865
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2-3 GeV suggest level spacing of 40~90 MeV and higher. Widths
are either extremely narrow {low lying mesons) or when cas-
cades are involved (baryons) widths are expected to be at
least 30 MeV and usually over lOO'MeV.4 Taking into con-
éideration these numbers and the good signal to noise we
expect for these channels we feel that it will be appropriate
to start with 6M £ 25-50 MeV and maximum acceptance. If at
some point it becomes desirable to improve resolution (at
higher mass, for example) to study a particular channel at

a cost of reduced acceptance, it will be a straightforward
matter to increase magnet current or to stretch out the
spectrometer. There is plenty of space at the back of the

experiment in the Tagged Photon Lab.

The mass resclution for an n particle system with mass M

is
M1 &P, 2 2|
o= =, ZzQuadrature _I_._ PiP-B- .2 ( l) ( l) J
M M 2 113 P,
J
SP. 86, . 1/2
= [(—-1>2 + (—2 z.l
in the approximation that each lP P, 62 = lP P.B. 2 = Mz
2 iT97i3 2 i 3%i3” © n(n-1)"
Since <6,.> = y3 M and 66 ¥ = 89,
ij ¢§ ij

SM = [ Pi2 . .k 98 ] 1/2

M + g )
J M 8
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where k is the photon energy. Generally it is easy to have

8§68 make a - -smaller contribution to 8M than does 6P. It is
8P < oM

B M S0 for

clear then that the reguirement on §P is
25 MeV resolution at 2 GeV, Qg and é% should be < 1% for
average moménta. it may be noted in Table VI which will be
discussed later that the ~1% regquirement has been met for
charged particles in this spectrometer. For photons detected
by the SLIC, one will not be able to reach the 1% level
particularly at low energies since at best, §% - ;% Z1.7%

at 22 GeV. Thus, final states with 7°'s will have somewhat
worse mass resolution. Table V gives examples of M for a
variety of conditions. The resolutions in the Table are given
for the case where there is either a recoil particle or

one can project several forward particles to a veitex

and substantially improve 6P, 68 and therefore 6M. When

no vertex is available M is a factor of 1.5 to 2 times

worse.

C. Particle Identification and the Overall Length of the

Spectrometer

The length of the forward spectrometer is primarily

aetermined by the need to measure the momenta and identify

the masses of the secondaries. For momenta of interest the
only known technique for mass identification is to use gas
Cerenkov counters in conjunction with the magnetic spectrometer.
Ideally we would like full particle (v,K,p) identification

from the lowest energies to the highest. Below about 5.5 GeV
it is impossible at the present time to do this without using

gas pressures over 1 atmosphere. In photoproduction experiments
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Table V

Monte Carlo Calculation of Forward Mass Resolution

oM
M
Model (see text) n, K (Gev) Mass (GeV) x10~4 M (MeV)
1. Lorentz transformed -4 75 4 .50 20 (34)
SPEAR ete~data N
100 59 24 (39)
140 71 28 (an)"
2. Hadronic : 6 75 - 56 -
7 100 64 -
7 140 80 -
3. Charm Pair 6 75 4 (242) 46 9+ 9
5 (2%+2%) 46 12 + 12
6 (3+3) 46 14 + 14
7 (3%+3%) 45 16 + 16
6 100 4 (2+2) 52 10 + 10
5 (2%+2k%) 52 13 + 13
6 (3+3) 52 16 + 16
7 (3%+3%) 52 18 + 18
9 (4%+4%) 50 23 + 23
6 140 4 {2+2) 67 13 + 13
5 {(2%+2k) 66 17 + 17
6 (3+3) 65 20 + 20
7 (3%+3%) 64 22 + 22

l

*Examples of resolution for states of 60% charged,
40% neutral are given in parenthesis.-
fraction of neutrals causes ~ 70% increase in 6M.

This
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it is necessary to keep material in the path of the beam at
a minimum. This prohibits use of a pressure vessel. To
achieve full w, K, p separation above 5.5 GeV would require
three Cerenkov counters. In order to keep the overall
spectrometer length under control we have limited to two
Cerenkov counters so that K,p separation is in effect only
above ~20 GeV.

The number of photoelectrons/cm = o . sinzec where o
is, in practice, a figure of merit including phototube,
window, reflection and gas effects. BAs described later,

o may be as high as 170 for the counters, not including
reflections. Since this assumes ideal conditions we have
chosen the lengths assuming a more ccnsérvative o = 120 and
have required at least 12 photoelectrons for an ultra-
relativisitic particle. The resulting lengths are 3.25
meters and 7 meters for Cl and C2, respectively. This design
yields sufficient numbers of photoelectrons that it may be
possible to differentiate particles neér,threshold from
those having higher momenta. The coﬁnters will be built in
a modular fashion so that the lengths may be extended for
higher energy {low index of refraction gasses) or shortened
if the designed lengths prove to be more 6onservative than
necessary.

D. Spectrometer Layout

The last three subsections of this report have described
the requirements that acceptance, resolution and particle

identification make on the spectrometer. One of the strongest
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motivations for the two magnet design comes from the typical
secondary particle distribution shown in Fig. 8. Low momentum
secondaries, tending to come out at large angles, require a
large acceptance. This forces the location of the first
ﬁagnet to be as close to the target and recoil system as
possible. It also requires that the length of this first
magnet be kept as short as possible in order to keep the
vertical acceptance high'without opening the magnet gép
prohibitively wide. The second magnet adds the additional
bending power necessary to’get good momentum resoluticn for
higher momentum particles that do not reguire as much
acceptance. The position cf the second magnet is chosen to
optimize the momentum resolution of high momentum tracks
without compromising theit acceptance. Low momentum par-
ticles need not be detected following the £full magnetic
bend réquired for the high momentum particles. As a result,
detector sizes are reduced in the two magnet design. 1In
addition the two magnet approach lowers power consumption and
makes it possible to install the first drift chamber (D1)
in the fringe field of the first magnet, thereby protecting
it from the problem causing low energy electron soup that
spills out of the target.

The first Cerenkov counter (Cl) is located as far up-
stream as possible so it will accept particles down to 5 GeV..
Since there is not enough room for Cl between the'magnets,

it is located in and following M2. Sufficient space is left
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for reflectors and phototubes between the end of M2 and the

- end of Cl. The upstream part of Cl protudes through M2 to
meet the length requirement outlined earlier. C2 immediately
follows a small gap for drift chambers after Cl.

Drift chambers are used to measure track positions
because their good resolution allows the use of relatively
low magnet bending power. This in turn permits us to use
the large acceptance magnets we require without making un-
reasonable electrical power demands. As will be discussed
in a sepafate section below, the drift chamber locations
are motivated primarily by regquirements on tracking multi-
particle states.

With the magnet and chamber location of this design
(Table I) the momentum resolution requirements described
earlier can be met with bends of +5kG-m in each magnet.
Table VI lists )4 and 86 for this and several other magnet

P2

conditions. The calculations of resolution assume §x =

.0015 m except for D5, the largest chamber, where §x = .0003 m.
Table V gives estimates of the forward mass resolution for
various final state masses, energies and multiplicities.

Both magnets are assumed to have a bend of +5kG-m and the

resolution for photons is assumed to be dE = # _8 %,

YE
§x = .5 om (86 = .3 mrad) as discussed in the later section
on the SLIC. Shown in Table VI are resolutions both
for the case where no vertex information is available and

for the case where there is at least one other high momentum

charged track so that a vertex fit can be made. The latter
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Table VI

Momentum and Angular Resolution for Charged Tracks

Magnet Settings (kG-m) gg(xlo—4GeV"1)ssx (mrad) 5sy (mrad)
M1 M2 Hi P Lo P |Hi P LoP {Hi P Lo P
No vertex used in Fit
5 5 2.8 20.8 .064 .26 .059 .21

-5 3.7 .024
+10 1.5 .048
Vertex used in Fit
5 5 2.2 8.6 |.051 .098 |.046 .10
-5 3.7 .024
+10 1.3 .041
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has significantly improved resolution.

As can be seen from Table VI, there is a good deal of
flexibility in the choice of magnet conditions. In particu-
lar, one can choose between operating the magnets at the
same or opposite polarities. Magnets at the same polarity
give better momentum resolution. When the magnets are set
at opposite polarity, trajectories following the second
magnet preserve the original production angle. This reduces
ray crossing in the Cerenkov counters and the resulting
confusion (see below). It also means that for a fixed had~-
rometer size the acceptance is larger. Another option is to
run M2 at 10 kG-m for improved resolution at a cost of a
factor 2% more power and a loss of some acceptance particular-
ly in the hadrometer. This will be a useful opfion when
experiments require the ultimate in mass resolution. The
magnet setting options demonstrate the flexibility of this
facility.

E. Magnet Requirements

In order to be specific in this design report, we have
assumed except in this subsection, that SCM105 magnets will
be used for Ml and M2. In Table VII we outline the minimum
dimensional and field requirements’for magnets in this
spectrometer. These specifications will be used in selecting
the magnets to be built or obtained for actual use in the
facility. The specifications follow from the resolution and

acceptance requirements described in the previous sections




Table VII

Magnet Reguirements

M1 M2
Bending Power 2 12 kG-m 2 12 kG-m
Gap - vertical -2 30" ~ 2 30"
Gap - length < 48" < 60"
({including coilg)
Gap - width > 40" et 2 75" (aperture)
{(good field) 2 40" (good field)
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and do not require further explanation except for the
following points. The bending power requirement is ~ 12
kG-m per magnet in order to accommodate higher energy

- experiments although we anticipate needing only 5 kG-m
bends at first. The maximum gap length of M1 is determined
by the vertical acceptance requirement. Thus, if the gap
height is > 30", the length could be correspondingly > 48".
Finally, the large horizontal acceptance requirement for

M2 allows 5 GeV particles to be detected in the first
Cerenkov counter. If new magnets are fabricated, the field
should be as uniform as reasonable cost will allow. This

would premit possible simple on-line track reconstruction.

F. Track Reconstruction Considerations and Location of

Drift Chambers

The location and orientation of .the drift chambers must
meet certain goals and at the same time satisfy a number of
constraints. First, let us consider some of the constraints.

In order to take advantage of the large solid angle
provided by the two magnet system, it is necessary that the
liquid hydrogen target be placed immediately upstream of the
first magnet. Therefore, little or no field free region is
available in which to place a drift chamber. At the same
time, it is necessary to shield the first set of. chambers
from the large number of highly ionizing low energy charged
particles produced in the target. These chambers must there-
fore be placed in the magnetic field of the first magnet.

On the other hand, the best ﬁomentﬁm resolution is obtained -
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+

by placing the chambers as far upstream as possible. The
position of this set of chambers_must, as a result, be a
compromise between chamber HV,current, magnetic field
uniformity, and momentum resolution. They will be located
far enough into the gap of the first magnet so that a charged
particle will have to traverse .25 kG-m before the first
chamber. Hence, no particle with p 5 5 MeV will penetrate

to the chambers.

An additional constraint is imposed by the Cerenkov
counters. Particle identification reguires that most of the
avalilable drift space behind the second magnet be dedicated
to Cerenkov counters. Only a short distance along the beam
between Cl and C2‘may be occupied.

It must be possible to make a complete measurement,
including momentum determination, on low momentum tracks
before the second magnet. To this end we place a second
set of chambers at the middle of Ml. A third set is located
in the drift space between Ml and M2. In order to complete
the measurement with good resolution for high momentum tracks,
two sets of chambers are added after M2. The first is placed
Setween Cl and C2; the second follows C2. We have thus
arrived at a system containing five sets of chambers as
indicated in Fig. 1.

When specifying the number of planes and th;ir wire
orientation in each set, it is necessary to keeé in mind that
the system must have good multitrack capability and must

therefore have a high level of redundancy. .Track coordinates

-
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must be measured more often than geometry or resolution would
require With the understanding that background tracks and
coordinate degeneracies will cause the loss of some measure-
ments. In addition, the left-right ambiguity inherent in
drift chambers must be resolved. Finally, the chamber
locations and wire orientations must be chosen so as to
minimize computing time. This is eépecially pertinent to

the track matching problem from one chamber module to another
when it is neceSsary to trace rays through inhomogeneous
magnetic fields.

In order to achieve the goals outlined above we have
adopted the philosophy that each chamber module should
simultaneously measure position as well as angles while at
the same time resolving multitrack and left-right ambiguities.
This philosophy allows tracking each module independently
and reduces the overall spectrometer tracking problem to
that of matching track segments between modulgs. This approach
will minimize computing time and the problems of track match-
ing in a multitrack event.

We consider now the question of left-right ambiguity
resolution. For a multitrack spectrometer the best way to
solve this problem is to stagger successive chambers by
one-half cell. Good multitrack efficiency réqﬁi;es that
many chambers be placed along the track to achieve a high
level of redundancy. ‘In addition the measurement of angle
at each drift chamber location requires extra chambers.

These three requirements are -compatible and can be met by
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the same set of planes. 1In the simplest case, that of
straight tracks at normal incidéhce,-only two chambers

of fset by one~half cell are required for left-right ambi-
guity resolution. However, when large angles of incidence
are encountered, at least three chambers (four in a magnetic
field) are required to establish the correct solution. Out-
side the magnets there will therefore be three chambers with
each wire orientation in each module. These three chambers
are spaced along z sufficiently far so that the angle is
also determined at each module.

The chambers in the first magnet must deal with circular
tracks in the horizontal plane. For tracking purposes, these
circles must be over-determined. Since any three points
determine a circle, we nust therefore,have at least four
chambers with each wire orientation. It is then possible
in a single view to uniguely assign hits to tracks. We
consider all the chambers ih M1 (Dl and D2) as a single set
of chambers which are tracked together. D1l will have one
chamber at each wire orientation and D2 will have three at
each orientation.

There are several considerations in choosing wire
orientations: 1) It must be possible to build reliable
chambers. For this reason we have decided not to build
chambers with horizontal wires (Y readout) which would be
excessively long. The longest sense wire is therefore 2.25 m

at D5 and only 1.12 m elsewhere. 2) The tracking algorithm
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should be relatively simple and the chambers should allow
some flexibility in choosing the tracking philosophy..

3) Wire orientation should optimize those position measure-
ments that most affect mass resolution.

These requirements taken together lead us to three wire
orientations which provide small angle stereo in the bend
plane. These are vertical wires (x coordinate), wires
rotated clockwise about the beam by 14.04° (u), and wires
- rotated counter-clockwise by 14.04° (v). The small angle
stereo gives the best possible determination of the angle
in the bend plane. The projected resolution in the non-bend
plane is worse by only a factor of ~ 4. The measurement of
Gy is still sufficiently good so that momentum resolution
dominates the mass resolution.

D2 and D3 therefore have three x chambers, three u chambers
and three’v chambers. Dl and D2 together have four chambers
at each orientation as discussed above. D5 is used for
additional tracking information in the bend plane and to
improve momentum resolution. Multitrack ambiguities and the
measurement of QY can be resolved with D4 so that u and v
chambers are not necessary. Therefore at D5 there are two

X planes and no u or v chambers.

G. Cell Sizes

When there is more than one track in a given cell or
strip of the drift chambers, Cerenkov counters or SLIC, there

will be some confusion in reconstructing the event. Simply
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adding more cells to deal with this problem can be a very
expensive matter. In order to be able to optimize cell
locations and make efficient decisions on the total number
of cells required per detector, we have studied predictions

of particle distributions in these detectors. Two technigues

dN

were used. The m

distribution obtained by Lorentz
transforming SPEAR x dependence data at 4 GeV was used to
calculate the cell sizes at different locations in each
detector that correspond to a given probability (f) per
event that more than one track goes into any cell. As a
cross check, a Monte Carlo program was run for the three
different production models described ea;lier. ThereAwas
agreement between all calculations- in direct comparisons.
The Monte Cario was used mainly to study distributions and
cell boundary effects in the Cerenkov counters.

For the drift chambers we have chosen cell sizes that
correspond to f < 10% except within 1" of the beam in D1
and D2 where £ z 20%. This means that no more than 10%
Aof events will havg some confusion in each bank of drift
chambers. This will result in 'a total of £ 2000 wires which
is a financially reasonable number. The confusion for two
tracks in a drift cell of a single plane results from the
fact that only the track nearest the sense wire will register
the proper location. However, in the forward direction one
can use information from the offset twin to the drift plane

to resolve this problem and determine the position of the
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second track. In such cases one loses the fast timing
information for the particular cell that can normally be
‘obtained by summing the times from the offset planes (tL + tR).
The cell size calculations indicate, as one would expect,
that cell sizes can be larger further away from the beam.

We have chosen four standard cell sizes (6 mm, 1.8, 4.8, 10 cm).
The distribution of these cell sizes for each chamber location
is listed in Table VIII.

The SLIC is located so far from the target that confusion
is not a serious problem. Cell sizes of 1.25" (3.18 cm)
near the beam and 2.5“ further out (as shown in Fig. 22,
Sec. VIII C) will result in £ £ 1% everywhere. The smaller
cells near the beam are motivated by the need for better 6
resolution for small angles. As will be described later,
the shower distribution in neighboring cells is normally
used to obtain position resolution far more precise than the
cell size. The maximum cell size is.chosen so that it will
not contain a whole shower. Otherwise, there would not be
shower sharing information available to get good position
resolution. Confusion results when there are two tracks in
'a cell because it then becomes impossible to determine more
than the precise location of the energy weighted average of
the two tracks. The photon pair from n° decay will go into
different cells and not be confused. Even at aﬁ,energy as
high as 60 Gev the y opening angle (8 > 2;1)kleads to a

separation of 2 9 cm.




Table VIII

Dimensions No. Wires Distribution Total Wires
Module Hor. Vert. Coordinate No. Planes Per Plane Gmm 1.8cm 4.8cm 1l0cm Per Module
DI  70.8 x 56cm> X 1 42 24 10 8 - 126
U 42 24 10 8 .
v 1 12 24 10 g -
D2 90 x 65cm® X 3 46 24 10 12 - 414
U 3 46 24 10 12 - -
| v 46 24 10 12 - ©
D3 177.2 x 120cm® X 3 76 30 14 28 - 672
U 3 76 30 14 28 -
v 3 76 30 14 28 -
D4 229.2 x 125cm? X 3 64 - 26 38 - 576
U 3 64 - 26 38 -
v 3 64 - 26 38 -
D5 420 x 250cm® X 2 42 - - - 42 84

32 ; 1,872
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The size of the Cerenkov light cone is an approximate
lower limit on the size of Cerenkov counter cells in the
central region. For this reason (as well as considerations
of cost) the Cerenkov counters cannot have gquite the small
cell sizes of the SLIC or drift chamberé. On the other hand
only a fraction of charged tracks give Cerenkov signals;
Furthermore, the Cerenkov cells are rectangular rather than
strips. As a result, the fraction of confused events is
comparable to the other detectors.

The two Cerenkov counters will each have 20 mirrors.
The size of these mirrors increases with distance from the
beam so that each‘mirror has approximately the same proba-
bility (1/20) of being hit by a secondary particle. With
this design the probability of an event having two hits in
the same mirror is
£=1 is20={0lo=l)
=1 ' 40
where n is the number of particles which are fast enough to
give Cerenkov light., For the processes simulated in our
Monte Carlo studies we find n z 2-4, so f =~ 0.05 - 0.30.

A particle which is directed to one mirror may give
Cerenkov light which hits another mirror. This "cross-
talk" increases f, but only slightly. (See later discussion
in this section.)

The particular arrangement of Cerenkov counters and

magnets shown in Fig. 1 has been analyzed with a Monte Carlo
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program using various particle production models which were
described in subsection A. The results for the varioqs models
are similar to each other. FHere we discuss in detail results
from only the model which assumes a 100-GeV y ray is diffrac-
tively excited into a (cc) state. Each charmed particle
decays into Kmnm yielding a multiplicity of 6 charged particles.
In Fig. 9 we present the average multiplicity (where the
generated multiplicity is 6 particles) of particles that give
Cerenkov light. On the average 1 of the 2 kaons and 3 of the
4 pions triggers Cl while 2.5 of the 4 pions and hardly any
of the kaons triggers C2. This allows for a very clean
separation of pions and kaons.

In Fig. 10 and 11 we show the x-y distribution of the
particles that are above threshold for Cerenkov light for two
Monte Carlo models. Superimposed are the dimensions of the
individual mirrors of the Cerenkov counters C, and C,.

The sizes of the individual mirrors are éhosen so that
the probability of any one mirror being penetrated by a
particle above threshold is approximately 1/20. Thus the
mirrors closest to the beam are the smallest. With the
indicated mirror segmentation, the correct particle identi-
fication can be made in 90% of the events. In the remaining
10%, light from a pion going to or near a Cerenkov cell in

which there is a kaon leads to the kaon being misidentified.
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Fig.10

f C, Mirror Segmentation
and Monte Carlo x-y Distribution
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IVv. Triggers

Triggering of photoproduction experiments can be done in a
two step process that allows very sophisticated selection. A
fast trigger using conventional logic will trigger on every
hadronic interaction and‘reject pair production. At the highest
luminosities being considered in this report the rate of hadronic
triggers will be ~ 6000/sec. That means that an average processing
time as ldng as about 10 psec can be used to define a higher level
séphisticated trigger without causing deadtime greater than 6%.
Several higher level triggers will be described below. They will
be used initially to reduce the data taking rate from a few
thousand/second events containing all of photoproduction to 100-
200 events. The reduced data sample will be significantly enriched
with charm and hidden charm particles. This will mean that off-
line computer analeis will be simplified, thereby reducing com-
puter time and, most important, reducing the delay between data
taking and preliminary analysis results. The latter, we feel, is
crucial to being able to run experiments on this facility with
the flexibility and feedback of a small experiment. It is this
kind of closeness to the physics that is required to make this a
powerful facility. A two step trigger can also be used for exper-
iments with a hadron beam by defining a simple ~ 5K/sec fast trigger
and using a trigger processor like that discussed below to define
a selective higher level trigger.

A. Fast Trigger

The fast trigger is a coincidence of a "Tag" signal
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from the tagging system and a signal indicating the presence
of a hadronic event in the spectrometer. A hadronic event

is identified by requiring-a signal above threshold in either
the SLIC or hadrometer and no large signal in the pair portion
of the SLIC (horizontal strips in the beam plane) or in the
central shower counter (C) in the beam. .To increase the -~
acceptance for this trigger (and for all y measurements) in
the vertical direction, two lead scintillator shower counters,
above and below the beam, will be located just in front of
the downstream magnet. A large signal or a coincidence indi-
cating a minimum ionizing particle in these counters would
also give a hadronic trigger.

B. High Level Triggers

As will be seen from the discussion in the next section
on the trigger processor, the potential capability of proces-
sors based on available electronic technology is extremely
powerful. However, we feel it necessary to be cautious at
implementing this technology so that we can be sure that
the total facility system will turn on in an organized fashion
as early as summer 1978. To this end we have given clearly
defined priorities - an order of attack - to the high level
triggers we plan. The recoil system will be used in the
first high level.triggers. We will select out events with
a single proton recoil and then compute the missing mass,
triggering when the mass is in a preépecified range. A

first look at a detailed processor algorithm to accomplish
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this is outlined in the next section. For example, the
mass range 2.5 < Mx < 9 GeV could be selected by the
processor. We can make an estimate of what fraction of
the total cross séction this triggervwill be by comparing
the relevant photoproduction channels with those measured
in the pp = pX inclusive-scattering experiment of P. and
J. Franzini EEm§l~5 The fraction of events with a single
recoil proton will be about .35. Of these about .37 will
fall in the mass range selected and about .78 will have
el > .04 Gev2. This trigger, therefore, will take about
10% of all hadronic events. Similar estimates suggest
that charm states will appear in as many as 20% of the
triggered events.

Pair production of charmed particles will lead to
multiparticle final stétes. The combination of the fast
hadronic trigger plus the recoil proton missing mass
processor yields a reasonably unbiased trigger for enriching
pair production of charmed particles. However, at the
highest luminosities to be expected after the spectrometer
has been brought into routine operation, the trigger rate
will be several times higher thannthe high data handling
capability of this facility. Thus, after exploratory studies
using the recoil trigger have been made, additional higher
level triggers must be implemented. These will probably
be biased towards some aspect of charmed particle production,
which is expeéted either on theoretical grounds, or empiri-

cally determined from the exploratory runs or from other
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experimental results then available. 1In the following,
we outline considerations on various high level triggers
that involve the various forward detectors;

The purely two body decay modes of charmed states
will generally be small. Therefore, a high multiplicity of
charged and neutral particles is expected. However, the
average multiplicity of 100 GeV/c hadronic photon interac-
tions is also large, around six. Thus, multiplicity selec-
tion will only be useful in special cases such as for the
Mg discussed below. Charmed particle decays will, it is
believed, often lead to a final state involving strange
g, Kg, A, K, etc. A unique signa-

ture not yet exploited is that of a hadronic final state

particles, such as K+, K

which does not conserve strangeness. However, the identi-
fication of the strangeness of all of the final state
particles is difficult, and can be made only in some small
fraction of the events. This does not lend itself, per se,
to an on-line trigger, although it might be an interesting
one to pursue off-line.

Pair production of charmed baryons will lead to final
states involving a baryon-antibaryon pair. Any other process
which leads to such a pair will also be unusual and physically
interesting. Thus identification of one or more strange
particies’or of a baryon (or antibaryon)} in the forward

spectrometer will lead to useful, specific, although biased
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triggers. These can be built into one or more trigger

processors, although in some cases they may be simple enough

to be easily implemented in standard fast logic.

The above considerations suggest that the following

particle pattern identification should be implemented in

the first high level triggers involving the forward detectors.

1.

Charged particles: Ki and p?. Some of these are
jdentifiable by the Cerenkov counters. A "not-a-
pion" trigger in general requires some knowledge

of the momentum of the particle.

Neutral particles, mostly Kg and n. These will
interact in the hadrometer and be useful directly
in the trigger. |
"Vees", i.e., K§x+ wts” and‘A, K - piﬂi, where the
decays occur in the drift space of the spectrometer.
{Neutral decays of vees will be seen in the SLIC
and the hadromeﬁer; as in 2. above.) Detection of
vees on-line in the trigger can in principle be
detected by a change in the multiplicity of particles,
as seen in the various downstream detectors. 1In
this spectrometer, the drift chamber modules are,

of necessity, widely spaced out. The effective

solid angles subtended by each module differ because

Vof this spacing and bhecause of the magnetic field
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regions. Thus épparent multiplicity changes occur
when none is present. However, with careful consid-
eration, a useful change of multiplicity trigger
may be realized. A 15-50 GeV Kg or A(X) has mean
decay length ranging from one to threé meters. At
15 Gev, about 20 percent of such vees will decay in
the region of the D1, D2, D3 modules, while at

2 40 GeV some 30 percent will decay in the D3-D4
and/or D4-D5 region. Vees can also be detected
off-line by reconstructing vertices which do not
occur near the interaction point in the target,
e.g., vertices in the drift spaces. It is unknown
whether an on-line\trigger processor can be realized
to perform this function. Finally, although the
overall acceptance of a vee trigger may be of the
order of 10 percent of all Kg and A(A), such events
are extremely useful and interesting.

Although the maximum transverse momentum of the decay
products from charmed particles is large, the large average
multiplicity results in an average transverse momentum per
particle which is not much higher than the normal hadronic
‘ value (about 0.3-0.4 GeV). However, a selective trigger
based on high transverse momentum, or a large longitudinal
momentum of one or mdre particles might be useful. The
hadrometer could provide this information for both charged
and neutral particles.

The above considerations lead us to specify that the
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following information be available in approximately one .
microsecond for use by the next level of trigget—processors:

1. Dy cell bits

2. Cerenkov cell bits

3. SLIC large pulse height bits defined by discriminator

thresholds {(say one high, one low)

4. Hadrometer large pulse height bits.

From this information, multiplicity, change of multi-
plicity, particle identification, neutral kaon or neutron
detection, and large transverse or longitudinal momenta can,
in principle,be determined and used by a trigger processor
to enhance charmed pair production. |

‘Although hadronic decays of charmed particles dominate-
the decay process, leptonic final states need not be ignored.
Much of the above can be used to construct leptonic triggers
also, 8ince the SLIC can detect electrons. In addition,
there will be muon counters buried in iron shielding behind
the hadrometer.

Primakoff production of the ups is a very important

process to be found and measured. Here the cross section is
several orders of magnitude below that of charmed pairs.
The highest luminosities and a more highly selective triggex
will be required, although a preliminary search may well be
carried out with a "no-recoil" trigge;. The hc, with IGJP =
070~ and an expected mass value near 3 GeV, will have many

multiparticle decay modes. It is produced singly with all
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the energy of the beam (yy - nc) and very forward, with no
recoil emerging from the target. The recoilydetector can
be used as a veto, but no missing mass will be available.
Strict two body decays of the n, are expected to be
very small (e.g., vy, pp, AR..., < 1%). Decays like 27,
2K are excluded by spin; and parity, Decays like 37w, 57...
are suppressed by G parity (hadronic decays will dominate
over electromagnetic rones). Numerous final states, like
4w, 6m,..., KRw, KK2%,...n27, n'2n... are available, and
all will proceed with reasonable branching ratios. Since
the cross section for Ng production is so small, oﬁe must
find a trigger that accepts a significant fraction of the
ne final:states. Note that a large fraction of these decay
modes involve two charged particles plus several gammas
{from 7° decay or direct emission). Thus it will be possible
to have a crude trigger for N based on 2 and only 2 charged
particles and an energy sum of all forward particles equal
to that of the incident photons. This will require the
following:
1. Charged multiplicity (available from D; cell
bits provided for in the earlier discussion)
2. Energy and angle which can be cbtained from the
SLIC and hadrometer if fast ADC conversion of
the pulse heights can be available for the hit
elements in approximately one microsecond.

(Whether the high and low pulse height bits,
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previously described in the discussion on charmed
pairs, can provide a reasonable Ne trigger will
have to be studied carefully.)

Fast reconstruction of forward mass can be accomplished

if item 2 listed above is available. The forward mass is:

2 1 2
M, = = P.P.8..
F ij 2 713713
_ X, X X _ x, 2 Vo Y Y o Y, 2
_i§ Pi Pj (Si ej ) +k§ Pk Pl (Bk 81 )

where Pix ~ Piy ~ 1/2 P, are the energy deposited by a
track in the x or y strips of the hadrometer and/or SLIC.
The mass resclution will be dominated by the hadrometer
resolution and will be . .15 M, which is adequate for

triggering purposes.

For the n,, a narrow cut, say 2 < M, < 4 GeV added to the
charged multiplicity and pi cuts would lead to a very good
Ne trigger. In addition, relaxation of the charged multi-
plicity requirement might be made, further improving the
acceptance of the trigger for Ne-

In addition, a tighter trigger for'nc could be made if
fast TDC readout of the drifﬁ modules was available. This
might allow momentum reconstruction of forward charged tracks
on-line in a trigger processor. Thus good mass resolution
on the forward mass would be available, resulting in a tighter

cut about the N, mass.
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The possibilities that are opened up by having forward
track reconstruction available for the triggervare impressive.
Accurate mass and P) triggers that are not dependent on poor
resolution hadrometers will be very important. Better Ceren-
kov identification using momehtum will be possible. Also
possible will be detection of kinks in tracks indiéating
A° or hyperon decays that will be valuable as triggers. For
simple final states, one or two bodies, it will not be dif-
ficult to perform fast reconstruction. On the other hand,
reconstruction of multiparticle states will réquire the
experience gained from off-line reconstruction work. -For
this reason we do not expect this type of information to
be available for triggers for some time (1-2 years) after
the facility starts up.

As higher energy photons become available, pair
production of new heavy lepton states may become accessible.
Many of the pieces of information made available above and’
the trigger processors (or modifications of them), will

make triggers on heavy leptons- possible.

V. Trigger Processor

The trigger processor will take advantage of the present
day low prices for large amounts of memory with access times of
30 nsec or faster as well as fast arithmetic logic chips. It
will be essentially a hard wired parallel processor possibly in
association. with a fast sequential instruction processor like

that designed by T. Droege for Fermilab Experiment 400.
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We will describe here a first look at a detailed conceptual
design of this device by looking ;pecifically at how the recoil
missing mass trigger will be handled. We fully expect that this
design will undergo extensive development as we continue to
study and optimize it. For the present it will give some idea
of the capabilities of and the techniques to be used in the
final system.

In order to select single proton recoils the trigger must
reject neutrals (from amt or pwo states, for example) and charged
pions (from ntT). 1In addition the processor must reject events
with several tracks at the first interaction (pw+w", etc.) with-
out rejecting good events in which a secondary interacts and
produces additional recoil tracks. These excited proton statess
comprise about 2/3 of all hadronic events so that reasonably
good rejection of them is necessary for a clean trigger. On
the other hand, the rejection need not attain the levels possible
in off-line analysis. Refer to Sections II and VI and Figures
3 and 4 for more detailed discription of the recoil system and
its capabilities.

The processor will make fregquent use of parallel'table
lookués to evaluate functions such as the missing mass function
of 6, E, and k. On a smaller scale this approach was used pre-
viously in Experiment 321 by P. Franzini who suggested it to us.
Table IX shows the organization of a memory made ﬁp {(as an

example) of 128 Fairchild 104152 1024 x1 bit bipolar ECL RAMs.
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Table IX

Memory Organization for Table Lookup Functions

Description

Neutral Veto

Unit conversion

Zowe * Ztiming

Missing Mass

Criterion

Proton Criterion,
each scintillator
segment function

of 6.

Proton criterion
selection as
function of energy
and 0.

Total

,Function/#Bits

i=1, 15
NV 1 bit
(Nv is same for all
TZ < Z(ZPWC)
ZPWC 8 bits
TZ 4 bits
MMC <« MMC (6, E, K)
8, E 6 bits
k 4 bits
, . 3
j =1, 4
5 4 bits
PCj 1 bit

(PC is different for each j)

PCS + PCS (PCj, E, 8)

j =1, 4
ch 1 bit ea.

6 bits

) 4 bits
84 - 1024 x 1

15 - 16 x 1 or
1 - 256 x 4

Spare

Total

ea.

i)

ed .

Organization

15

64

16

84
15

103

25
128

- 1l6 x 1

256 x 4

- 1024 x 1

- 1024 x 1

- 1024 x 1

- 1024 x
- 1024 x
- 1024 x
- 1024 x
- 1024 x
- 1024 x

R o
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Eaéh of these chips has a 20 nsec access time. The total cost
of this memory (as of May 1, 1977) is $2330, about equal to

3 commercial coincidence modules. This memory will,in general,
be used for two parameter lookup, functions with the answer
being a single bit. It will be possible to load the memory

in a block transfer from the on-line computer and to read it
back for verification and testing. This will allow flexibility
in use of the trigger processor and will‘be essential during
debugging. As can be seen from Table IX, even this relatively
cheap amount of memory is not nearly filled up by the recoil
missing mass trigger requirements. |

We now outline an algorithm that at the very least demon-

strates that this trigger can be processed easily in the 5-10
usec that will be available. We start with two operations
performed in parallel:

1. Data from the cylindrical PWC's will appear as a list
of number pairs corresponding to the last wire address
of a cluster and the cluster spread. These numbers
will read out from upstream to downstream.

The cluster address

Z; = (Cluster)i - (Spread)i/z
is computed by dropping the lowest order spread bit
and subtracting the remaining 2 bits from the cluster
last wire address. At least-three.such subtractions
will be performed in parallel. (This operation‘may

in fact be handled by the arithmetic unit of the PWC system.)
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Identification of neutral patterns. The scintillator
dynode signals will be discriminated and a bit latched
for each pulse height that is above a threshold. The
bits will be organized in groups of four (Ai, B;s Cyo Di).
These groups will be used to address 15 sections of
memory, each initially containing the 16 bits shown in
Table X. A 1 bit is found in memory for the A, B, C, D
bit patterns that correspond to a 7° or n interaction

in one of the scintillator sections. The 15 groups of
(A;B,C,D;) address the memory in parallel and a bit

(NV) is set to 1 if any group corresponds to a neutral
interaction pattern. This will in most cases be used

as a veto to the recoil trigger, since the missing mass
only is meaningful for single proton recoils. (There
will be about a 10% loss of good triggers from secondary
interactions producing neutrals in the recoil system.)
The patterns stored in memory will be modified from
those in Table X if experience teaches us that a differ-
ent set of patterns is more appropriate. The total
amount of time to cycle through the 15 sectors-is

~ 15 x 20 nsec = 300 nsec. This veto will therefore

be available ahead of the more complicated processing

of tracks (described below) that will go on simultane-
ously. {In simpler form this operation may well be
first implemented in conventional fast logic or in the

matrix logic of a register logic system.)
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Table X
Neutral Recoil Veto Patterns

‘ Contents
Address of Memory
ABCD
0000 0
1000 0
0100 1
1100 0
0010 1
1010 1
cl1l1o0 1
1110 0
0001 1
1001 1
0101 1
1101 1l
0011 1
10111 1l
0111 1
1111 0
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As soon as the Zi are available from operation 1,
the processor will start to determine PWC track parameters.
In an ideal situation of a single proton track there will
be 3 Z; with Z3 = 2y =12, - Zl. - (As described in Section
VI, the concentric wires of the three PWC's at one 2
location are tied together into one amplifier.) In many
cases the problem will be complicated by one or more.of
three effects: a) secondary particle interaction that
results in recoil tracks that cross the primary recoil;
b) multiparticle recoils at the primary vertex (Pn+ﬂ_,
for example) that are in most cases to be rejected for
M, calculations; c) § rays which may add a cluster any-
where in the inner chamber. To deal with this the prccessor
will be wired té perform a three-nested do loop which we
describe below in fractured Fortran. In this, L is the
number of clusters and is read in from the PWC electronics.

The 8's are parameters which may be varied from the on-line

computer,
DO 1 I =1, L-2
DO 1 J = I+l, L-1
6, = 2(J) - 2(I)

A
DO 1 K= J+1, L

6p = 2(K) - Z(J)

IF (|6, - g | > §,) GO TO 1 (no track)

STORE I,K and increment track count N
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V(N)

]

Z(1) - 8A/2 Vertex, since target to
inner ring = 1/2 ring to ring distance.

IE(N = 1) STORE V{1l) and GO TO 1

IF(jvN) - v | > §,) GO TO 1

SET "more than 1 track at first vertex" bit

and exit loops.
1 Continue
IF (NQ TRACK). . . .
| 8 =8, + 6g

The next step-is to find the 2,B,C,D scintillator seg-
ments that correspond to the wire chamber track. This
is done by fiﬁding a ¢ sector i with end to end timing
information corresponding to a location sufficiently
close to Z(X), the outer chamber coordinate. The
difference between pulse times at each end of the
scintillators in the inner ring (Ai) will be digitized
by 15 4 bit TDC's, T(I). This measures the 2 location
of the track in ¢ segment i to *+ ~ 6 cm. The outer
chamber coordinate, Z(K), is converted to time units
(T2) by an 8 bit to 4 bit lookup. The memory will be
loaded with data based on calibration studies of the
end to end timing of the inner scintillator segments.
Then the following search is performed:

DO 2 M= 1,15 |

IF (|Tz2 - T(M)| < §3) GO TO 3

2 CONTINUE

GO TO "NO MATCH"

3 STORE M
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The appropriate enefgy is

E=A(M) + B(M) + C(M) + D(M)
following two operations are performed simultaneously.
Look up E vs 8 in memory (see Table IX). If the location
has a 1 then M, is greater than a threshold or is in a
range selected .at the time the memory was loaded from
the on-line computer. There will be up to 16 different
E vs 6 tables in memory corresponding. to different
tagging system bins of photon energy XK and the appro-
priate table will be used. The tagging bins are latches
set by the overlap of the hodoscopes in front of the
tagging shower counters. This information is available
immediately and is transmitted as a 16 bit word to the

processor.

Determining whether the track is a ¥ or p is a two step
process. The threshold for protons at sufficiently

high energy E in each sector is a function of 6. This
is determined first by four parallel lookups Ij(M) vs

6 (where Il = A,;2=B, etc) which set four bits (PCj)
which indicate pulsés above proton threshold. Another
lookup of PCj vs E for 16 values of 6 will provide a

bit if the event corresponds to an acceptabie proton

pattern.

Typically, at the end of these operations, a NIM level will

be set if the M, criterion (above 2.5 GeV, for example) is

met, the proton bit is set, and neither the neutral veto bit




- 63 =-
nor the "greater than one track at the first vertex" bit
is set.
We can now estimate how long these opeiations will take:

Read in (including operation 1)
faster than 1000 nsec

Operation 2 is parallél to
operation 3 0 nsec

Operation 3:
Simple case of single proton,
no other hits, is 1 full cycle
of do loop and will take ~ 350
nsec. The average case of 5
clusters with 1-2 tracks takes
~ 8% short cycles (150 nsec
each) and ~ 1% full cycles: Average 1800 nsec
Worst case, which may happen
3% of the time is a prtr~
recoil from a secondary inter-
action which crosses the
‘primary proton recoil, needs
about 55 short cycles and 2
long cycles. ' '
Total worst case: 92000 nsec

Operation 4:
Average of 7 cycles, 20 nsec
each, of a sequential processor
pulse one table lookup. ‘ 370 nsec

Operation 7: Two level lookup. 60 nsec

Average total 3,2 usec
Worst case: 10.4 usec

The average time is safely below the specified requirement

—~

of 10 usec.

Other triggers can be handled in a similar way. Most
of the triggers involving the forward spectrometer are,
in fact, less complicated than the recoil trigger we have -

just described.



VI.

- 65 -

Recoil System

A. Cylindrical Wire Chambers

The trajectory of the reccil proton will be measured
by three concentric equispaced cylindrical proportional
chambers (see Figures 3 and 4) with both anode and cathode
readout. Their mass must be as low as possible to minimize
both energy loss and multiple scattering. Rapid readout
of the chambers is necessary for the fast missing mass
trigger. In addition to the recoil proton, background tracks
from various sources wiil be present, and must be properly
handled. A design for the chambers within the framework of
these constraints is presented below.

-The readout HV cathodes, which measure the pola; angle,
e, are made from fqils consisting of 5 mil Al wire flattened
to 1 mil and epoxied onto a mylar sheet at 1 mm spacing
(such foils are available from Argonne National Lab). The
foils are formed in cylinders so that each cathode wire
becomes a circle in a plane perpendicular to the chamber
axis. The non-readout cathodes are simply aluminized mylar
foils. Two possible constructions are under consideration.
The first requires that the foils be free~standing and
held under tensicn by end rings separated by support rods
(indicaéed in Fig. 3). Separate rings are needed for the
anode wires; the inner cathode and the outér*éatho&e in
each chamber, so a complicated mechanical structure must
be built at both ends. However, this type of chamber could

have a low mass of .050 - .060 gm/cmz. In the second
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approach, the‘cathode foils are glued to %" NOMEX honeycbmb
to form rigid cylinders. The ends of the chamber can be

much simpler, construction details in general are easier

and cheaper, but'the mass is ~ .105 gm/cmz.V This is not an
intolerably high mass, so the second method seems preferable.
An additional cénsfraint, which renders the first method less
attractive, is that the downstream end of the inner chamber
must be low mass since it intercepts part of the forward
spectrometer acceptance. However, we are presently designing
and building a 34 cm. radius prototype of the free-standing
chambér in order to understand better the mechanical problems
involved.

The gap between cathodes is %" and the anode wire spacing
will be as large as possible, up to 5 mm (larger than this
makes the time resolution unacceptable). Any adverse effects
on the induced cathode pulse due to wide anode wire spacing
will be investigated in-a small flat test chamber. Because
the anode wires are 2 m long, they must be supported at
three or four locations along their length. For this purpose,
foam rings %" square in cross-section will be cemented to
the inner cathode foil.

An integral part of each chamber will be two rigid beams
on either side of the 22.5° bottom access opening along the
full length. These beams will slide or roll on their own
sets of rails along the z direction so that each chamber can

easily be installed or removed for repair.
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At lower values of the t acceptance the contribution
to the missing mass error from angular resolutioﬁ in 6 is
dominated by multiple scattering in the target and chambers.
Howeﬁer,'at largef t, the measurement erior in the chambers
is the controlling factor. In order that this not dominate
tﬁe total missing mass error, 8 must be measured to roughly
* 6 mr, ‘

The measurement error is

W sin2 3]

V3 d

80 =

where 4 is the radial distance between the first and third
chambers, W is the cathode wire spacing and g is a factor, -
certainly less than v¥2, which accounts for the degradation

in resolution due to the spatial width (~l:-cm) of ‘the induced
pulse on the cathode. For the worst case, (g = 1.4, & = 70°)
we require W =~ 3 mm for 4 = 30 cm and 88 = 6 mr. Thus the
cathode wires (1 mm spacing on the foils) can be tied together
ih groups of three, giving 667 channels per chamber. Since
the hits in éach chamber are well separated in z (8 = 70° is
the largest angle‘of interest), independent cathode readout
for three chambers would be redundant. Therefore, correspond-
ing channels in the 3 chambers will be summed into the same
amplifier. Reading out from the upstream end, the first hit
then will be from the first chamber, the second hit from the
second chamber and the third hit from the third chamber. 1In

this way only 667 channels are needed for the 8§ measurement.
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The azimuthal angle ¢, of course, does not enter the
missing mass calculation. However, for off-line reconstruc-
tion of events, and to correct for edge effectg in the
liquid scintillator cells, a measurement of ¢ to 1° will
be useful. This means anode wires can be tied together in
~ 2° bins, giving a total of 169 ¢ channels. Only one
chamber's anode plane need be read out.

As discussed below,an additional 32 channels will bé
used to sort out background tracks. Therefore, a total
of 667 + 169 + 32 = 868 readout channels are required.

The electronics will be based on a system already
built and working for cathode plane readout of a small
(64 wires) chamber tested with cosmic rays. In this
prototype setup it is assumed that each event has only one
cluster of cathode wires to be located. Output from the
amplifiers (8 channels/card) and discriminators (8 channels/
unit) is fed to two 64 bit priority encoders followed by
an arithmetic unit, which calculates and stores the position
and width (3 - 5 channels with 3 mm wire grouping) of the
cluster within 150 ns of the passage of the particle. Design
of a scheme to handle several clusters is underway. It is
anticipated that the positions and width of all clusters in
the cathode plane can be found and stored in 0.5 - 1.0 usec.
From this information it is a straightforward task for the
trigger processor to compute 6, assuming that the first
three clusters belong to the recoil proton (see background

discussion below).
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In the system envisaged, the amplifier cards are posi-
tioned as close as possible to the chamber moﬁher—boards in
the bottom access space (recall that cathode channels at the
same 2z from the three chambers are summed before the amplifiers -
the amplifier cards therefore plug into a grandmother-board
which performs the sum). Connections from amplifier to dis-
criminator units, which sit in NIM-~like bins (30 units/bin)
near the chambers, are made by twisted pairs. Output from
the discriminators is strobed by the scintillator trigger into
the priority encoder-arithmetic box. This is also located
on the experimental flqor, so only cluster positions and widths
are sent to the counting room; a huge bundle of cabling is
thereby eliminated. The anode readout will probably be handled
in a parallel, but identical, manner. Cost of the system up to
the input of the trigger processor is ~ $30./channel.

Extra tracks in the chambers are possible from four
sources: ¢ rays, low energy pair production and interactions
of the secondary hadrons in the target and extra particles
from the primary interactions (for example, pw+ﬂ" tafget
disassociation).

A crude calculation indicates that in a five prong
event, ~ 2 & rays escape the target. These typically have
energy (after escape) of < 0.5 MeV and angle 8 < 45°, and so
will unlikely reach beyond the first chamber. Furthermore,
the z distribution of escaping § rays increases with dis-
tance from the primary interaction vertex as the secondaries

spread toward the edge of the target. Thus extra clusters
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in the cathode readout from § rays are most probably down-
stream of the three primary clusters from the proton recoil
and cause no confusion in the trigger processor.
The backgrouna from low energy pairs is an accidentals
problem. At the highest beam rates contemplated, there are

~ 5.10°

photons/sec in the lower part of the bremsstrahlung
spectrum, which yield ~ 0.1 pair in the target in the ~ 100 ns
resolving time of the chambers. A very rough estimate shows
that a conservative upper limit of 10% of these have an
electron of low enough energy to scatter at large enough
angle to enter the chambers. Thus this background is < 1%
and can be ignored.

The most serious background is a second recoil particle
from an interaction of one of the secondary particles in
the target, which, for a five prong event, occurs with a
prcbability of 0.5. Perhaps 20% of these overlap in z in
the chambers, causing confusion in the 6 calculation in
the trigger processor, unless it is intelligent enough to
extract two 6 angles from two overiapping sets of three
clusters. If we have a dumb trigger processor, ~ 10% of
the events are lost. In the remaining two-recoil events
there is a 6-¢ matching ambiguity.. This can be resolved
for most cases by the trigger processor using end to end
timing on the inner fifteen scintillation counters. Another
possibility is to provide ~ 10° (to the anode wires) stereo
readout on the unused cathode of one chamber. About 32

channels on the inner chamber or 60 channels on the middle
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chamber would suffice. ‘We expect to build this option into
the chambers. It will be useful for dealing with events
where the target nucleon breaks up (pw+ﬂ~, etc.)

All the abové assumes noiéeless chambers. In the
real world the trigger processor will have to be able to
tecognize and ignore at least some low level of extra
clusters from noise. A useful suppression criterion may be
the width of the signal clusters.

B. Liguid Scintillator Range Detector

After passing through the cylindrical wire chambers,
the recoil particle enters a liquid scintillator range
detector. This detector has 15 separate segments in the
azimuthal angle ¢. Each segment subtends approximately
22.5°. The total coverage is overAQO% of the full 360°.
Every segment in ¢ has four compartments (labelled Ayr By
Cir Dy in Fig. 4) which provide up to four dE/dx samples
along the path of the particle. Altogether there are 60
compartments in the liquid scintillator, each having photo-
multiplier tubes at both ends to ensure efficient light
.collection. Each tube has one ADC. The innermost 30 tubes
have a TDC channel as well for end to end timing which
gives 8§z = % 3", The liquid scintillator detector is used
for a number of on-line and off-line functions.

The total light from a stopping proton in the liquid
scintillator measures its kinetic energy. The recoil
detector, as seen in Figures 3 and 4, is designed to do

this simply and quickly. (The kinetic energy can be




- 72 -

determined from a number of 4dE/dx measureﬁents as well,

but this is a more difficult procedure, as it depends on
the recoil angle € and may reguire a longer, off-line
calculation.) The proton recoil energy, the angle 6 and
the beam energy k can bé used to evaluate the missing mass
in the forward arm of the spectrometer. The calculatioﬁ

is quite simple and will be done by the trigger processor
(see Section V).

Because the recoil angle 6 determines the maximum
thickness of liguid scintillator, it also affects the total
energy range acceptance, the energy loss per compartment
and the preobability of a nuclear interaction before the
proton stops. These numbers are summarized in Table XI
for 6 angles of 90°, 45° and 30° (see also Fig. 7 in Sectiﬁn
IX). But because the signal is read out from both ends of
a ¢ segment, to a first approximation the total scintillator
signal will be independent of the interaction position
along the z axis and the recoil angle 6. After a valid
stopping particle trigger has been indicated, the 8 photo-
multiplier ADC's for one segmeht are summed to give the
total energy deposited in the liquid. This may have to be
corrected slightly (<15%) for the attenuation differences
to the opposite ends of the 2.4 m compartments.

The aim is a kinetic energy resolution in the neighbor-
hood of é%-ﬁ * B% to * 12%. As discussed in an earlier
section, this range of AT/T provides an acceptable M, error

at masses of 2 to 6 GeV/c2 and beam energies of 50 to 150 GeV/c.
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The AT/T resolution of the recoil detector will be verified
with tests on a prototype of one of the segments which is
currently under construction.

The missing mass calculation is only valid if there is
a single quasi—eléstic proton recoil. There are several
handles on identifying such events. These include absence
of a ﬂi, 71° or neutron and counting recoil tracks from the .
primary vertex. Table XI shows a 0.53 probability that a
photon will convert in 57 cm of liquid scintillator. A 7°
will then have a probability of 0.72 for converting at

)

least one of its two photons. A 7~ signal would be indicated

by one of the following no~yes combinations

Ai * Bi
Ai hd Bi . Ci
A, ¢ By v ¢t Dy

This same signal may indicate a neutron interaction, in
compartments B, or C; or D,. The probability for a neutron
interaction varies as a function of angle from 0.38 to 0.49
for 30° < 8 < 90°. This signal can be used to reject most
events that dQ not have elastic prbton recoils.

For similar reasons, it is desirable to have a pion/
proton identification trigger available from the dE/dx infor-

mation in compartments A;, By, C. and D, . This may be

i
difficult in the high level trigger because it depends on

the angle 6 and on how good the AE measurement is.




Tahle XI

Recoil Liquid Scintillator Range Detector

® Recolil Angle

90° 45° 30°

1. Maximum scintillator 40 cm 57 cm 80 cm
thickness (cm) :

2. Acceptance from 2 m. 100% > 75% > 38%
target

3. Probability of nuclear .38 .49 .61
interaction : ‘

4, Probablllty of photon .41 .53 .65
conversion

5. ME loss for minimum 72 MeV 102 Mev 144 Mev
ionizing particle :

6. AE loss for stopping < 250 MeV <300 Mev | S 375 MeV
protoens

7. AE loss for stepping £ 120 Mev < 160 Mev < 200 Mev
pions




If more than one charged particle enters the liquid
scintillator tank, it is very unlikely that more than one
will enter the same ¢ segment (the probability for 2 un-
correlated particles in the same A8 = 22.5° is 6%).

Thus the number of inner scintillator tracks (Ai) with
pulses above a discriminator threshold, measures the
chargéd multiplicity entering the liquid scintillator.
This information is redundant to that available from the
PWC 6 readout when there is no secondary interaction.

If all of the liguid scintillator compartments A
B., Cy» D, in one segment register a minimum ionizing
particle and there is no evidence for other than single-
proton recoil, the event can be interpreted as a probable

high t recoil proton. For a minimum ionizing particle

the signal ratios are

C., D, = 6, 12, 18, 4 cm respectively.

for thickness Ai' B. jr Dy

ll
These ratios are a test for high t recoil which is indepen-
dent of the recoil angle 8. Higher mass diffractive states
are apparently produced with a flatter t slope. Therefore

a signal indicating a high |t| recoil may be a useful

additional way of enhancing higher mass states in the trigger.

Off-line it will be possible to use careful calibration
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~and mapping to increase the level of sophistication in the
use of the recoil information. For example, a careful
off-line analysis of the four dE/dx samples for an exiting
(high |t]) proton should enable one to extend the measurement
of the energy range. This will be determined by the precise
AT/T values of the resolution function. 1If a stopping
proton interacts with énd transfers energy to a neutron in
the liguid scintillator, the dE/dx measurement is not valid.
Furthermore, if the proton stops but a neutron carries some
kinetic energyv out of the liquid scintillator, the proton
range measurement E is not valid. The added check for a

consistent set of dE/dx in A;s B Cyr Dy for a stopping

i’ vi
proton hypothesis will help identify a "clean" data sample
in the off-line analysis.

The large cylindrical container enclosing the cylindri-
cal proportional chambers will have an inside radius of 57 cm,
outside radius 97 cm and a length of 240 cm. The volume -~
enclosed . is about 4.52?m§h{1000 gallons) and the weight of
this volume of liquid NE 235 A scintillator is 3900 kg
(4.3 Tons). The construction material for the container will
be steel, which will be coated with teflon and/or NE #561
scotchlight white epoxy paint on all the inside walls in
contact with the liquid scintillator. The large cylindrical
container will come in three separate sections (labelled I,

II and III in Fig. 3). The three sections will bolt rigidly

together when in place on the experimental floor and a set


http:enclosed.is
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of wheels on rails will provide movement for the whole
unit along and perpendicular to the beam axis. As seen in
Figure 3 a missing wedge on the underside provides access,
support and readout“space for the cylindrical chambers.

The inside (r = 57 cm.) surface of the container must
have a minimum amount of material to maximize the acceptance
for the low end of the proton energy spectrum. The present
thought is to use a 1/16" stainless steel pléte, but if this
proves unacceptable from a structural standpoint, an alter-
nate solution is to place thick acrylic scintillator slabs
in the space between the third PWC and the inside steel
surface. This would improve the acceptance for low energy
protons, and allow for a thicker container wall. The hydro-
static pressure on the inside surface of Sections I or I1
has the maximum value of 1.4 lbs./sqg. in.

The 60 compartments will be separated from each other
by thin walls designed only for light isolation. These
inner walls will only supéort themselves and not provide
any structural :igidity for the container. They will be
thin so that a stopping particle can scatter across and
leave energy in the adjoining compartments. Appropriate
small holes will allow for the scintillator to flow between
the compartments when the containers are being f}lle& or
enptied. |

The end faces of the cylindrical vessel will have
plexiglass windows, to contain the fluid and transmit the

light to green wavelength shifter bars (as shown in Figure
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13)}. The shifter bars will be viewed by light guides and
2" photomultiplier tubes. The plexiglass ports will have
to be individually cut and then glued to an opaque barrier
between the compartments. Considerable care will be taken
to seal these ends so that they do not leak. The purpose
of‘the green shifter bars is twofold. TFirst they are used
to ensure a reasonably uniform light collection efficieﬁcy
overAthe’whole end face of each compartment. If the output
pulse is to be used in the trigger,‘there will be time to
evaluate only the most simple types of corrections. Secondly,
on the downstream end of the range detector there is a
maximum of 40 cm. between the scintillator and the first
magnet face. The shifter bars bend the output light signal
through 90° and the photomultiplier tubes can be kept away
from the magnet and its fringe field.

The dynamic range of signals from the various compart-
ments is shown in Table XII. The attenuation length of NE
235 A is about 1.7 m. Thus egual signals at 0.1 meter from
cne end and 2.3 meters from the other end will have a pulse
height ratio of about 4 for the two phototubes. Combining
the dynamic range requirements with the attenuation factor
of 4 suggests that we use ADC's with a range of 1 : 1000,

3 seems a rather

or 10 bits. At present this range of 10
conservative estimate. Resolution studies with the scale

model later this year may reduce it.
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Dynamic Range Requirements of Recoil Liquid Scintillator Compartments

Compartmeht Thickness
A 6 cm
B 12
C 18
D 4

Table XIIX

o = 90°
~Min. Joniz. Max.
12 MeV 80 MeV
24 120
36 159
8 45

6 = 30°

Maximurn

125 MeV
175
230

100

Sensitivity
Reguired

1/2 MeV
1l
2

1/2

Dynamic
Range

250
200
100
200

- 08 -
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The absolute calibration of the phototubes will be done
with real experimgntal data during the run. Compartment 2
tubes can be calibrated with protons tﬁat traverse iévagd |
just barely enter into the next compartment B. Knowing the
8 angle from the PWC's one can calculate the exact range of
the proton traversing A (to * 2 mm). The range then specifies
the energy, which then calibrates the photomultiplier tubes. -
Compartments B and C will be calibrated in a similar fashion.
Compartment D will be calibrated using minimum ionizing

particles passing through A, B, C and D.

VII. Liguid Hydrogen Target

The liquid hydrogen target system will accommodate target
flasks of various lengths. It will be possible to exchange
these in a few days turn around time. This wili allow exper-
iments to optimize the length for the particular physics being
pursued. For example, to maximize rates a 2 m térget will be
used. To reduce the interaction of secondaries a short 1/2
meter flask would be possible. The flasks will be of thin wall
construction to offer the minimum possible mass to low energy
recoil protons and will be supported from only one end. Initially,
the target flask will have a diameter of 2 inches and a length
of 2 meters. Figure 14 shows a cross section of the target with
the various dimensions. A breakdown of the material comprising

the target is as follows:
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Thickness Mass

A) Flask (Mylar) 2

o = 1.39 g/cm3 0.005" .0177 g/cm
B) Foam Vacuum Jagket (Rohacell) 5
= 0.053 g/cm 0o.5" .0673 gm/cm

C) Outer Vacuum Jacket Skin

(Mylar) 3 - 5

p =1.39 g/cm : 0.005" .0177 gm/cm
Total 103 gm/cm2

This compares with .36 gm/cm2 for 2" liquid H,.

The volume of the 2m flask is ébout 4 liters. The hydrogen
gas will be condensed and refrigerated by a 10 watt Air Products
helium refrigerator. The time required for filling from warm
will be about 25 hours. The time to empty the target into the

reservoir is about 12 minutes while the refill is about 60 minutes.

The target system will be mounted on a rail system to allow
it to be withdrawn from the recoil detector. Pump cart compressor
and controls will be located on top of the shielding adjacent to

the rails with flexible tubes connected to the refrigerator.
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Figure 14
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VIII. Forward Detectors

A. Drift Chambers

Charged particles will be tracked in the forward spec-
trometer by 32 planes of drift chambers. The general charac-
teristics of these chambers are summarized in Table VIII (Sec.
If F). The motivaiion for our choice of wire orientation and
chamber lccation was discussed in\ea;lier sections of this
report. We will now discuss some of the ﬁechanical and
electrical details of the chambers.

The chamber construction will be guided by the results
of a prototype and testing pfcqfam which will begin soon.

We envisage a technique similar to that of R. Thun et al.®
Field shaping wires will be 127 um diameter hard cepper wire
and sense wires will be 25 um diameter gold plated tungsten.
Figure 15 shows the structure planned for the cells.

| Sense (anode) wires will be at ground potential and
nearby field wire potentials chosen at negative voltages
which giﬁe nearly cylindrical equipotential patterns around
each sense wire. All wires will be mounted on G~10 frames
which will be mounted in groups inside a gas tight aluminum
box. This box simultaneously provides a rigid surveyable
mounting structure and shields agéinst noise. In addition,
each chamber will be isolated from its neighbor by a ground
plane which will be a plane of aluminum wires in order to-

" minimize material in the spectrometer. Figure 16 indicates

the preliminary design for construction of a single plane.
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The guiding principles for this design have been service-
ability ( it should be possible to easily access all wires
should it be necessary to replace a wire for any reason) and
the ability to mass produce the final design.

We have seen earlier that the physics we want to do
places rather sevefe requirements on our ability to resolve
closely spaced tracks inthe chambers. There are two possible
competing philosophies which may be adoptéd to meet fhese re-
quirements: 1) Large cells may be used which then have multi-
ple track readout capability, and 2) Smaller cells may be
chosen with the capability to read only one cbordinate. In
the first instance the pulse width which may be obtained in a
drift chamber limits the inherent pulse pair resolution to
50-100 ns (2.5 mm - 5 mm). In addition, the electronics is
complicated by either having more than one TDC per wire or by
a multiplexing scheme to route pulses to a smaller number of
TDC's. In the second case one has more wires to deal with
but the electronics is much simpler. The smallest drift space
which is practical is 2-3 mm which matches the pulse pair
resolution described above. Our choice is to simplify the
electronics and keep cell sizes relatively smaller.

As described earlier fpur ceil sizes (.6 cm, 1.8 cm,

4.8 cm, and 10 cm) will be used with the size increasing away
from the beam. The distribution of cells is shown in Table

VIII.




It should be noted that the qverall cost of the system
is dominated by the cost of the readout electronics. It may
be that the most cost effective technique is to minimize the
cell size. For example, we are considering the possibility
that it may be less expensive to make chambers with only 6 mm
cells (3 mm drift spaces) and thereby have only TDC's with a
smaller number of bits. There are also advantages involving‘
the field shaping wires in the magnet (M1l) for small drift
spaces since compensation for the B field will probably not
be necessary.

Our experience has been that Argon (90%) - CO, (10%) is

2
a satisfactory gas for drift chamber use. However, the drift
velocity in Ar - 002 is more strongly dependent on electric
field than in some other hydrocarbon mixtures. This may be a
disadvantage in an experiment where most of the cell sizes are
small and one is more often than not in the region close to the
sense wire where fields vary rapidly. For this reason we will
investigate this variable during the prototype and test stage.

| It is now well known that it is possible to operate
‘large drift chambers in high, uniform magnetic fields by
skewing the E field to compensate for the average Lorentz
force o; the drifting electrons. For small drift spaces this
compensation is not necessary. For larger drift spaces (1.8

cm and 4.8 cm cells) it is our intention to arrange the vol-

tage divider networks for the field shapinag wires so that the
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-1
(%?) = 14° for E = 1000v/cm

E field skew angle (GT * sin
and BV= 5 Kg) is easily variable within limits so that there
is some flexibility in choosing the magnetic field in Ml.

- This option may be most important as the Energy Doubler/Saver
becoﬁes operational.

It is desirable from the standpoint of avoiding noise
problems to have the amplifier-discriminator shielded well
and as close to the chamber as possible. Therefore, small
packaging is necessary so that even for 6 mm cell sizes it
is possible to place the amplifier-discriminator directly on
the chamber. In addition, little space is available for
electronics on the chambers inside the magnet before reduc-
tion of solid angle becomes an important question.

However, placing the amplifier~discriminator directly
on the chamber may not be desirable from the serviceability
point of view for the chambers inthe first magnet. An addi-
tional requirement for the amplifier-discriminator is set by
the desire that the discriminator output be available to a
preprocessor. For example, such information may be used in
.a multiplicity trigger.

Electronics for drift chambers is a continously‘develop—
ing field. We outline here the requirements that the elec-
tronics for this system of drift chambers will have to meet.
Average drift velocities on the order of 5.0 cm/ps are ex-

pected. Thus, the drift times for..6 mm, 1.8 cm, and 4.8 cm
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célls are expected to be 60 ns, 180 ns, and 480 ns. We are
striving to reach a spatial resolution of from * 100 um to

+ 150 pm which implies measuring drift times to an accuracy
of *+ 2 ns. We therefore, desire a digitizing system with a
least bit accuracy of ~ 2 ns. For a strictly digital system
this requires a 560 MHz clock. Analogue systems readily ob-
tain this accuracy but there‘is an additional burden to cali-
brate and monitor independently each TDC channel. A hybrid
technique like that of T. Droege eliminates this problem.

We note that for the drift times mentioned above we require
TDC's with 5 bits, 7 bits, ahd 8 bits, respectively in orxder
to achieve the desired accuracy.

We will use Droege high voltage power supplies like those
presently in common use for MWPCs énd drift chambers else-
Qhere at Fermilab. Each chamber will ke provided with a sep-
arate voltage divider for each cell size in order to provide
field shaping. Because there are only four separate cell
sizes, we need only 4 distinct voltages. However, it is ex-
tremely desirable when debugging chamber préblems to have a
limited number of chambers sharing one supply. Chamber pro-
blems are then localized more efficiently. For these reasons
we will use 18 dual modules. Thefe are then nine supplies at
each of 4 voltages. With 32 chambers we then have at most 4

chambers on any one supply.
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B. Cerenkov Counters

We will use two seagmented Cerenkov counters for particle
identification. The first one will be a 3.25 meter long ni-
trogen gas filled counter and the second will be a 7 meter
long nitrogen helium mixed gas counter. The basic properties
of these counters are shown in Table XIII. Also Figs. 17 and
18 show the excitation characteristics of these counters.

In addition we will be able to use other gases like coz, C8H8
{propane), and Frlz, as the experimental situation reguires
it.

In order to handle the large multiplicity expected in
the final states that will be studied, each of these Cerenkov
counters will haveVa 20 mirror’segmentation arrangemént.
These spherical mirrors will be slump-molded out of thin
Plexiglas in order to reduce the amount of material in the
path of the particles. The focused Cerenkov light will be
reflected into Winston cones whose dimensions are shown in
Fig. 19. Finally, the light is detected by RCA 8854 5"
phototubes which have a high photoelectron efficiency (~18%).
-An ADC will be attached to every phototube in order to mea-
sure pulse height. This procedure may help extend the range
of separation of pions and kaons.

Using threshold information alone, the counter will
separate pions from either kaons or protons for momenta be-
tween 5.5 and 36 GeV. All thrée'particles can be separated

from each other for the more restricted range of 21-36 GeV.
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TABLE XIIX

Upstream Cerenkov Counter (Cl)

Gas i 100% N

2
Length of Counter 3.25 m
Transverse Dimensions Upstream 1.4 x 0.64 m
Transverse Dimensions Downstream 2.5 x 1,14 m

o] _
Index of Refraction (n-1) at STP (A¥3500A) 3.089 x 10

Cerenkov Angle (y-») © 25 mrad
Threshold for Pions 5.5 GeV/c
" Threshold for Kaons 20 GeV/c
Threshold for Protons 38 GeV/c
Number of Reflections (Np) 2

Total Number of Photoelectrons (y-o) 16

. = 2 2 N
Npe per cm 170 513 ch(.?O) R

Downstream Cerenkov Counter (C2)

Gas : 21.8% N2 & 78.2% He
by volume

Length of Counter 7 m

“Transverse Dimension Upstream , 2.1 2 1.25 m

- Transverse Dimension Downstream 4.3 x 2.5 m

. O —
Index of Refraction (n-1) at STP(A-3500A) 0.950 x 10 "

Cerenkov Angle (y-w) 14 mrad
Threshold for Pions ‘ 11 GeV/c
Threshold for Kaons : 36 GeV/c
Threshold for Protons A 69 GeV/c
Number of Reflections (NR) 1
Total Number of Photoelectrons (y-«) 15

— s .. 2
Npe per cm = 170 sin ecx(.70) R
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PROPERTIES OF THE
UPSTREAM CERENKOV _COUNTERS(C,)

L
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- Figure 17
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PROPERTIES OF THE
_DOWNSTREAM_CERENKOV_COUNTERS (C,)
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Figure 18
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The mirror planeé in both counters will have 20 seg-
ments of various sizes but constant focal length (78").
To minimize laer costs and material expenses 1/4“ block
acrylic sheet is being considered. The surfaces of acrylic
are already of sufficient optical guality; the exiting light
ray should deviaté from its expected direction by no more

than 5 milliradians.’

The construction of the mirrors will
proceed as follows: oversized sheets wili be slumped into

- a female aluminum mold to produce a spherical shape.’ A
cover will prevent deposition of dust and permits uniform
heating of mold and acrylic sheet. The cover also will pre-
vent local deviations in the plastic sheet. A fluorocarbon
release agent wiil be apgliedrto the mold prior to shaping
to prevent stickine of the plastic to the mold surface.
Acceptable mirrors then will be attached to their mounts and
aluminized. If necessary the mirrors will be reinforced
with a hexcell structure.

The collection cones will be fabricated in one of two
ways: A) Spinning aluminum sheet over a steel mandrel of
desired shape; and B) By blowing acryiic tubing inside a
heated mandrel of correct size.® While option A entails a
minimal expense in manufacturing éluminum cones, the polish-
ing process is very time consuming and laborious. Option B
on the other hand, presents a greater expensé for both

material and mandrel. If metal cones are used, prior to

aluminizing, cones will be dipped and baked with a lacquer
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coating to increase reflectivity. If acrylic cones are
used, the aluminizing will be the same proéess as for the
spherical reflectors, |

To prevent leaking of helium-gas into the photomulti-
plier tube (RCA 8854) we plan to install a 3/16" thick UV~
transmitting window slumped to an inside spherical radius
which will mate with the sphérical face of the tube. The
separation of about 1/16" between tube-face and plastic
window can be continuously flushed with nitrogen gas to
keep helium away from the phototube window. (Nitrogen gas
is essentially transparent over the wavelength range 18752
to 80002.9) To increase sensitivity to UV photons the
plastic window will be coated’with an organic wavelehgth
shifter, P~te£phenyl (PTP) or diphenyi stilbene. This pro—
cess converts photons in the 1700 to 36002 range to a range

o
centered around- 3805a.1°¢

C. Segmented Liguid Scintillator Shower Counter (SLIC)

As shown in Fig. 21, the SLIC is a multilayered lead-
liquid scintillator shower ccunter. Position resolution is
.obtained by segmenting the liquid layers into a number of
teflon coated light pipe channels. Every third channel, pro-
gressing longitudinally through the detector, will be oriented
in the same direction.

The periphery of the detector is composed of Lucite
windows and thin wave bar strips optically coupled to photo-

tubes. The strips are oriented longitudinally and have a
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width which is a multiple of tﬁe light channel widths. For
a single shower, the position of the shower is determined
from the location of the photomultipliers which view light
from the top, giving the x coordinate, and from the side,
giving the y coordinate. In fact, from the distribution of
pulse heights on the neighboring counters, the position can
be determined much better than the width of the channels.
Our experience with lead glass indicates that with 2.5"
channels one can always do better than t 6" and will usually
have a resolution of * 0.2"., This corresponds to 8§86 = .3
mrad.

The third view, at 20° with respect to the vertical
and taken from the bottom of the detector, is to remove
ambiguities for cases of multiple showers. These ambigui-
ties are not as serious as for the case of wire chambers
since they only arise in the case of showers of nearly equal
energy. We believe, however, that this degree of redundancy
will be very useful for resolving complex patterns. In addi-
tion, at least at lower beam intensities, this may enable us
to eliminate separate lead glass pair counters for the fast
trigger (see Section IV A). This in turn will improve our
ability to have a running calibration of the SLIC using the
high rate of pairs.

/We plan to have segmentation of 1.25" (3.18 cm) in the
region near the beam and 2.5" toward the periphery. The
regions are shown in Fig. 21. The total number of ¢ounters

is 278.
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A nice feature of this type of counter is the great
variety of possible configurations which are economically
feasible. The scintillator and segmenting materials are
relatively cheap so thatthe counter can be made with many
layers improving resolution.

The wave bar iight collection scheme also allows for
great flexibility in design.- One has the choice of taking
one or more views of the shower light between each lead
,layer. This choice involves compromises between various
desirable counter performance characteristics. For example,
takihg three views between each lead layer would improve -
the ability to separate complicated patterns since each view
would have the full energy resolution. ‘But then either the
counter would need to be deeper resulting ip more overlap
of close showers, or the ligquid layefs would have to be
thin leadihg to worse light attenuation, or one would have
fewer lavers of lead leading to worse overall resolution.

Another example of flexibility results from the fact
that the wave bars are not glued to the scintillator
channels. This means that if in the future it is desirable
to change the readout cell size of the SLIC, it will be pos-
sible to move wave bars of differing widths (always multiples
of scintillator channels) to differenﬁ regions of the SLIC.
This change could be made without changing the basic liquid

scintillator and lead structure.

Since this detector is a new development, some of the
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important input design informaﬁion is not yet available.

In particular, we can only estimate the total amount of
light, the number of photoelectrons which will actually be
produced per GeV, and the effective attenuation properties
of easily fabricated liquid channels. Experimental studies
of these quantitieé are underway using a prototype but are
not yet complete. The design presented here is therefore
based on estimates of these properties obfained from the
literature combined with our limited experience.

We believe that we can achieve attenuation lengths of
greater than the 2.4 meters iength of the longest channels
of the detector. Mirrors at the far ends of each channel
will improve this further. Combined with the self-calibrating
properties of this detector this should be gquite adequate.
The main disadvantage of the long channels is the somewhat
sloppy threshold for triggering on pulse height that will
result.

A total length of 22 radiation lengths should be
adequate since this is longer thantﬂmﬁlead glass blocks used

: 2
at similar energies in Experiment 25A where SE . 4 13 was

E
obtained. But we note that the light attenuation eggéct of
the glass in that case tended to éancel the effect of fluc-
tuations in shower loss out the back of the counters. The
same will be true in this case with the wave bars if the

tubes are downstream. If the tubes are placed upstream,

which is advantageous for geometrical reasons, the counter
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may need to be somewhat deeper. The 22 radiation lengths
are divided into 39 layers of .56 radiation lengths each.
If the light collection is adequate, this will lead to a
resolution which is improved by /.56 compared with standard

‘lXo detectors and might be as good as SE x ot jL%. Finer

E VE
sampling could be achieved at the cost of either worse
attenuation (thinner layers).or a longer detector. The
latter case would lead to more overlap of close shoWérs.
We“believe that the 39 layer choice with 1/2" liquid layers
is a good compromise.

The detector will contain about 16 tons of lead. To
make manageable modules we will build it in two roughly
sgquare madules. The lead will be in sheets laminated between
.040" layers of aluminum. This ensures that the surfaces
are flat and provides mechanical support for the lead.

While the lamination adds to the cost of the lead, it will

make possible a very simple mechanical construction.
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D. Hadrometer

The hadrometer is a steel/scintillator hadron calor-
imeter segmented both vertically and horizontally. It is
designed for use with the segmented electromagnetic shower
counter (SLIC) for measurement of hadron energy and angle.

In particular, it will provide the only information on the
energy and angle of neutral hadron components in the dis-

integration of charmed states. It also provides the capa-
bility of a fast trigger based on a rough mass calculation
from angles and energies of several hadrons. Calorimeters
of this type have also been effective in resolving ambigu-
ities in the off-line pattern recognition.’

A sketch of the hadrometer is shown in Figure 22a and
a summary of the specifications are shown.in Table XIV. Tae
hadrometer consists of inter-spaced layers of steel and
acrylic scintillator. The counter is divided into four sections,
two located right and two left of the beam line. Each part
consists of a stack of 32 steel plates each one inch thick.
The modules composing the scintillator segments are made up
~of 16 strips of acrylic scintillator each 0.5 inch thick and
four inches wide. Acrylic wave shifter bars collect the light
from the scintillator strips and connect to the RCA 6342A
phototubes by means of a folded lucite light pipe. (See
scintillator module details in Figure 22b.) Some tests will
be performed to acertain the exact combination of scintillator
‘thickness, wrapping, gluing and light filtering techniques to

insure that the response across the module is uniform. On
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Table XIV

Hadrometer Specifications

Total Thickness: Fe 8 collision length

Scintillator 1 collision length
Sample Interval: 1" Fe, 0.5" Scintillator
Total Samples: 32
Phototubes: RCA 6342A
Enexgy Resolution: é% Y ifééér

vE
Position Resolution: + 2 inches
Vertical Horizontal

Size: 285 cm 490 cm

Angular Acceptance:

-Magnets at same polarity - - '
. 87 nmr

P = 5 GeV (charged) * 81 mr . +
P = 20 GeV (charged) + 81 mr + 123 mr
Magnets at opposite + 81 mr + 135 mr

polarity and neutrals

Segmentation: ; 56 modules 56 modules
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the basis of previous work,ll it is likely that the uniformity
can be maintained within a few percent.

The dynode signals of all 112 tubes are routed to 2DC's
for transfer to storage. Signals are also used as input
to processors capable of making event selections on the basis
of kinematics.

The gains of the modules are balanced using'pulse
heights from muons through all parts of the counter. Energy
calibration is determined from low energy beams transported
down the tagged photon line. The calibration will be moni-
tored and maintained by a laser/fiber optics system like that
used on the E-25 lead glass. |

The hadron energy resolution of the hadrometer in con-

junction with the SLIC is expected to be:

The position of the incident hadron is determined from energy
shared by adjacent strips that cover the shower. Although
the counter width could in principle give a position of * 1 inch,
éhe pdsition resolution is dominated by the jitter in transverse
depositipn of energy. The final position resolution will be
about * 2 inches. At 15 meters this gives an angular resolu-
tion of about %+ 4 mrad. '

Following a meter of steel behind’the hadrometer sixteen
12 inch wide by 1/4 inch thick counters with high gain tubes

will identify spectrometer tracks that are muons.
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Online Conputer Conficuration

A.

Hardware Req;xirem@nts

Our choice of camputer hardware is motivated by the
particular experimental déta acquisiﬁion problems. The event
rate contemplated, assuming the fast trigger logic, is 100
to 200 events per beam-second. Our estimate of the number of
16 bit words per event is 400 words (average). We plan for
1 or 2 beam-seconds every 7 clock seconds.

To handle this data rate, we' need to buffer to disk and
to core. The best buffering rate to disk actually achieved is
40,000 words/beam—second with disks currently in use on the
PDP/11. This will handle the low rate limit. To handle the
high rate limit, which will more likely be the average, we will.
need 32K of core buffers for the one second spill case. We will
require 64K of core buffers for the two second spill case.

These core requirements are over and above that required for the
monitor and data acquisition program.

This core buffer will require CAMAC transfers into the region

above 32K. Thus a Joxway 411 branch driver which handles

memory addresses greater than 32K will be required. Manipulation
of this data by the CPU will be necessary, axﬂaKI‘-—llmmry
management unit will be required to access the data above 32K.

| At even 1 beam-secornd per 7 clock-seconds, onge 2400 foot
tape will be filled in 68 mimutes at the 100 event per second
rate, assuming a 1600 BPI tape drive. A two second spill is
anticipated and an average rate nearer the 200 per second

figure is also more likely. Two 1600 BPI tape drives will

be required to handle this efficientiy if the time due to tape
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changing is not to be é significant fraction of the running

The offline analysis of large volumes of taped data
is costly. Thus it is important to analyze, 'oanpress, and
filter the data as much as possible before writing it to
tape. This sort of processing should be done in a high-level
lanquage and as fast as possible. The high-level language is
required to maintain flexibility and ease of understanding of
the processing programs by facility users. The speed is re-—
quired to reduce the mumber of data tapes to as few as possible.
These considerations dictate the use of the fast in-line
Fortran available urder RSX~11M, the use of an 11/55 CPU

with its faster processing capability, and the use of the

e Lloabing point opidon.

Camplete analysis of a portion of the data is required to
be certain that the physics goals are being met. The results
are needed quickly in order to respond to current problems.

We require a BISON-NET link to the central computing facility for
this purpose.

The RSX-11M software provides much of what typical large
experiments eventually build into less advanced monitor softwares,
sucp as sophisticated overlay schemes, checkpoint capability,
and multi-tasking features. To start with these features
already developed will speed up the programming for‘ the facility
considerably. This system will require 2 RK05 disks to handle
the monitor, the buffering, and the fast Fortran disk storage
requirements.

Our estimate for the core requirements for the monitor and
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data acquisition programs, exclusive of the core huffering
is obtained by simply adding the size of the on-line programs
under RT-1l to the size of the RSX-11M nonitor. The first -
size is 26K (28K total size for program and monitor less 2K
for size of the monitor). The second size is between 12K and
16K, depending on various capabilities included in the monitor.
The core estimate is thus 38K to 42K. -

The total core requirements are 70K to 74K for the one
second spill case and 102K to 106K for the two se;:orﬁ'spill
case. |

In addition to the above general hardware requirements,
we require certain peripherals. The standard ones are:

a Versatec Printer/Plotter, 2 Floppy Disks, a Bison Interrupt/
Gate Control Box, and a 613 Tektronix Storage Scope with hard-
copy interface.

Also we will require a second 613 storage scope and two
"dumb" CRT terminals. Note that we will not need a DECwriter.
‘We plan to rely on the Versatec line printer for hardcopy
printed output. We plan to set up two separate console stations.
Each will have a graphics channel (the 613) and a totaily
separate command channel (the CRT terminal). We plan to use
one console station Ifor the immediate rroni{:oring ard control
of the experme.nt The second console station will be used
for the review of past experimental status using the data-
base continually generated by the déta runs being taken.

Our further use of these separate console stat;ions is discussed
in the software plans stated below.

We need to monitor the beam line controls for such informa-

A3
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tion as target parameters, magnet settings, etc. We also
need to monitor the experiment's high voltages. To accomplish
these things, we will need a set of 036 modules for inter-
facing with the beam line controls system and a Peripheral
Node Module for transfer of graphics information fram the control
system. For the voltage monitoring, we need a camputer-controlled
digital voltmeter. ‘

The online computer configuration.is summarized in

Table XV.
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TABLE XV

Online Camputer Rﬁ-:qui;:ezrents _

PDP 11/55 CPU

Floating Point Processor Hardware ’

Memory Management Unit (KT-11)

MOS Memory, 74K for 1 second spill, 106K for 2 second spill
Two 1600 BPI 9 track Magnetic Tape Drives |
Jorway 411 CAMAC branch driver

Versatec Line Printer

Two Floppy Disk Drives

Two RKO5 Cartridge Disk Drives

Bison Interrupt Gate/Control Module and DR-11C

Two 613 Storage Scopes with Hardcopy Unit

Two "Damb" CRT Terminals

BISON-NET Link

Two Beam Line Interface 035 Modules and 1 Peripheral Node Module

A CmgmterbConttblled Digital Voltmeter
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Online Software

Within the RSX-11M framework, we plan to develop a set of
data acquisition routines. These will be tailored to the special
needs of the facility for handling high data rates. This set of
routines will use softwafe currently being developed within the
Computer Department for fast CAMAC data acquisition and disk
buffering under RSX-11M.

’Ib solveA the experimental control and data monitoring
needs, we will use the package called "MULTI". It has already
been qi:tite successfully used by a mumber of Fermilab experi-
ments (E-110, E-379, etc.). The experimenter will use MULTI
to do such things as begin and end runs, to monitor high
voltages, positions of centroids on pulse height histograms, etc.
This sort of monitoring, control, and alarms typeout will be
done at the first graphics/camand console.

MULTI gives the experimenter the capability to set up
from the keyboard various histogramming and display processes
for data items. These may be set to be done conditionally
deperding on the value of other data items. For example, a
pulse height in one scintillator may be histogrammed whenever
a bit in a latch has fired.

MILTI further gives the experimenter convenient places
to attach special subroutines. In these subroutines, one can
process the data in ways difficult or inefficient to do via the
general keyboard capability. The output from these special
subroutines is then availabie to the general keyboard processor

for histogramming and display.
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Track Reconstruction

It has been indicated in previous discussions of the drift
chambers that a great deal of thought has been given to the problems
of tracking multiparticle events in the forward spectrameter and that
the chamber mmber, positions, and wire orientations have been
chosen to ease the pains of tracking.

We will not reiterate here all the reasons for our choice of
geanetry. Instead, we will discuss approaches to tracking the pro—
posed chamber system that will be developed for the Central Lab—
oratory quputihg Facility programs.

The forward chamber system is pictured schematically in
Figure 23. For tracking purposes Dl and D2 are considered together
as a single mcxule (D1-2) with four chanbers having each wire
orientation (x, u, and v). D3 and D4 both have three chambers with
each wire orientation. D5 has only two planes of x chambers.

Note that except for the two D5 chambers, the system is identical 4
in the %, u, and v planes.

We now describe a tracking algorithm which demonstrates the flex—
ibility of the system. Common to any tracking technique is the
necessity to convert TDC counts to position coordinatés ’ 'each wire
hit generates two such coordinates equidistant to but on opposite
sides of the hit wire. The techniques for performing this conversion
are straight forward and need not be elabcrated here.

The algorithm begins by indeperndently finding track segments in
the three modules (D1-2, D3, D4). We believe that it is very im-
portant for computing speed that the coordinate data be presented
to the tracking program in an ordered form. Increasing address
should correspond to increasing coordinate. This may be accamplished

in the hardware or (less 'desireably) at same earlier point in the

-~
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analysis programs.

Tracking Algorithm:

1.

4.

Find all 3 hit lines in D3 and D4 in each view. Ilet &
be one of %X, u, or v. A line is found when: 15(%;1 + 1';3) -
£2< 8¢ , where 6 is a cut whose size is related to the
spatial resolution and which is determined experimentally.

As soon as a coordinate is used in a line, eliminate that co-
ordinate and its left-right ambiguous pair from the search.
Note that the ordering of the data will speed wup this process
considerably. Reasonable tracks will have a specified range
of angles relative to the beam line. This fact will be used
to limit the number ofv £3 coordinates which are paired with a
given £1. The outer limits for this pairing can be established
and the data ordering insures that only those cooxdinates
within these limits will be searched. Similarly in checking

&> for the third hit on a line one searches until a match

is found or until a coordinate is found which exceeds the
predicted value. 2Again the data ordering insured that the cor-
rect coordinate has not been missed. All these technidques
limit the combinatorial growth of computing time expected with
a straight forward brute force arproach.

After all three point lines are found, define all two
point lines possible from unused hi.ts in each view of D3 and
D4. The set of two point lines can be limited by considering
only reasonable angles.

Correlate the three views eliminating "ghost" lines.
Consider only lines which have three hits in at least one view.

Project x view of "real" lines in D4 into D5. Use D5

information to refine x slope if at least one out of two D5
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7.

8.
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chanbers gives a match.

Proceed to tracking D1-2. Each view has four charbers
which are equally spaced. We may use the property that the
two lJ.ne segments defined by £;, £3, and &3, £4 must meet
within a calculable distance on a line halfway between the second
and third chamber. Given the bend angle implied by the two
line segments, one can calculate how the lines should intersect
if they indeed form a single track. A lower momentum cut will
limit the set of line segments for which this test is attempted.
Also, a proximity requiranent can be imposed for the two line
segments. After 4 point circles are found the corresponding
coordinates are eliminated from the search. ijlaliy, all
three point circles wi‘xich can be formed from unuséd hits ard
vmi;:.ﬁ have reasonable romenta are tabulated. |

Correlate the three views in D1-2., This can be done by
requiring that the same momentum can be obtained in each view

or from purely geometrical considerations. Ghost tracks are,

thereby, eliminated. A track candidate should have a four point

circle in at least one view.

At this point we have established track segments inside M1 -
and in the drift space before and after M2. It is possible
to calculate intercepts and slopes in any plane, and it should,
ﬂue(refore,k now be an easy task to match track segments. This
can be done by seeking‘ camon slopes arxd intercepts 'in the
vertical plane. It can also be accomplished in the horizontal
plane by looking for a match at the magnet centers.

After at least two tracks are found, a vertex can be

established. This vertex can be used to relax the hit requirements
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in the first magnet. For exanplg, if a track projects to the

vertex properly it need not be required to have four hits in

any view. |
9. Similarly, we can use the information from one module

to track amother. For example, two poj_nt'lj_ne segménts a_ré

perfectly acceptable if they intersect track segments from

other modules properly at the magnet centers.

Finally, it should be noted ti'lat the above discussion can not
possibly do justice to the hundreds of man hours of progranming
effort which will ultimately go into tracking. We have tried to
make the point that the system is sufficiently redundant that efficient
multiparticle tracking is possible. Further, we think that the
system is designed so thatrcmputing time is efficiently used and
that the cambinational problems encountered in tracking events are

well under control.
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Beam
To a large degree "che range of photon physics that will be feasible
is determined by the fluxes available in the beam. Here we look

at the question of how much tagged photon flux can be reliably

‘anticipated in the next generation of experiments based on present

experience with the beam. The real limit on flux is the rate at
which one can tag photons. Using techniques based on some developed
during summer 1975 we will be able to tag as many as 6 x 106 Y/

second. Modest improvements to the electron beam and reasonable
‘ 12

- assumptions about 1978 proton beam parameters (6 x 1077, 450 GeV,

480 seconds/hour) will make it possible for us to obtain this photon
flux with 150 GeV e . Figure 24 shows the photon spectrnum expected.
Also shown is the e gpectrum. Details of how we will obtain these
fluves aafe given below. Figﬁre 25 is a ’schematic drawing of the
Tagged Photon Beam and may be helpful as a road map in the discussion
that follows.

During August of 1975, the beam was operated at ~ 100 GeV

with 3 x 101,2 400 GeV protons on target and produced about 2.2 x

l()7 electrons. With 450 GeV protons and 6 x 10]'2

p/sec, we can

expect 6 x 107 electrons/sec. at 100 GeV. This flux is more than
adequate for much of the physics to be done on this spectraneter
However, experiments dealing with low cross section states (n -

heavy leptons) will need all the flux tﬁey can get. The electron

flux is presently lmlted by the relatively smaller vertical acceptance.
This vertical ‘acceptance can be recovered in one of two ways.

In a Technical Memo, TM~633, Morrison and Murphy suggested increasing

the vertical acceptance by installing the lead convertor (that

converts photons from the primary target toelectrohs) inside a

R
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dipole. As can be seenh in Figure 26‘ the lead is at a shallow
angle (a) relative to the beam axis. Thus the more positive the
photon production angle the more magnetic field will be traversed
by the resulting electron. The net effect is a vertical focussing
of the electrons plus a small mean bend which is corrected by a
following magnet. There is no horizontal defocussing. To get the
most significant increase in vertical acceptance using this approach .
the lead cénvertor would be placed in the third dumping magnet
(M3) inside the target box with the sweeping magnet (M4) acting as
the correction magnet. This would increase the vertical acceptance
from "1 mr to vEmr with negligible effect on other beam parameters.
Using nmeasurements of the electron beam fluwx as a function of
production anglé, we estimate this larger vertical acceptance will
increase the flux ét 100 ~ 150 GeV by ~ 3.5. This would give |
N2 x lO8 100 GeV or 6 x ZLtZi7 140 GeV electrons (see Figure 25).
Another approach (suggested by B. Cox) is to add a third quadrupole
to the first doublet and thereby achieve a more symmetric acceptance.
A careful transport study of using a triplet will have to be made
before deciding whether to use a Morrison element or a triplet
to increase the beam acceptance.

Using a 20% radiator and ignoring tagging for the moment

N, (R)dk > N, x .2 x £0k) x,fgdk =

7
&%lg-dk 100 Gev
8.7 10°

8710 ax 140 Gev

The factor f(k) = .65 cames from thick target and QED corrections
to the simple % form. Integrating fram 20 GeV to LR will

get 4.2 x 10/ photons for the 100 GeV setting and 1.8 x 10’ with

150 GeV electrons, untagged. This high rate is useful for physics
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when one chooses not to take advantage of the energy constraint
and miséing mass capability allowed by the tagging system.

If tagging is required, the real limit on flux is the rate
at which one can tag the photons. With electron fluxes approaching
those notéd above, a large fraction of RF buckets will be populated
with more than one electron. The likelihood of more than cne
radiated photon of significant energy per electron is also high
when using a thick radiator. Thus, it is necessary to cope
with more than one electron and more than one photon to tag the
energy of the interacting photon. The saving grace is the very low
interaction probability of photons which means that it is extremely
unlikely »10-3) for more than one y to interact hadronically
per bucket. The energy of all non-hadronically interacting photons
in the beam (Z ‘kNI) will be measured by a central counter (C) which
will measure phoéons that have not converted and by the central
horizontal strip of the SLIC which will measure e'e” pairs with

p > 1.5 GeV that have been swept out of 0° in the bend plane.

Extra scintillation counters near the beam in the tagging
array will pick up higher energy electrons that radiated lower
energy photons. Combined with the shower counters of the tagging
system, these will determine the number of electrons (N) in the.
bucket and their total energy after radiating (IE'). Thus, one
can deternﬁne the interacted photon's energy:

K = Mpeam B = PRyt
A specific scheme has been worked out along these lines whlch

.6
allows tagging radiated photons with a resolution of —]E-I- v 5%
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from up to 6 x 107 100 GeV e in a 20% radiator (6 x 10° tagged

photons) . The only changes to the tagging system are eleven
scintillation counters which would be added to the present tagging
hodoscopes on the high e energy end. The tagging magnets would be
run at maximum current (the present 300 GeV setting) in order a:

to spread out the electrons so that there is a sufficient spatial
resolution to measure E' of the higher energy electron well enough
to get <SkI N 5.5 Gev; and b: | to keep the counting rate < 2VHz

in the hodoscopes and < 0.3 MHz in the shower tagging counters.

The C counter will require special consideration. The pulse
height of this counter, like the tagging counters, will be digitized
for any R* bucket with an interaction that satisfies the experimental
trigger. The problem is to get the pulse height information from only
the relevant bucket without contamination fram the preceding o}: following
buckets. The pulse can be clipped to 15 ns and the ADC gate set
short enough to igiore the following bucket. The energy at the
preceding bucket can also be digitized (with appropriate delaying).
Using calibration data one will then be able to subtract the energy
that leaked from the érevious bucket. The problem is by no means
trivial, but techniques like these are similar to those used in
- correcting for shower. leakage fram a neighboring shower counter.

We have described above what might be called a second generation
tagging system which, with minor modifications based on previous
experience, will push’ the tagging rate a factor of ~ 6 beyond that
already attained. When 1,000 GeV protons are available in P-East,
the choice will be whether to use the extra energy to do physics.
in the 200 - 300 GeV range or to continue in the 100 - 150 GeV

range with substantially increased intensity. If the latter choice
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is made, the tagging system will have( to be modified to cope with the
higher rates. Perhaps this will be done by adding more magnets which
will spread the electrons and photons out vertically and horizontally
to keep rates manageable in each of a greater number of counters.

The electron beam can also be used to transport pions into the
Tagged Photon Laboratoxylz. R. Rubinstein notes that although
spot sizes will be samewhat larger the intensities are potentially

only a factor of v 3 below the P-West pion beam.
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Schedule

Rough time estimates for various components in the facility

have been made (Table XVI). The primary purpose of these estimates

~is to detect the critical time elements in the assembly of the

facility. Work has already begun on prototype components. This work
puts the whole program in an excellent starting position. These
efforts are being made in good faith and with the conviction that the
facility is too important not to pfoceed as indicated. Never—
theless, formal approval of the facility will be required to permit
component acquisition in sufficient quantity to mount an experiment.
The importance of this approval for those groups seeking extra-
ordinary funding for their contributions can not be overarmphasized.

One other most critical element is the final specificatibn of
the exact magnet zpertures +to be used. If existing magnets are to be
made available, this task is easier. It is directly related to the
formal approval. If new magnets are to be built, an added constraint
arises. Unless existing copper coil supplies can be utilized,
coil winding will be hindered. One possibility is to do design work
now anxd begin copper procurement before the new fiscal vyear.

Many of the major final component commitments can be delayed
until next fiscal year, but only if bid packages and decisions have
been made in advance of October 1, 1977. For example, if an ADC
system of the type now being discussed in PREP is ordered for other
purposes and debugged earlier, our time estimates remain reasonable.
Similarly, most photamltipliers, metals, and plastics can be pur—
chased after October 1, 1977.

The net effect of the schedule is to suggest that the facility

could begin set up in the Tagged Photon Laboratory in April. First
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beam testing of the assambled apparatus would be useful as early

as June, 1978.
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A

d
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Table XVI (continued)

TAGGED PHOTON FACILITY

MAY JUNE JULY | AUGUST| SEPT ocT - NOV DEC JAN FEB MARCH | APRIL MAY JUNE

MUON I1.D.
Steel ‘ o
Scint/Acrylic <<

Y

Pb GLASS
Support Design ,
Support Assembly q . B —

MID-MAGNET SHOWER DET. ’
Design S0
Box Assembly ey
Scint/Light Guides . %

PM's and Bases ‘ . -z =

\

CERENKOV CTR's .
Design <% ~ S
Mirror Tests
Mirror Assembly = PROTOTIPE
¥Winston Cones ‘
Box Assemblics
PM's & Bases

v

V

<< <
BASES ) = TUBES =l

A

CABLES ’
Order | . b
Testing . . ) .

A
v

EET

ELECTRONICS . ’ ‘
ADC's ' : { =
TDC's =5 , o=

PKC C/R's

Drift Ch Read/Out J -
Trigger Proc. i DESIGN CONSTRUCTION DEEUG

DC Logic DESTGN™ e [CONSTRUCTTON

e
-

i\

COMPUTER - ON LINE
Hardware Spec. <
Software Spec.
Scftware Development ¥ =
Hardware Assembly

Pl \\j

v

A
V

ANALYSIS - OFF LINE
Reconstruction ‘ .
Data Format Spec. , = ey .
Compaction . ~~ =

A
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XIII. Cost Estimates

The new equipment costs of the Tagged Photon Facility will be
borne approximately equally by Fermilab and the out-of-laboratory
collaborators of P-SlG. A detailed breakdown is given in Table XVII.
In the table, the items with an asterisk might well be delayed until
after the startup of the facility. This would delay a portion of
the Fermilab expenditure. However, such an action ‘muld be severe
from the point of view of starting with a camplete facility.
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LT : Table XVII
B " Tagged Photon Facility

Estimated Costs of New Facility

May 1, 1977

A. Beam Improvements#*
1. Slanted Target 1n Magnet either one
2. New Quadrupoles in Target Box

B. Tagging System Improvements¥*
1. 20 Scintillation Counter Hodoscope

C. Hydrogen Target

1. Mechanical Assembly: flask, vacuum, transfer lines,

etc.
2. 10-12 watt, 4 &/hr refrigerator, dewars
D. Recoil System (Canadian Collaborators, P-516)
1. Cylindrical PWC (1,200 wires)
a. Fabrication of Mechanical Assembly
b. Electronics at Chamber
2. Range Liquid Scintillation System
a. Fabrication of Mechanical Assembly
b. 120 Photomultipliers, bases, guides
c. Liquid Scintillator
d. Laser CalibratidnfSystem
E. Magnets
1. Moving 2 SCM105's from Argonne and Assembly‘

2. Power Supplies (2 %-MW Transrexes or equivalent} .

3. Additional LCW Cooling
F. Calorimeters
1. Segmented Liquid Ionization Counter (UC SB)

a. Fabrication (including Pb plates, teflon foil,

liquid).
b. Phototubes, Light Guides (278 elements)
2. Hadrometer*®
a. Steel Plates
b. Fabrication of Mechanical Assembly
c. Acrylic Detectors with Phototube Assemblies

3. Muon Identifier
.a. Steel Absorber
b. Acrylic Detectors W1th Phototube Assemblies
(16 elements)

*These items might be delayed or simplified at the
beginning of the facility (164K total).

Fermilab Other:
Exist'g New
20K 20K*
SK*
15K
35K
60K
36K
20K
30K
10K
6K
‘ 14K
. 32K
BT 20K
v;%%;;
90K
35K
50K=*
5K®
69K*
20K. .
7K
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4. Shower Counters (Univ. of California, Santa Barbara)

a. Between Magnets
b. Pb Glass

G. Gas Cerenkov Counters (U of Colorade)

1. Metal Enclosures (Cl, C2)

2. Photomultiplier Assemblies (40 elements)

3. Winston Light Funnels

4. Spherical Mirrors and Mounts
H. Trigger Counters (33 elements)

1. Scintillators and Guides

2. Photomultiplier Assemblies

3. Supports
I. Forward Spectrometer Drift Chambers

1. Mechanical Assemblies (32 planes)

2. Electrical Circuits (including TDC's)
J. Cables

1. Drift Chamber and PWC Cables

2. Analog Signal Cables

3. High Voltage Cables
K. Electronics
. ADC's (550 channels)
. TDC's
. Discriminators and Logic Modules
Crates, Bins, Racks for above units
. PWC Specialized Units and DC Logic |
Trigger Processor (Recoil)
. Trigger Processor (Forward Spectrometer)*

[<-JNEN B ST, T - SV SR

. Miscellaneous Spectrometer Electronics
L. Computer

1. Bison System (standard)

2. Additional Facility Equipment

TOTALS

*These items might be delayed or simplified at the
beginning of the facility (164K total).

']

Fermilab Others
Exist'g New
18K
2K
25K
58K
15K
15K
4K
8K
1K
48K
108K
16K
6K 15K
6K 16X
33K
4K
30K
20K
10K
20K
15K*
5K
96K
38K
307K 522K 402K
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