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Introduction

For some time it has been clear that a wide array of physics
opportunities would be opened up by building a magnetic spectrometer
at the Tagged Photon Lab. It no longer requires clairvoyancg to
point out that photons are - along with neutrinos - the ideal probe
for studying the new physics. Since photons couple to quark-
antiquark pairs, a photon beam carries the highest fraction of
charmed guarks (or other new gquark flavors) of any "hadronic"

beam. In other hadron beams charm appears only in the quark sea,

and its manifestation is swamped by the background from the valence -

—

non charmed - quarks._.This has become painfully obvious in the
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Meson Lab. Furthermore, in a photon beam the charmed quark pair
carries éll of the momentum of the beam,unlikelthe valence quarks
of a hadron ﬁéam which carry only a fraction of the momentum.
Higher mass states are thus more readily formed by a photon beam.
Fluxes in the Tagged Photon Beam, as will be seen in the later
discussions, are more than adequate to study the productidn and
decay of charm and hidden charm states,to find the elusive pseudo-
scalar partner of the J/¥ (n.), and to search for new gquantum
numbers. Most important is the excellent signal to noise ratios
for rare channels like those of interest that will be possible in

the Tagged Photon Beam. Backgrounds will be low: < 104 muons/m2

per 1012 400 GeV protons. The beam has < 10“6 hadronic contamina-=

tion which means that final states with K's or Ao's will not be
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© _orown up since the time of this proposal. In fact, although this

 energy balance constraint, measurement of the forward missing

in the energy range 70 ~ k ~.140 Gev. This will 1nclude, for

t‘example, charmed baryon and meson productlon, the hidden charm

this proposal, so that we believe the experlment could be ready

we believe them not to be a passing fad. In two years we will

Cx/A

overwhelmed by background initiated by neutrons or kaons 1n the

beam. Additionally, knowledge of the photon energy allows an

mass with a recoil detector and measurement of.prodqctionnenergy
dependence. As.we will describe later, each of these will be
valuable in extractlng rmportant final states from the background._gp”
To take advantage of the potentlal for dOlng phy51cs at the -

Tagged Photon Lab we propose to build there a large aoceptance, d

low power magnetlc spectrometer with a photon detector and a -

range - %%-m1551ng mass rec01l system. Wlth this powerful yet
stralghtforward system we propose to study photoproduced flnal'>

states with forward masses of 2. 5 GeV and hlgher ,using photons
<, <

states with C = 1, J = 0 (n.) produced through the Prlmakoff
process, the states reached by radiative tran51t10ns from the
w' as well’ .as states of p0551ble new quarks.

No new magnets or plant construction are contemplated for

in two years. As a result,the experiment will be able to make
a significant contribution to understanding questions that are
relevant today. Furthermore, the reasons for using photoproduction | b

to study physics involving "new" quarks are so fundamentalrthat

be able to use this experiment to answer new questions that have
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is by no means a proposal for the Energy Doubler, this spectrometer
will be ideal -~ and unique - for studying photoproductidn'whgn
the Doubler comes into operation. It is probably the only existing
P East facility that will be able to operate at 1000 GeV. The
extra proton energy will be used either to increase ?hoton intensity
in the 70-140 GeV range or to double the photdn energy. The
latter would involve no ﬁodification of the electron beamvwhich
already is capable'of 300 GeV. The spectrometer can be mounted
on the fail system:presently installed at the TPL éé that it could
be scaled for different ehergy requirements. |

The electron>beam can alsd be used to transéort pions into
the Tagged Photon Lab.l R. Rubinstein‘notes that althoughbspot
sizes will be somewhat larger.the intensities ére potentially
‘only a factor of ~3 below the P West pion beam. Thus, one can
imagine a future proposal to use the spectrometer at the‘TPL for
a direct comparison of photoproduction and hadron‘production
with systematic errors caused by using different detectors.
eliminated. This emphasizes the flexibility énd long range
benefits to the Proton East program ﬁhat‘the spectrometér Qe

prbpose would bring.
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Beam
To a large degree the range of photon physics that will be
feasible is determined by the fluxes available in the beam. Before

outlining some of the physics we are interested in, we look at
the question of how much tagged photon flux can be reliably anti-
cipated 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
last summer we will be able to tag as many as 6 X 106 Y/second.
Modest improvements to the electron beam and reasonable aSsump—
tions about 1978 proton beam parameters (6 x 1012, 450 Gev,
480 seconds/hour) will make it possible for us to obtain this
photon flux with 150 GeV e . Figure 1 shows the photon spectrum
expected. Also shown is the e spectrum. Details of how Qe will
obtain these fluxes are given below. Figure 2 is a schematic
drawing of the Tagged Photon Beam and may be helpful as a rocad
map in the discussion that follows.

During August of 1975 the beam was 6peratea at ~100 Gev
with 3 x 1012 400 GeV protons on target and produced about 2.2 x
lO7 electrons. With 450 GeV protons (which should be available
routinely by the time of this experiment) and 6 x 1012 p/sec we
can expect 6 x 107 electrons/sec at 100 GeV. The electron flux
is presently limited by ﬁhe relatively smaller wvertical aéceptance.

This vertical acceptance can be recovered in one of two ways. In

a Technical Memo (TM-633) Morrison and Murphy suggested increasing
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the vertical acceptance by installing the lead convertor (that
converts photons from the primary target to electrons) inside a
dipole. As can be seen in Fig. 3 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 focusing

of the electrons plus a small mean bend which is corrected by a
following magnet. There is no horizontal defocusing. To get the
most significant increase in vertical acceptance using this approach
the lead convertor 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 accep-
tance from~1 mr to ~5 mr with negligible effect on other beam
parameters. Using measurements of the electron beam flux as a
function of production angle, we estimate this larger vertical
acceptance will increase the flux at 100-150 GeV by ~3 1/2. This

would give ~2 x 108 100 GeV or 6 x 107

140 GeV electrons (see
Fig. 1 ). 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 traﬁsport 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
' 1

> —
NY(k)dk Z Ne x .2 x £f(k) x i dk
- 2.6 107'
—Se——.dk . 100 GeV
| 8.7 10°
—_— = dk 140 Gev

k
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The factor f(k) = .65 comes from thick target and QED corrections
to the simple g—]]E-form. Integrating from 20 GeV to K ax we will
get 4.2 x 107 photons for the 100 GeV setting and 1.8 x 107 with
150 GeV electrons, untagged. This high rate is useful for physics
when one chooses not to take advantage of the energy constraint
and missing mass capability allowed by the tagging system.
If tagging is required, the real limit on flux is the rate
at which one can tag thé photons. With electron fluxes approach-
ing those noted above,a large fraction of RF buckets will be
populated with more than one electron. The likelihood of more
than one 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 phton.  The saving grace is
the very low interaction probability of photons which means that
it is extremely unlikely (510f3) for more than one y to interact
hadronically per bucket. The energy of all non-interacting photons
in the beam (Z kNI) will be measured with a line of shower counters
(83 in Fig. 5 ) at the back of the detector. The central counter
() will measure photons that have not converted. The rest of
the S,y counters will measure e+e_ pairs with p > 10 GeV/c that
have been swept out of 0° in the bend plane by the magnets. The

S., counters located between the magnets extend the pair range

2
down to P > 1 or 2 GeV/c. The C counter is lead lucite because
lead glass would cclor rapidly in that location. The S, and S3

counters can be lead lucite or lead glass depending upon economics and

inventory.
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Extra scintillation counters near the beam in the tagging
array will pick up hiéher 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 (EZE'). Thus,one
can determine the interacted photon's enexgy: |

k. =N

T - ZE' - Ik

Epeam NI

A specific scheme has been worked out along

these lines which allows tagging radiated photons with a resolu-
Sk

tion of —EI ~ 5% from up to 6 x 107
I

(6 x 106 tagged photons). The only changes to the tagging system

100 GeV e in a 20% radiator

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
sufficient spatial resolution to measure E' of the higher energy
electron well enough to get &k, <~ 5.5 GeV; and b) to keep the
counting rate < 2MHz 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 RF 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
from the preceding or following buckets. The pulse can be clipped

to 15 ns and the ADC gate set short enough to ignore the following
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bucket. The energy at the preceding bucket can also be digitized
{(with appropriate delaying). Using calibration data one ﬁill
then be able to subtract the energy that leaked from the previous
bucket. The problem is by no means trivial,but techniques like
these are similar to those used in correcting for shower leakage
from a neighboring shower counter. Therefore,we believe we

will be able to deal with the problem.

We have described above what might be called a second
generation tagging system which, with minor madifications based
on previous experience, will push the tagging rate a factor of
~6 beyond that already attained. When 1000 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 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.

Comparison with the Broad Band Beam

The question will inevitably be asked how the Tagged
Photon Beam compares with the Broad Band Beam for doing the type
of physics we propose. For a comparison of fluxes see Fig. 1
The broad band fluxes are for a collimator hole twice as large

as the largest used to date and using 5 x lolz,protons. Up to



~150 GeV tagged photons are ~5 x lower and untagged photons
in the TPB ~2x lower than these broad band fluxes. At higher
energies the broad band fluxes are even more favorable.

12

Muon backgrounds are ~104 u/m2 pexr 10 p @ 400 GeV in the

TPB compared to ~ 2 x 105 u/m2 in the BBB. More importantly the

6 in the TPB compared to neutron/

hadronic contamination is <10~
photon ratios in the BBB which are of the order of a few percent
depending on energy. This means that in the TPB final states
with AO,Z etc. will be just as clean of background as_ﬂo,f etc.
Since so much of the "new" physics we are interested in investigat-
ing involves such final states,this is an important advantage.

Knowledge ‘of the photon energy allows energy balance
constrained triggers and measurement of the forward missing
mass with a recoil detector. The production energy in the BBB
is known by summing final state energies,which is done with
accuracy only for simple all charged states. Production energy
dependence and missing mass information is very important .input
for understanding the production of charmed hadron pairs, for
discovering thresholds of newly flavored quarks in complicated
final states, and for separating Primakoff prqdﬁced (even C)
states from the odd C background, just to name three examples.

The broad band and Tagged Photon beams are very complementary.
One allows searches at the highest possible energies and masses.
The other provides energy information, a background-free envi-
ronment, and a potentially higher signal to noise ratio in many

channels. Photons, along with neutrinos, are now so obviously
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the beams of choice for advancing physics that even in. the most
austere economic environment both photon programs should be

pursued for as long as they remain productive.

Targets and Luminosity

We would in most cases use a 2m hydrogen target which at
0.22 radiation lengths is about the maximum tolerable in a
photon beam. With 6 x 106 v/sec, 480 sec/hr the luminosity
will be 25 events/nb-~hr. For reference the table below gives

luminosities on other targets,all 0.22 Xo:

H, 25 events/nb-hr
D, (2 meters=.26Xo) 28

Be 2.8

o 1.4

Al .34

Cu 077

Pb .0117

Heavier nuclei targets would be useful, for example, in proving
that a Primakoff signal has an electromagnetic Z2 dependence.
Also,when the energy is doubled and higher intensities are
available heavy lepton searches/studies will be possible and

enhanced on heavy nuclei.
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Physics: Event Rates for Photoproduced Final States

We will outline here estimates for the event rates fbr
some states typical of those we are interested in. The
estimates are listed in Table I. We assume a luminosity of
25 events/nb-hr as described in the discussion of the beam.
This corresponds to a total hadronic interaction rate of 2.8 x
lO6 per hour or 5800 per beam second. For reference Table I
gives the event rate for w® and Y. These rates demonstrate the
potential sensitivity of the system.

One hundred percent acceptance is assumed in Table I. The
actual acceptance will, of course, be lower and will depend on
the mass and multiplicity of a particular state. As we will
discuss later.the acceptance of the spectrometer is designed to
include virtually all (~98%) of the inclusive distribution down
to a few GeV. A Monte Carlq calculation will be carried out
to estimate the spectrometer's acceptance for different states.

The ability of the system to measure accurately the momen-

o
L

is an important feature that means that we will be sensitive to

tum or energy of all final state particles except K 's and neutrons
the majority of decay states. This is true even for charmed
baryons which will often have strange baryons in the final state.2
Table II shows what fraction of the decays of AO, Z and 5 do not
have neutrons. With the exception of 2~ we see that we will lose
good mass resolution on only ~ 40% of these states. These events
are not completely lost as the hadrometer will make about a 25%

measurement on the energy of neutrons and Kg's.
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Unitarity arguments bacsed on the measurement of ch require

that the total photoproduction of charm is 2 300 nb.3 In fact,

1

the charmed baryon found by Experiment 87 apparently has a cross
section that is in the ball park of 1 ub.4 In Table I we assume
the total charm cross section is 1 ub. Even if the acceptance is
only 1% we would accumulate ~ 300 K charm events after 1000 hours.
The evidence for a C = 1 state at 2.8 GeV found at DESY has
not been confirmed at SPEAR. This state couples to 2y not ly as

most e+e— collisions do. A very promising way to produce it is

via the 2y Primakoff process (see diagram in Fig. 5) in photo-

production.2 The cross section is12
2, 3,4
4o _ 12 mb Z_PYY' 8’k m z(t)
dao m3 t2 C

where F is the Coulomb form factor. The rates shown in Fig. 5
were found by integrating this cross section for Tyy = 20 keV.
Two theoretical estimates have been made of TI'yy: one based on
scaling from ﬂo_gives 100 kev, the other‘a Charmonium calculation
gives ~ 10 keV.5 An unimpeachable theoretical source of ours
says he would be suprised if T'yy was outside the range 5 keV to
200 keV.6 Hydrogen turns out to be the most effective target.
This is convenient because it makes the study of this state
compatible with using a missing mass measurement in studying
other states. The reason hydrogen has the highest event rate

is that the target thickness in radiation lengths cannot be

much larger than .22Xo no matter what target nucleus is used.
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2

Since X, ~ li this requirement cancels the Z“ in the cross

section.andzthe effect of tmih in the form facﬁor makes the
event rate lowest for high Z. The Pximakoff signal will have
a very distinctive energy dependence (caused by the form factor)
as may be seen in Fig. 4. If such a signal is observed it may
be confirmed by checking for £he 22 dependence with other nuclei.
We would-aim;to‘detect all the final states of Ne (including
pﬁ, YY, 47 etc.) and given the relatively low mass the detection
efficiency should be high. ' If the efficiency is as bad as 30%
we would still see more than 1 event/hour at m = 3 GeV. At
worst with T'yy = 5 keV after 1000 hours there would be over
200 events..

The total rate for Y' is estimated using the Fermilab

measurements of ¢ and ¢'- e+e- and SPEAR branching ratio numbers.8

The estimates of Y' » y or Pc use preliminary results from
SPEAR.9 A total of -~ 5% of ' is observed at SPEAR going through

2y and one of the x states to ¥. A total of ~ 1% goes through
+

X states that decay into hadronic channels like 4 7 and 2t 2K
Even if we are pessimistic about acceptance we can expect several
hundred x -+ hadronic states after 1000 hours.

These examples indicate the potential sensitivity of the

spectrometer and beam we propose to use.
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Physics: Requirements:on the Detection System

As a guide to the accept

ance requirements for our forward detector
T Vi

———

we Lorentz transformed to the léb the x dependence of ete”
colliding beam data at 4 GeV as measured in the SPEAR magnetic
detector.10 Table IITI shows the results of integrating these
distributions. The table 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 secondariés down to 5 GeV and most of those below

5 GeV. Above 10-15 GeV * 75 mrad is required.

The mass resolution for an n particle system with mass M

is
M _ 1 Quadrature 1 2 SPj 2 'Geij 2 172
— ==, II = P,P.6.. (—) 4+ (—=
M M 2 13 L p, 9., o
J 1]
| 8P, 86, . 1/2
~ 2 2
X l(-—h + (—=d) ]
in the approximation that each lP P 92 = <lP P.06 2> = ﬁf
PP a 24343 © "213°437 T n(n-1)°
Since <6..> % V2 M and 66. = 1 86, .
i]j K 1 /3 1]
M (fzi)2 + (5 fgi)Z 1/2
M P. M 6.
| i

where K is the incident photon momentum.It is easy to make &6
small enough so 6P dominates the mass resolution. The &P

requirement on the spectrometer is now clear: if we aim for M =

50 MeV for M = 4 GeV then %E ~ 1% for average momenta.
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If the system cannot measure photon and 7° enerqgy - the
acceptance for good mass resolution will suffer-drasticaiiy
since typically 40% of final state particles are neutral.
Accordingly we require a neutral detector with energy resolution
approaching that called for in the magnetic spectrometer.
Discrimination between #° and Y will be important in distinguish-
ing radiative states (of the yY', for example).

Particle identification is also needed to separate the many
final states we will be studying. Separation of w7, K, and protons
below 20 GeV is particularly important since most particles will
have low momentum because of the large multiplicities involved.
Also,the multiplicities will require that the Cerenkov counters
be segmented into enough sectors so that the probability of two
tracks in one sector is low.

A recoil system should be able to distinguish events with
proton recoils from those in which the target fragments. This
will be of importance in understanding éroduction mechanisms.
Missing mass of the forward going particles is valuable infprmation
that the tagged photon energy makes possible and the recoil
detector should provide. The missing mass will be used as an
important constraint in studying the radiative decay states of
the §' as well as in understanding how charm hadron pairs are
produced. The missing mass is, in effect, the mass of the virtual
photon that is producing the state observed in the magnetic
spectrometer. The missing mass will be particularly useful at

high mass where the mass resolution is best.
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The Detection Apparatus: Forward Spectrometer

We have designed a spectrometer that meets the reguire—
ments outlined above in a straightforward and compar-
atively inexpensive way. The detector as we presently conceiQe
it is shown in Fig. 5 . Parameters of this design may be found
in Table 1V and detector sizes, locations, etc. in Table Vv
The magnets are SCM105's from Argonne which are presently or
soon to be idle. There are several reasons for using two magnets: it
a) increases vertical acceptance and b) reduces detector size
since one can divide the spectrometer into a low and a high
momentum system by installing detectors between the magnets;
c) lowers power consumption; d) allows for a potentially higher
beam energy in the future since more bending power is available
than is used; e) makes it possible to install the first dFift
chamber (Dl) 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 magnets are opened to 28" and are each run at 5KG-M.
The total power consumption will be = 400 kW. With the tagging
magnets running flat out (see Beam discussion) the total cooling
load at the Tagged Photon Lab will be 670 kW. This would at
most require an increase in pumping capacity (maximum cost $20K)13
and probably would not even require that. Cooling towers, electric
substations, etc. are all sized for l% Mw.

The drift chambers, D1-D4 have .15 mm resolution and cell

sizes that vary from 1 cm or less at the center of Dl to 4 com

or more in the outer cells of D4. The cell sizes will be
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detérmined after a Monte Carlo study with the aim of keeping low
the probability of more than 1l track in a cell. The chambers
will be deadened in the regions where there are electron pairs.
The drift chambers will be used for good momentum resolution.
We are considering adding some large "previously owned" MWPC
planes to add redundancy for the analysis of complicated states.

The resolution of the low momentum system for P > 10 GeV

will be é% = .0029P. For the high momentum system é% = ,00047P.

The two large Eerenkov counters (52 and Eé) will be operated
at atmospheric pressure with the mixture ratio of nitrogen and
helium (and other gaéses) adjusted to give appropriate indices
of refraction. uThey will be very similar in concept and design
to those presently being used by E-260 in the Meson Lab. In
addition, a third smaller'Eerenkov counter capable of operating
at > 1 atmosphere will be located between the magnets to extend
the identification to lower momenta. Separation of ﬂi, Ki, and
protons from ~ 6 GeV to ~ 20 GeV will be possible at one setting.
- Because of the high multiplicities the‘éerenkov counters will
éach have 16 mirrors and phototubes. The mirrors will be in
two horizontal rows with a gap between them to allow the ete”
pairs to pass through withdut givingAa signal. Table VI gives
exanmples of three different settings and the particle separation
possible with each. Detailed Monte Carlo calculations will be

used to choose appropriate settings.

The physics imposes tough requirements. Particle identifi-
cation forces the photon detector a good distance from the target.

Yet neutral energy and position resolution must not be much larger
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than for charged. Our solution for this problem (S4) will not be
inordinately expensive. We will build a liquid scintillator tank
with about 20 immersed lead plates each 1 Xo, thick. Between the
plates will be honey comb structures with cells alternately
running horizontally and vertically. Light pipes will connect
the cells to phototubes so that each tube sees 10 samples along
one strip in x or y. Teflon will coat all surfaces to give total

internal reflection. A cell size of .2-4 cm will give good 7°

vs v discrimination for E 2 5 GeV and a resolution of éx $ .4cm
from shower sharing information. We expect 2% Z21/2 % at

100 GeV will be readily obtainable based on experience with lead
lucite counters. Because P is measured in the magnets excellent
e/m identification will be possible. The inspiration for this
detector comes from two sources: the Tollestrup-Walker detector
used in the Mesoﬁ Lab charge exchange experiment and the large
liguid scintillation <¥y-catcher of Experiment 1A. Two banks of
short lead glass (S1) counters will be located between the magnets
and detect y's and 7°'s outside the vertical acceptance of the
second magnet. The pair and beam counters (81 and S2) are
discussed in the tagging system section.

Behind the whole experiment will be a typical steel scintillator

hadrometer/y identifier. This will be useful in triggering schemes

o]

L‘s which is otherwise

and will catch the energy of neutrons and K
lost.
The mass resolution of this spectrometer will of course

depend on the final state. BAs a typical example:
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k=100, m =4, n=6
M = 33 MeV all charged

M

I

66 MeV neutral/all = .4
M = 100 MeV all neutral
Other examples may be found in Table VII.

The spectrometer can be built at reasonable cost and in a
reasonable time (see later discussion} and has the resolution,
acceptance and particle identification to do the job we are asking
for. Exact locations of the magnets ahd detectors of the system
will be determined after careful Monte Carlo calculations. The
rails presently installed in the TPL will be used to facilitate

rearrangemeht of the geometry for future experiments.

The Detection Apparatus: Recoil System

As with much of the rest of the detector we have by no means
settled on a final design of the recoil system. A preliminary
cross sectional drawing is shown in Fig. 6. Missing mass requires
a measurement of 6 and momentum or kinetic energy. Recoil kine-
matics are shown in Fig. 7. The system must also be able to
separate ﬂ+ from p in order to distinguish diffractive single
proton recoils from N* +‘nw+ or pm with the proton stopping in
the target. To do this both kinetic energy and momentum must
be measured. The two cylindrical wire chambers
(SCl and SC2) will measuie 6. Surrounding the outer chambers is
a box with steel plates and liquid scintillator. Once again
liquid scintillator is used so that acceptance is not sacrificed

to cost. Figure 8 shows a cross section of one quadrant of the
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liguid scintillator box in a scheme in which there are 12 seg-
ments each viewed with a phototube. The range measurement would
give Q% ~ D% up to 1000 MeV/c. Pulse height measurement of
individual segments would give enough %% information to separate
pions from protons. A total of -~ 12 tons of steel would be
required. (Another scheme we are considering would use no steel,
only liquid scintillator to range the protons.) Figure 9 gives
an idea of the mass resolution for a system like that described
here.
Trigger

One of the advantages of a photon beam is that despite the
sensitivity to rare physics the rate of hadronic interactions is
small. Even with the high beam intensity there will be only
~ 5800 hadronic interactions per second. We do not wish to write
~all these events on tape. The decision on which events to write
can be made in as long as 10-15 usec and the dead time will remain
below 10%. We expect, therefore, to run the experiment with a
fast and a slow trigger.

The fasttrigger will fire on a tagging signal in which
energy is lost outside of the pair and photon counters (82 and 83).
The additional requirement that there is a hadronic signal in
the recoil, the hadrometer or the Sy detectors may prove useful.

Once the fast trigger has fired and started latches, ADC's
etc., the electronics will have 10-15 usec ,which is a long time,

to decide whether to record the event or not. The following is
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an example of a slow trigger we are considering:

a) (Recoil has one track) and (Mx > 2 GeV). M is
determined by matrix logic on latches set in the
recoil system. These tell which level of the
range system was hit and the Z position in each of
two circles of hodoscopes.

b) (Recoil has more or less than one track) and (K or
proton signal framéérenkov cbunters) or P; measured
in Sy and hadrometer greater-than some value).

A trigger like this will reduce the data rate on tape to a

comfortable and unbiased 100-200 per second.

Business Matters: Running Time, Costs and Time Scale

We estimate the cost of the detectors to be of the order

of $250K broken down approximately as follows:

Drift chambers S$50K
Recoil system 50K
v

Cerenkov counters 70K

Liquid scintillator 50K

vy ctr
Hadrometer - 20K
Shower counters 20K

The experiment can, with reasonable priority, be mounted
and ready for data in two years' time.
Two runs of five weeks each (1000 hours) should satisfy

the goals outlined in this proposal.
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Table I
Some Estimates of Event Rates

(Beam assumptions noted in text: Luminosity = 25 events/nb~hr
100% Acceptance)

Physics _ Events/hr

vp > w’p 70K
Yp *> J/Yp 940
Yp * ¢’ 325
Y' - ¥ - hadrons >3

X >+ 15

yYyp + all charm 25K
YP * n.p " m = 2.8 Tyy = 20 keV 4.2
m= 3.0 : 3.1

m 3.5 k = 100 GeVv 1.5




Strange Particle Branching Ratios to States without Neutrqnsll

A° .64
gt .52
3° .64
% 0

5© .64
g .64
KZ 1.00

- 24 -

Table II

Table III

Typical Angular Acceptance Requirements
for Multi Hadron Final States

Sle

(Lorentz transformed from SPEAR inclusive data.)

Mx = 4 n., = 4 n==6
Angles that include 95%, 98% and 99% of
‘ secondaries
k P 6(95%) 0(98%) 8 (29%)
GeV GeV rad rad rad
100 1l . 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 L101 2111
15 072 .083 .091
20 .064 .074 .080
30 .053 .062 .067
40 .047 .054 .059
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Table IV

FPorward Detector Parameters

Low Momentum System

Charged:
1 Gev < P < 10 Gev °Z = .o0020p §6 = .0003*
9H< + 120 mr
6V< + 140 mr
Neutral:
6 < £ 120 mr
_ E _ 1 _
t66 <0 < M0 mr o * -0l 56 = .009%
80 < 013
8
High Momentum System
Charged:
10 GeV < P < 120 GeV §-§ = .00047P §6 = .0001*
6H< + 100 mr
6V< * 66 mr
Neutral:
0.< % 120 mr
H SE ~ .1 _ %
ev< + 66 mr 5 ~ - + .015 66 = .00033

*Not including vertex
information.
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Table V

Detector Sizes and Locations

Sie

Size
A Horiz. Vert. Length Detector Description
m m m m '
Dy “l.2 .60 .40 Drift chamber x,y,u.
§x = .15 mm
D, 1.8 .70 .50
D3 3.3 1.20 1.00
Dy 7.5 1.75 1.00
glupstr 1.9 .70 .50 > 1 Atm. C counter
Cldnstr 3.2 1.2 1.0 '
v v
Czupstr 3.4 .84 .50 4 1 Atm. C counters-
dnstr 7.4 1.75 1.00 segmented
v He—~air mix to adjust n
C.,upstr 7.6 1.75 1.00 4
3anstr 11.6 2.80 1.55
SlX2 3.4 .75 .50 .35 Lead glass or lead
lucite ~15X_,8x%.3cm
S,x%2 3.4 .08 .065 .35 Lead glass oOr lead
lucite ~15XO,5x:;3cm
S3 11.7 2.85 . 065 .40 ~24X
s, 12.1  2.90 1.60 .30 Liguid scintilla®or/
lead ~20X_ ; segmented
10 x samp?es, 10 y
samples
6X ¥ .4cm SE = .025E
Hadr 13.1 3.15 1.75 1.00 Steel/scintillator
SE

= ~25%
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Table VII

Approximate Spectrometer Mass Resolution

M E n M (MeV)
(GeV) (GeV) all charged all neutral charged/all = .6
2 50 6 8 50 32
100 4 25 37
6 17 ' 34
8 13 33
3 50 6 13 75 48
100 4 37 ) 56
6 25 , 51
8 19 50
4 50 6 17 100 65
100 4 50 74
6 33 ' 68
8 25 66
5 50 6 21 125 81
100 4 62 : .93
6 42 85
8 31 83
6 50 6 25 150 97
100 4 75 111
6 50 ) 102
8 38 99
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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 ffom 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 photoproduced states
(including charm and hidden charm) with a forward mass > 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 physics
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,2 300 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 energies in the range 70 < k < 140 GeV. However,
much of the spectrometer will be mounted on a rail systém. This
will allow, for example, the spectrometer to be stretched 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, PWC2,
PWC3). Energy is measured by total absorption and range in a four-

tiered cylindrical liquid scintillator detector (Ai, B C., Di)‘

i’ ~i

Pions and protons are distinguished by the dE/dX information.

The forward spectrometer is a two magnet system fMl, Mz) 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 (Dl, D2, D3, Dy, D5) to measure
momenta and angles of charged tracks. Two atmosphere pressure
Cerenkov counters (él’ 52) will be used for K, 7, p particle
identification. A segmented liquid scintillator shower counter
(SLIC) will measure energy and angles of electromagnetic particles

i, ﬂo, Y). A segmented hadrometer will be used to detect neutral

(e
hadrons (Kg, 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, etc.

In the following sections of this report we will first
discuss the design considerations and constraints that have lead
fo the.present¥éesign 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

23



Table I

Locations, Sizes and Acceptance of Detectors

Location (2) (1)

(m) on Size (m) Acceptance

beam line Hor. Vert. Pmin(GeV) Aex(mrad) Aey(mrad)
tgt center 0 - - - - -
D1XUV 1.68 .67 .56 1 +199 +167
D2XUvVl 2.18 .85 .65 1 +182 +149
D2XUV2 2.21 .85 .65 1 +180 +147
‘D2XU0UV3 2.24 .85 .65 1 +178 +145
Ml 2.2+.6 ~2 .76 - ~*+350 +136
D3XUV1 3.41 1.75  1.20 1 +176 £176
D3Xuv2 3.71 1.75 1.20 1 +162 *162
D3XUv3 4,01 1.75 1.20 1 +150 150
M2 4.7+.6 ~2 .76 - ~+170 + 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 g8.12 2.10 1.25 10 +120 77
C2 upstr 8.2 2.1 1.25 lQ +120 * 77
C2 dnstr 15.1 4.33 2.50 10 120 * 82
D5X12 15.2 4.33 2.50 10 120 * 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 verticda’
rays from either end of target.
Horizontal acceptance * 120 mrad
for P_. rays from upstream end of

target for low P system and from
target center for high P system
(+ 110 mr for hadrometer).
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Table II

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

Recoil:
2 8T -
1< |t] < .6 Gev St .l §6 = * 6 mr
O ¢ < (o]
307 5 8 - 90 At 81, < % 350 MeV for M, > 2 GeV
acceptance =~ 50% for e ’

2 < A < 15 Gev ™2

71+ vs p identification range |t]| < .6 cev?
7° identification efficiency~.72

n identification efficiency ~ .45

Forward charged spectrometer:

Low momentum system

1 <P < 10 GeVv & = * 8.6 100°p 86 = £ .1 mr
ehoriz < = 150 mr
evert < = 135 mx
High momentum system
10 < 6P _ —4
P < 120 GeV -+ =% 2.2 10 °pP 88 = £ .05 mr
ehoriz < + 120 mr
evert < + 72 mr

Particle Identification - m vs (K or p): 5.5 < P £ 50 GeV

T vs R vs p: 21 < P £ 50 Gev
Neutrals:
6horiz < +120 mr* SE
vert * 82 mr % St .1 g7 86 =+ .3 mr

Luminosity: =~ 1 event/nb/lO15 protons

. *(+120 mr with upstream shower counters)
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be followed by a detailed description of the various detectors
and experimental equipment 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
photoproduction of charmed states will requirelmissing mass in
excess of 2 times 1.80 GeV, the missing mass threshold can be
safely set at 2.5 GeV in the trigger. As discussed in Section
IV, this will reject most of the yp cross section including all
the low mass neuﬁral vector mesons (po, w®, ¢O, 001’ etc.) and

will enrich the data with charm events.

A. Acceptance

We consider the reaction

Yp > My p'

where pérticle M, 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 polaf angle & 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°., Cnly in the downstream one-half
meter of a 2.0 m long hydrogen target is there any accep-
tance loss for 6 $ 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 27. As shown in Fig. 3, a segment in 9§
is removed to provide structural support for the access to
the three cylindrical PWC's.

We define momentum acceptance of the recoil proton as
that percentage which stop inside the liquid scintillator
range detector. This of course depends on the t distribution
of the recoil particle, and its recoil angle 6. The recoil
angle 0 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 ¥ 4 GeV™ 2, which is the value suggested by the high
energy Y 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

2

expected range is 0.1 <Jt| < 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 = 2kp'cosg - 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 proteon mass. The

error contributions then vary as

oMy = % (p' cos® - T)sk
- 1 k cosb6 _
SMp = & (2255 - (kem) ) 6T
SM, = % k p' sing &9
6 M~ P

and the total missing mass resolution is

SM. = V. 2
X GMk

+ oMZ + o2

The variation of the 5Mi curves with T and different
values for M, k, &k, 6T, and 80, representing extremes, are
shown in Figs. 6a-d. The T interval from about 30 to 300 MeV
represeﬁts 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 also #he recoils

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

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

I+

4% and 86 = = 6

from &My and dM, are equal when §T/T =

]
milliradians. The resulting 6Mtotal = 175 MeV at M =

1+

2 GeV, k = 50 GeV. This guides our choice of wire spacing
in the cylindrical PWC's to measure §6 to + 6 mrad. A
pessimistic case of 8T/T = + 12% gives GMtotal = + 350 MeV
for the difficult case of low mass (2 GeV) and Yy 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
Sk/k % % 4%. This is illustrated in Fig. 64d.

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 1
M, > 2 GeV.

X

C. w, P Identification

Pions and protons (T < 300 MeV) can be separated by
relative dE/dx signals in liquid scintillator compartments
Aj, By, C;, and D;. The relative pulse heights in each
compartment are shown in Fig. 7a for recoil angle ¢ = 90°
and in Fig. 7b for recoil angle 8 = 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 piQn.
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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 required, it may be possible
to have this information on-line. Otherwise it will be
available off-line, after the resolution has been fine

tuned.

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 acceptange. 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 ete” 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 III

Typical Angular Acceptance Requirements
for Multi Hadron Final States

(Lorentz transformed from SPEAR inclusive data.)

Mx = 4 nch > 4 n==6

Angles that include 95%, 98% and 99% of

secondaries

k P 6 (95%) 6 (98%) 6 (99%)
GeV 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 1l .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. BAbove 10-15

GeV only about * 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 example, 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 emax = 170 mrad. As another example,

the cascade

M=4.4) > (M= 1.85) + (M = 1.85)
l—~+ M = .5) + (M = .,5)

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

has emax: 150 mrad and will also have good acceptance. For
M = 6 GeV instead of M = 4.4 the same cascade will have
emax :.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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|00 GeV
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We have also checked the acceptance of the 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 state and then decaying with the
characteristic multiplicity and spectrum measured
in ete” interactions at SPEAR as described above.
2) Assuming the photon to be a hadron, interacting
with a proton, and producing hadrons with the
characteristic spectrum measured in 7p and pp
interactions:

do
dp, ax

= p, e OPr (1 - x)?

3) Assuming the photon is diffractively excited into
a DD state with-each charm particle decaying into
a Krm final state.
As can be seen from Table IV, the results are similar fox
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 tradeoff between
mass resolution {derived from angle and momentum resolution)
and acceptance. From the standpecint 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
l. Lorentz transformed ~4 75 4 .988 .95
SPEAR ete~ data
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 100 MeV.4 Taking into con-
sideration these numbers and the good signal to noise we
expect for theselchannels we feel that it will be appropriate
to start with M £ 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 resolution for an n particle system with mass M

is
SM 1 §P. 2 §6.. ? 1/2
R ZZQuadrature 1 PiP-S--2 @' 3y y 13)'
M M 2 J 1] P 0., o
J 1]
I &P, 560, . . 1/2
= [(—-1>2 + <——11-)2.,
P. .
J elJ -
in the approximation that each EP P 92 = <1P P.® 2, - EE
y l2 ivj ij 271737137 T n(n-1)°
Si <9..> = - L =
ince 913 V2 . and 561 = aeij

| §P, 86, 1/2
M = i,2 k i,.2
H [(‘"" * (y —e.’]
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where k is the photon energy. Generally it is easy to have

806 make a smaller contribution to 6M than does §P. It is

clear then that the requirement on &P is Q% N Q%

25 MeV resolution at 2 GevV, é% and §§ should be < 1% for

. So for

average momenta. It may be noted in Table VI which will be
discussed later that the ~1% requirement 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, 88 ~ 8 Z 1.7

BT

at 22 Gev. Thus, final states with 71°'s will have somewhat

oe

worse mass resolution. Table V gives examples of M for a
variety of conditions. The resolutions in the Tablé are given
for the case where there is either a recoil particle ox

one can project several forward particles to a vertex

and substantially improve 6P, 88 and therefore SM. 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

determined 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 (w,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 1l atmosphere. In photoproduction experiments
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Table V

Monte Carlo Calculation of Forward Mass: Resolution

57 ¢

M
M
Model (see text) n, K (Gev) Mass (GeV) %104 M (MeV)
l. Lorentz transformed ~4 75 4 50 20 (34)*
SPEAR ete”data *
100 59 24 (39)
140 71 28 (47)"
2. Hadronic 6 75 - 56
7 100 64
7 140 80
3. Charm Pair 6 75 4 (2+2) 46 9 9
5 (2%+2%) 46 12 12
6 (3+3) 46 14 14
7 (3%43%) 45 16 16
6 100 4 (2+2) 52 10 10
5 (2%+2%) 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%+2%) 66 17 17
6 (3+3) 65 20 20
7 (3%+3%) 64 22 + 22

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

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 #n, X, 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 = g sin26c where a
is, in practice, a figure of merit including phototube,
window, reflection and gas effects. As 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 conservative g = 120 and
have reguired 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 near threshold from
those having higher momenta. The counters will be built in
a modular fashion so that the lenéths may be extended for
higher energy (low index of refraction gasses) or shortened
if the designed lengths prove to be more conservative 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
magnet 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 gap
prohibitively wide. The second magnet adds the additional
bending power necessary to get good momentum resolution for
higher momentum particles that do not require as much
acceptance. The position of the second magnet is chosen to
optimize the momentum resolution of high momentum tracks
without compromising their acceptance. Low momentum par-
ticles need not be detected following the full magnetic
bend required 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 separate section below, the drift chamber locations
are motivated primarily by requirements 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 +5kGfm in each magnet.
Table VI lists i and 66 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 §E = % ~§-%,

VE
6x = ,5 cm (88 = .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) ég—(xlO_LlGeV"l)GeX (mrad) 68y (mrad)
P
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

N
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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 option 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 designvreport, we have
assumed except in this subsection, that SCM105 magnets will
be used for M1 and M2. 1In 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
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Table VII

Magnet Regquirements

Bending Power
Gap - vertical

Gap - length
(including coils)

Gap - width

2

v

v

Ml
12 kG-m
30"
48"

40“ ]
(good field)

VvV

14

AN

™Il v

S7¢

M2
12 kG-m
30"
60"

75" (aperture)
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 Ml 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 eneray 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 momentum resoclution 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 intc the gap of the first magnet so that a charged
particle will have to tfaverse .25 kG-m before the first
chamber. Hence, no particle with p $ 5 MeV will penetrate

to the chambers.

An additional constraint is imposed by the Cerenkov
counters. Particle identification requires that most of the
available drift space behind the second magnet be dedicated
to Cerenkov counters. Only a short distance along the beam
between Cl1 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 M1l. A third set is located
in the drift space between M1 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
between 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 their wire
orientation in each set, it is necessary to keep 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 especially 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 modules. 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 requires 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

T bt e e AT
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the same set of planes. In the simplest case, that of
straight tracks at normal incidence, only two chambers
offset 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 must therefore have at least four
chambers with each wire orientation. It is then possible
in a single view to uniquely assign hits to tracks. We
consider all the chambers in M1 (Dl and D2) as a single set
of chambers which are tracked together. D1 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
ey 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 ey 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 techniques

dN
dcosf dp

transforming SPEAR x dependence data at 4 GeV was used to

were used. The distribution obtained by Lorentz
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 earlier. There was
agreement between all calculations in direct comparisons.
The Monte Carlo 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 £ X 10% except within 1" of the beam in D1
and D2 where f > 20%. This means that no more than 10%
of events will have 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 bean.
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 f £ 1% everywhere. The smaller
cells near the beam are motivated by the need for better e'
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 m° decay will go into
different cells and not be confused. Even at an energy as
high as 60 GeV the y opening angle (6 > 2;1) leads to a

separation of 2 9 cm. -
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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 quite the small
cell sizes of the SLIC or drift chambers. On the other hand
only a fraction of charged tracks give Cerenkov signals.
Furthermoré, the Cerenkov cells are rectangular rather than
strips. As a result, the fraction 6f 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
1/20 - (n) (n"l) ,

1 40

f =
i

M3

where n is the number of particles which are fast enough to
give Cerenkov light. For the processes simulated in our
Monte Carlc studies we find n =~ 2-4, so £ z 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

T8 - GRS (A e cmae w o e
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program using various particle production models which were
described in subsection A. The results for the various models
are similar to each other. Here we discuss in detail results
froﬁ only the model which assumes a 100-GeV Yy ray is diffrac-
tively excited into a (cc) state. Each charmed particle
decays into Kmm 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 kaoné 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 chosen 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 thie smallest. With the
indicated mirror segmentation, the correct particle identi-
fication can be made in 90% of the events. 1In 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.

e Ry A . o AT % g
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Iv. 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 long as about 10 usec can be useé to define a higher level
sophisticated 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 cqntaining 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 analysis 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 prespecified range. A

first look at a detailed processor algorithm'to accomplish
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this is outlined in the next éection. 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 section this trigger will be by comparing
the relevant photoproduction channels with those measured
in the pp » pX inclusive scattering experiment of P. and

5 The fraction of events with a single

J. Franzini et al.
recoil proton will be about .35. Of these about .37 will
fall in the mass range selected and about .78 will have

] i .04 GeVz. 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_productionvof 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 than the high data handling
capability of this facility. Thus, after exploratory studies
using the recoil trigger have been made, additional higher
level triggérs must be implemented. These will probably
be biased towards some aspect of charmed particle production,
which is expected either on theoretical grounds, or empiri-

cally determined from the exploratory runs or from other
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experimental results then available. In 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-
fion will only be usefﬁl in special cases such as for the
Ng discussed below. Charmed particle decays will, it is :
believed, often lead to a final state involving strange
particles, such as Kz, Kg, Kg, A, K, etc. A unique signa-
ture not yet exploited is that of a hadronic final state
which does not consexrve strangeness.b 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

particles 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 cénsiderationsvsuggest that the following

particle pattern identification should be implemented in
the first high level triggers involving the forward detectors.

1. Charged particles: Ki and pi. Some of these are
identifiable by the Cerenkov counters. A "not-a-
pion" trigger in general requires some knowledge
of the momentum of the particle.

2. Neutral particles, mostly Kg and n. These will
interact in the hadrometer and be useful directly
in the trigger.

3. "Vees", i.e., Kg > 77 n” and A, N~ piﬂi, where the
decays occur in the drift space of the spectrometer.
(Neutral decays of vees will be seen in the SLIC
and the hadrometer, 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

of this spacing and because of the magnetic field

= g NS AT e T e e




- 50 -

regions. Thus apparent 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(A) has mean
decay length ranging from one to three meters. At
15 GevV, 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 fegion. Vees can also be detected
off-line by reconstructing verticés 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 (L), 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 more 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 avaiiable in approximately one
miérosecond for use by the next level of trigger-processors:

l. 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 longitﬁdinal momenta can,
in principle,be aetermined 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, since the SLIC can detect electrons. In addition,
there will be muon counters buried in iron shielding behind
the hadrometer.

Primakoff production of the Mg 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 trigger
| will be required, although a preliminary search may well be
carried out with a "no-recoil" trigger. The Ner with IGJP =

0%0” 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 recoil detector can
be used as a veto, but no missing mass will be available.
Strict two body decays of the n, are gxpected to be
very small (e.g., YY, pp, AA..., < 1%). -Decays like 27,
2K are excluded by spin and parity. Decays like 37w, 57...
are suppressed by G parity (hadronic decays will dominate
6ver electromagnetic - ones). Numerous final states, like
4w, 6m,..., KRm, KK27,...n27, n'27m... are available, and
all will proceed with reasonable branching ratios. Since
the cross section for Ng production is so small, one 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 n° 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 obtained 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 n, 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_ =X = P.P.o,.
F i3 2 "i" 3713
=2 p.X.¥0.% - 0. %% 1 pYp ¥ Y - g Y2
i3 173 i J K1 - 1 k 1

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 resolution will be dominated by the hadrometer

resolution and will be . .15 My which is adequate for

triggering purposes.

For the Ngr @ narrow cut, say 2 < MF < 4 GeV added to the
charged multiplicity and pp cuts would lead to a very good

n,.. trigger. In addition, relaxation of the charged multi-

c
plicity requirement might be made, further improving the
‘acceptance of the trigger for Ng»

In addition, a tighter trigger for N could be made if
fast TDC readout of the drift 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.

B L av——



- 54 -

" The possibilities that are opened up by having forward
track reconstruction available for the trigger are impressive.
Accurate mass and P; triggers that are not dependent on poor
resolution hadrometers will be very important. Better Ceren-
kov identification using momentum will be possible. Also
possible will be detection of kinks in tracks indicating
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 require 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 (l1l-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.

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 specifically 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 nm or pﬂo states, for example) and charged
pions (from hﬂ+). In addition the processor must reject events
with several tracks a£ the first interaction (pﬂ+w_, etc.) with-
out rejecting good events in which a secondary interacts and
produces additional recoil tracks. These excited proton states
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 frequent use of parallel table
lookups 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 sho&s the organization of a memory made up (as an

example) of 128 Fairchild 10415A 1024 x1 bit bipolar ECL RAMs.
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Table IX

Memory Organization for Table Lookup Functions

Description

Neutral Veto

Unit conversion

Zpwe ™ Ztiming

Missing Mass
Criterion

Proton Criterion,
each scintillator
segment function

of 6.

Proton criterion
selection as
function of energy
and 6.

Total

Function/#Rits

NVi < NV”(Ai’Bi’Ci'Di)
i=1, 15
Ai,Bi,Ci,Di 1 bit ea.
NV4 l bit
(NV is same for all i)

TZ <« Z(ZPWC)
Zpwe 8 bits
TZ 4 bits

MMC <« MMC (6, E, K)
e, E 6 bits ea.
k 4 bits

J
5 =1, 4
] 4 bits

(PC is different for each j)

PCS +« PCS (PCj, E, 6)

j=1, 4
ch 1l bit ea.
E 6 bits

0 4 bits

g4 - 1024 x 1
15 - 16 x 1 or
l - 256 x 4

Spare
Total

Organization
15 - 16 2 1
1 - 256 x 4
64 - 1024 x 1
l6é - 1024 % 1
4 - 1024 x 1
84 - 1024 x 1
15 - 1024 x 1
4 - 1024 x 1
103 - 1024 x 1
25 - 1024 x 1
128 - 1024 x 1
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Each 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 bhe 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 fequirements.

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:

l. 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 clﬁster address

Z; = (Cluster)i - (Spread)i/Z
is computed by dropping the lowest order spread bit
énd subtracting the remaining 2 bits from the cluster
1as£ 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, Cs 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

o

bit patterns that correspond to a T~ or n interaction

in one of the scintillator sections. The 15 groups of
(AiBiCiDi) 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.)




Sve

Z 59 -
Table X
Neutral Recoil Veto Patterns

Contents
Address . of Memory
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the processor will start to determine PWC track parameters.

In an ideal situation of a single proton track there will

(As described in Section

VI, the concentric wires of the three PWC's at one Z

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;

4+ -

b) multiparticle recoils at the primary vertex (Pm 7 ,

for example) that are in most cases to be rejected for

M, calculations; c¢) § rays which may add a cluster any-

X

where in the inner chamber.

To deal with this the processor —

will be wired to 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 §'s are parameters

computer.

DO 1 J I+l, L-1

Il

0, = 2(3) - 2(I)

DO 1 K=J+1, L

GB = Z2(K) - Z(J)

IF (|6, - 6p |

> 61) GO TO 1

which may be varied from the on-line

(no track)

STORE I,K and increment track count N N
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V(N) = 2(1I) - GA/Z Vertex, since target to
inner ring = 1/2 ring to ring distance.
IF(N = 1) STORE V(1) and GO TO 1

wr(vin) - v | > §,) GO TO 1
SET "more than 1 track at first vertex" bit
and exit loops.

1l Continue

IF (NO TRACK). . . .

6 =06, + 6p
The next step is to find the A,B,C,D scintillator seg-
ments that correspond to the wire chamber track. This
is done by finding a ¢ sector i with end to end timing
information corresponding to a location sufficiently
close to Z(K), 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 Z location
of the track in ¢ segment i to *+ ~ 6 cm. The outer
chamber coordinate, Z(XK), is converted to time units
(TZ) 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 (|Tz - T(M)]| < 63) GO TO 3

2 CONTINUE

GO TO "NO MATCH"

3 STORE M
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The appropriate energy is‘

E=A(M) + B{M) + C(M) + D(M)
following two operations are performed simultaneously.
Look up E vs 6 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 biﬁs of photon energy K and the appro-
priate table will be used. The tagginé 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 m 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 (whgre I, = A,,=B, etc) which set four bits (PCj)
which indicate pulses above proton threshold. Another
lookup of PCj vs E for 16 values of Q will provide a
bit if the event corresponds to an acceptable proton

pattern.

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

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

met, the proton bit is set, and neither the neutral veto bit
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nor the "greater than one track at the first vertex" bit
is set.
We can now estimate how long these operations will take:

Read in (including operation 1)
faster than 1000 nsec

Operation 2 is parallel 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 pn¥n~
recoil from a secondary inter-
action which crosses the
primary proton recoil, needs
about 55 short cycles and 2
long cycles.

Total worst case: 9000 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 upsec.
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.

S/

- 65 -

Recoil System

A. Cylindrical Wire Chambers

The trajectory of the recoil proton will be measured
by three concentric equispaced cylindrical proportional
chambers (see Figures 3 and 4) with both‘aﬁode 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 will 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 polar angle,
6, are made»from foils 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. wa possible constructions are under consideration.
The first requires that the foils be free-standing and
held under tension by end rings separated by support rods
(indicated in Fig. 3). Separate rings are needed for the
anode w}res, the inner cathode and the outer cathode 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 honeycomb
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- This is not an
intolerably high mass, so the second method seems preferable.
An additional constraint, which renders the first method less
attractive, is that the downstream end of the inner chamber
must be low mass since it intercepté part of the forward
spectrometer acceptance. However, we are presently designing
and building a 34 cm. radius prototype of the free-standing
chamber 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 inveétigated 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 resolution in 6 is
dominated by multiple scattering in the target and chambers.
However, at larger t, the measurement error in the chambers
is the controlling factor. In order that this not dominate
the total missing mass error, 6 must be measured to roughly
* 6 mr.

The measurement error 1is

W sin2 6
s = g Sin U

Y3 a

where d is the radial distance between the first and third
chambers, W is the cathode wire spacing and g is a factor,
certainly less than v2, which accounts for the degradation

in resolution due to the spatial width (~1 cm) of the induced
pulse on the cathode. For the worst case, (g = 1.4, 6 = 700)
we require W ¥ 3 mm for d = 30 cm and 66 = 6 mr. Thus the
cathode wires (1 mm spacing on the foils) can be tied together
in groups of three, giving 667 channels per chamber. Since
the hits in each chamber are well separated in z (6 = 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 6 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 effects in the
liguid 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 be
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 8, 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 mother-boards in
the bottom access space (recall that cathode channels at the
same z 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-
-eriminator 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. Thié is also located
on the experimental floor, 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, pﬂ+ﬂ_ target
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 6 < 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-
streém of the three primary clusters from the proton recoil
and cause no confusion in the trigger processor.

The background from low energy pairs is an accidentals
problem. At the highest beam rates contemplated, there are
~ 5.106 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.

P —

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
probability of 0.5. Perh;ps 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 8 angles from two overlapping 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 or 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 (pﬂ+ﬂ—, etc.)

All the above assumes noiseless chambers. In the
real world the trigger processor will have to be able to
recognize 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. Ligquid Scintillator Range Detector

After passing through the cylindricai 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 over 90% of the full 360°.
Every segment in ¢ has four compartments (labelled Ai’ Bi’
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 §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
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determined from a number of dE/dx measurements as well,
but this is a more difficult procedure, as it depends on
the recoil angle © and may require a longer, off-line
calculation.) The proton recoil energy, the angle 6 and
the beam energy k can be used to evaluate the missing mass
in the forward arm of the spectrometer. The calculation
is quite simple and will be done by the trigger processor
(see Section V). '

Because the recoil angle 6 determines the maximum
thickness of liquid scintillator, it also affects the total
energy range acceptance, the energy loss per compartment
and the probability 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 Section
II). 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 segment 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 A% = + 8% to * 12%. As discussed in an earlier

section, this range of AT/T provides an acceptable Mx 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 prbtotype of one of the segments which is
currently under construction.

The missing mass calculation is only valid if there is
a single quasi-elastic proton recoil. There are several
handles on identifying such events. These include absence
of a Wi. 7° 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 m°
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 . Bl
Ay ) By ) C;
Al ’ Bi ) Cl ) Dl

This same signal may indicate a neutron interaction, in
compartments Bi or Ci or Di' The probability for a neutron
interaction varies as a function of angle from 0.38 to 0.49
for 30° < 6 < 90°. This signal can be used to reject most
events that do not have elastic proton recoils.

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

mation in compartments Ai’ Bi' C.

i and Di' This may be

difficult in the high level trigger because it depends on

the angle & and on how good the AE measurement is.
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Table XI

Recoil Liquid Scintillator Range Detector

8 Recoil Angle

90° 45° 30°

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

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

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

4. Probability of photon .41 .53 .65
conversion

5. AE loss for minimum 72 MeVv 102 MeV 144 Mev
ionizing particle

6. AE loss for stopping < 250 MeV 2 300 MeV | S 375 MeV
protons
AE loss for stopping S 120 Mev < 160 MevV | £ 200 MeV

pions
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) 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
charged multiplicity entering the liquid scintillator.
This information is redundant to that available from the
PWC 0 readout when there is no secondary interaction.

If all of the liquid scintillator compartments Ai,
Bi' Ci’ Di 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

|

R

g
J?hlj

R

A

it Ci’ Di =6, 12, 18, 4 cm respectively.

for thicknéss Ai, B
These ratios are a test for high t recoil which is indepen-
dent of the recoil angle 6. Higher mass diffractive states
are apparently produced with a flatter t slope. Therefore
a signai 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. If a stopping
proton interacts with and transfers energy to a neutron in
the liquid scintillator, the dE/dx measurement is not valid.
Furthermore, if the proton stops but a neutron carries some
kinetic energy out of the liquid scintillator, the proton
range measurement E is not valid. The added check for a
consistent set of dE/dx in Ay B;r Cyo D; for a stopping
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 m3

(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
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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 plate, but if this
proves unacceptable from a structural standpoint, an alter-
nate solution is to place thick acrylic scintillator slahs
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 II
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 support themselves and not provide
any structural rigidity for the container. They will be
thin so that a stopping particle éan 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 filled or
emptied.

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



- 78 ~-

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. First they are used
to ensure a reasonably uniform light collection efficiency
over the 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 equal signals at 0.1 meter from
one 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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The absolute calibration of the phototubes will be done
with real experimental data during the run. Compartment A
tubes can be calibrated with protons that traverse it and
just barely enter into the next compartment B. Knowing the
6 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. Liquid Hydrogen Target

The 1iquid‘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 will allow exper-
iments to optimize the length for the particular physics being
pursued. For example, to maximize rates a 2 m target 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
thé various dimensions. A breakdown of the material comprising

the target is as follows:
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Thickness Mass

A) Flask (Mylar)3 5

p = 1.39 g/cm 0.005" .0177 g/cm
B) Foam Vacuum Jagket (Rohacell) 2
= 0,053 g/cm 0.5" .0673 gm/cm

C) Outer Vacuum Jacket Skin

(Mylar) 3 2

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 about 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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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.
IT F). The motivation for our choice of wire orientation and
chamber location was discussed in earlier sections of this
report. We will now discuss some of the mechanical and
electrical details of the chambers.

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

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

Sense (anode) wires will be at ground potential and
nearby field wire potentials chosen at negative voltages
which give 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 against 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 severe requirements on our ability to resolve
closely spaced tracks inthe chambers. There are two possible
competing philosophies which may be adopted to meet these 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 coordinate. 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 héving 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 four cell 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.
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It should be noted that the overall 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 (Ml) for small drift
spaces since compensation for the B field will probably not
be necessary.

Our experience has been that Argon (90%) - CO2 (10%) is
a satisfactory gas for drift chamber use. However, the drift
velocity in Ar - CO2 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 ié 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 on the drifting electrons. For small drift spaces this
compenéation 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 shaping wires so that the
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E field skew angle (GT % sin” !

(%?) = 14° for E = 1000v/cm
and B = 5 Kg) is easily variable within limits eo that there
is some flexibility in choosing the magnetic field in Ml.
This option may be most important as the Energy Doubler/Saver
becomes 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/us are ex-

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

* 150 um 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 500 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, and 8 bits, respectively in order
to achieve the desired accuracy.

We will use Droege high voltage power supplies like those
presently in common use for MWPCs and drift chambers else-
where at Fermilab. Eacﬂ chamber will be 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 problems 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. There 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 segmented 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 C02, C8H8
(propane), and Fr12’ as the experimental situation requires
it.

In order to handle the large multiplicity expected in
the final states that will be studied, each of these Cerenkov
counters will have a 20 mirror segmentation arrangement.
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 three particles can be separated

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

Upstream Cerenkov Counter (Cl)

Gas . 100 N

2
Length of Counter ' 3.25 m
Transverse Dimensions Upstream 1.4 x 0.64 m
Transverse Dimensions Downstream 2.5 x1.14 m

0 -
Index of Refraction {(n-1l) at STP(Ax3500A) 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 (NR) | 2

Total Number of Photoelectrons (y-o«) 16

= i 2 N
Npe per cm 170 sin ecx(.70) R

Downstream Cerenkov Counter (C2)

Gas 21.8% N2 & 78.2% He
by volume

Length of Counter 7 m

Transverse Dimension Upstream , 2.1 x 1.25 m

Transverse Dimension Downstream 4.3 x 2.5 m

(o] —
Index of Refraction (n-1) at STP(A-35004) 0.950 x 10

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

Npe per cm = 170 sinzecx(.70) R
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PROPERTIES OF THE
UPSTREAM CERENKOV COUNTERS(C,)

n—1=3.089 X 10~
STP Conditions

n—1=3,089 x |04
STP Conditions

Phototube RCA 8854

Reflecting surfaces are
assumed perfect

20 40 60 80 ' I(.!)O
p (GeV/c)

~ Figure 17
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PROPERTIES OF THE
. DOWNSTREAM CERENKOQOV COUNTERS (Caz_

21.8 % N, +78.2% He by volume
n—1=950x%107¢
STP Conditions

O M DN O o

]
20 40 60 80 100

21.8B%N_+78.2% He by volume
n—|=.950 x 1074
STP Conditions

Phototube RCA 8854

Reflecting surfaces are
assumed perfect

! ]

l ]
20 40 60 80 100
p(GeVe)

Figure 18
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The counters, however, are sufficiently long that about 15
photoelectrons can be recorded from the passage of a single
particle. By recording the number of photoelectrons the
upper limits on the range of particle distributions can be
increased by 50%.

Both Cerenkov counter vessels are manufactured from 1/4"
thick 6061 T6 aluminum plate welded into frustum-shaped
containers, reinforced with externally welded ribs. Both
ends of each vessel will have a full sized flanged opening,
to allow the use of thinner material along the path of the
beam. Two access ports in each vessel (24 x 48") are provided
to permit entry for mirror alignment. The small vessel (Cl)
will be manufactured in two sections joined together with
flanges. The large vessel C, will be in three sections.
After manufacture, both vessels will be purged with helium
and tested for leaks. Each vessel will be equipped with its
own support and leveling device to permit alignment. Esti-
mated net weight for the large counter is 4500 1lbs. and for
the small counter, 1800 1lbs.

After closing the counters, they will be purged with
dry nitrogen. The nitrogen-helium mixture for the large
vessel and nitrogen for the small vessel will be introduced
into the top of the counter. Displaced gas is vented through
the bottom until the desired purity or mixture is obtained
{(Fig. 20). A low range differential switch will provide

regulation.
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The mirror planes in both counters will have 20 seg-
ments of various sizes but constant focal length (78").

To minimize labor costs and material expenses 1/4" block
acrylic sheet is being considered. The surfaces of acrylic
are already of sufficient optical quality; the exiting light
ray should deviate from its expected direction by no more
than 5 milliradians.’ The construction of the mirrors will
proceed as follows: oversized sheets will 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 will be applied to the mold prior to shaping
to prevent sticking 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 acryvlic tubing iﬁside a
heated mandrel of correct size.?® While option A entails a
minimal expense in manufacturing aluminum cones, the polish-
ing process is very time consuming and laborious. Option B
on the other hand, presents a greater expense 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 process 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 spherical 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 photctube 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 wavelength
shifter, P—tefphenyl (PTP) or diphenyl stilbene. This pro-
cess converts photons iﬁ the 1700 to 3600§ range to a range

o :

centered around 3805A.1!°

C. Segmented Liquid Scintillator Shower Counter (SLIC)

As shown in Fig. 21, the SLIC is a multilayered lead-
liquid scintillator shower counter. Position resolution is
obtained by segmenting the liguid 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 the 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 + 6" and will usually
have a resoclution of * 0.2". This corresponds to §6 2 .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 counters

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 light 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,
taking three views between each lead layer would improve
the ability to separate complicated patterns since each view
would have the full energy resoclution. But then either the
counter would need to be deeper resulting in more overlap
of close showers, or the liquid layers would have to be
thin leading to worse light attenuation, or one would have
fewer layers 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 scintillatdr channels) to different 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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impbrtant input design information 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. ﬁxperimental studies
of these quantities are underway using a prototype but are
not yet complete. The design presented here is therefore
based on estimates of these properties obtained from the
literature combined with our limited experience.

We believe that we can achieve attenuation lengths of
greater than the 2.4 meters length of the longest channels
of the detector. Mirrors at the far ends of each channel
will improve this further. Combined wifh 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 lencths should be
adequate since this is longer thgniﬂualead glass blocks used

at similar energies in Experiment 25A where SE . 13% was

£ VE
obtained. But we note that the light attenuation effect of

the glass in that case tended to cancel 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 upstreamn,

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
1Xo detectors and might be as good as %? M 5%%. Finer
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 showers.

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 maﬁageable modules we will build it in two roughly
square modules. The lead will be in sheets laminated beﬁween
.040" layers of aluminum. This ensures that the surfaces
are flat and provides méchanical 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 segmenfed 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 résolving ambigu-
ities in the off-line pattern recognition.

A sketch of the hadrometer is shown in Figure 222 and
a summary of the specifications are shown in Table XIV. The
hadrometer cénsists of ihﬁer—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



Total Thickness:

Sample Interval:

- 106 -

Table XIV

Hadrometer Specifications

Fe 8 collision length
Scintillator 1 collision length

1" Fe, 0.5" Scintillator

Total Samples: 32
Phototubes: RCA 6342A
Energy Resolution: Q% = % =85
- VE
Position Resolution: *+ 2 inches
Vertical
Size: 295 cm
Angular Acceptance:
Magnets at same polarity
P = 5 GeV (charged) + 81 mr
P = 20 GeV (charged) .+ 8l mr
Magnets at opposite + 81 mr

polarity and neutrals

Segmentation:

56 modules

Horizontal

490 cm

87 mr
123 mr

I+ [+

1+

135 mr

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 ADC'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:

SE .65

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,
the posifion resolution is dominated by the jitter in transverse
deposition 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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IX. Online Camputer Configuration

A. Hardware Requirements

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

To handle this data rate, we néed 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 Jorway 411 branch driver which handles
menory addresses greater than 32K will be required. Manipulation
of this data by the CPU will be necessary, and a KT-1l memory
management unit will be required to access the data above 32K.

At even 1 beamrsecond per 7 clock-seconds, one 2400 foot
tape will be filled in 68 minutes 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 efficiently if ‘the time due to tape
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changing is not to be a significant fraction of the running
time.,

The offline analysis of large volumes of taped data
is costly. Thus it is J_mportant to analyze, campress, and
filter the data as much as possible before writing it to
tape. This sort of processing should be done in a high-level
language 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 nutber of data tapes to as few as possible.
These considerations dictate the use of the fast in-line
Fortran available under RSX-11M, the use of an 11/55 CPU
with its faster processing capability, and the use of the
hardware floating point option.

Carmplete 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 orxder 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,
such 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 RKO5 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 buffering

is obtained by simply adding the size of the on-line programs
under RT-11 to the size of the RSX-11M rmonitor. 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 second 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
"durb" 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 totally
separate coammand channel (the CRT terminal). We plan to use
one console station for the immediate monitoring and control
of the experiment. The second console station will be used
for:‘ the review of past experimental status using the data-
base continually generated by the data runs being taken.

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

We need to monitor the beam line controls for such informa-
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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-centrolled
digital voltmeter.

The online camputer configuration is summarized in

Table XV.



10.
11.
12,
13.
14.
15.

- 114 -
TABLE XV

Online Computer Requirements

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 BPT 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 "Dumb" CRT Terminals

BISON-NET Link '

Two Beam Line Interface 035 Modules and 1 Peripheral Node Module

A Camputer-Controlled 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 software currently being developed within the
Camputer Department for fast CAMAC data acquisition and disk
buffering under RSX-11M.

To solve the experimental control and data monitoring
needs, we will use the package called "MULTI". It has already
been quite successfully used by a number of Fermilab experi-
ments (E-110, E-379, etc.). The experimenter will use MCULTI
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/comand console.

MULTI gives the experunenter 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.

MULTI 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 fram these special
subroutines is then available to the general keyboard processor

for histogramming and display.
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In addition to data acquisition and monitoring of current

- data, we require a capability to review past runs to campare
rates and other characteristics with the present run. We plan

to use the second graphics/command console for this review. The
advantage of a second console is that the revj.ew activity may
proceed, even while the experimenter is handling an alarm or
equipment problem that may have arisen at the other console.
Further, when two experimenters are present, both may easily
conduct investigations of the data. It will also be used for

the preparation of configuration files, specifying the run
parameters for subsequent runs. The data acquisition, control, and
monitoring system will continually generate files in the style

of a data-base. The information in these files will characterize
the last several events, the last several beam spills, and the
last several runs.  The experimenter will use this second

console to campare and look for problems and trends.

At present, our plan is to implement a dual console
version of MJLTI. At the second console, the experimenter
can examine the data-base through the use of the same com—
mands that are used at the first console to control and monitor
the experiment.

The data acquisition routines are already being developed
for RSX-11M by members of the Camputing Department in connection
w1th other projects. The adaption of MULTI to RSX-11M is also
currently being developed for similar reasons. Campletion of the
MULTI in RSX project is predicted for June, 1977. Thus, much
of the software is well along towards i.rrplemenﬁation for this
facility.
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Track Reconstruction

- It has been indicated in previous discussions of the drift
charbers that a great deal of thought has been given to the problems
of tracking multiparticle events in the forward spectrameter and that
the chamber number, 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
geametry. Instead, we will discuss approaches to tracking the pro-
posed chamber system that will be developed for the Central Lab—
oratory Computing Facility programs.

The forward chamber system is pictured schematically in
Figure 23. For tracking purposes D1 and D2 are considered together
as a single module (D1-2) with four chambers 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
in the X, u, and v planes.

We now describe a tracking algorithm which demonstrates the flex-
ibility of the system. Cammon to any tracking technique is the
necessity to convert TDC counts to position coordinates, 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 ard need not be elaborated here.

The algorithm begins by indeperdently 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. Increaéing 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.

3.

Find all 3 hit lines in D3 and D4 in each view. Let Ei
be one of %, u, or v. A line is found when: %(gl + 53) -
£2< 8¢ , where 8¢ 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 fram the search.
Note that the ordering of the data will speed up 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 of & 3 coordinates which are paired with a
given £3. The outer limits for this pairing can be established
and the data ordering insures that only those ccordinates
within these limits will be searched. Similarly in checking

€2 for the third hit on’a line one searches until a match

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

After all three point lines are found, define all two
point lines possible from unused hits 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

S/C
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chanmbers gives a match.

Proceed to tracking D1-2. Each view has four chambers
which are equally spaced. We may use the property that the
two line segments defined by £, £, 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 attampted.
Also, a proximity requirement can be imposed for the two line
segments. After 4 point circles are found the corresponding
coordinates are eliminated from the search. Finally, all
three point circles which can be formed from unused hits and
which have reasonable momenta 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 geome{:rical ‘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 ML
and in the drift space before and after M2. It is possible
to calculate intercepts ard slopes in any plane, and it should,
therefore, now be an easy task to match track segments. This
can be done by seeking cammon slopes and intercepts in the
vertical plane. It can also be accamplished 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



- 121 -

‘in the first magnet. For example, 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 another. For example, two point line segments are

perfectly acceptable if they intersect track segments from

other modules properly at the magnet centers.

Finally, it should be noted that the above discussion can not
possibly do justice to the hundreds of man hours of programming
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 that computing time is efficiently used and
that the carbinational problems encountered in tracking events are

well under control.
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Beam
To a large degree the range of photon physics that will be feasible
is determined by the fluxes available in the beam. Here we lock
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 same developed
during summer 1975 we will be able to tag as many as 6 x lO6 Y/
second. Modest improvements to the electron beam and reasonable
assumptions about 1978 proton beam parameters (6 x 10-2, 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 spectrum expected.
Also shown is the e~ spectrum. Details of how we will obtain these
fluxes are given below. Figure 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 102

107 electrons. With 450 GeV protons and 6 x lOJ‘2 p/sec, we can

400 GeV protons on target and produced about 2.2 x

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 spectrometer.
However, experiments dealing with low cross section states (nc,

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

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

In a Technical Memo, ™-633, Morrison and Murphy suggested increasing
the vertical acceptance by installing the lead convertor (that

converts photons from the primary target to electrons) inside a
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dipole. As can be seen in Figure 26 the lead is at a shallow
angle (o) 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 convertor 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 V1 mr to vS5mr with negligible effect on other beam parameters.
Using measurements of the electron beam flux as a function of
production angle, we estimate this larger vertical acceptance will
increase the flux at 100 - 150 GeV by ~ 3.5. This would give
~ 2 x 108 100 GeV or 6 x 107 140 GeV electrons (see Figure 25).
Another approach (suggested i>y B. Cox) is to add a third quadrupole
to the first doublet and therebf 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

1 -
NY(k)dk > Ne X .2 x £(k) xEdk =

7
ELQE;Q—-dk 100 GeV
8.7 10°

8720 ax 140 Gev

The factor f(k) = .65 comes fram thick target and QED corrections
to the simple -d—kE form. Integrating fram 20 GeV to kmax we will

get 4.2 x 107 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 missing 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 noted above, a large fraction of RF buckets will be populated
with more than one electron. The likelihood of more than one
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 K 10_3) for more than one Y to interact hadronically
per bucket. The energy of all non-hadronically interacting photons
in the beam (I kNI) will be measured by a central counter (C) which
will measure photons 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 (ZE'). Thus, one
can determine the interacted photon's energy:

ki = Moo ~ B 7 I
A specific scheme has been worked out along these lines which

6
allows tagging radiated photons with a resolution of kI—- v 5%
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7100 Gev e in a 20% radiator (6 x 10° tagged

from up to 6 x 10
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 GkI v 5.5 GeVy and b: to keep the counting rate < 2MHz

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 RF 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 or following
buckets. The pulse can be clipped to 15 ns and the ADC gate set
short enough to ignore the fL)llowing 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 previous 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 v 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 Laboratorylz. 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 camponents 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 proceed 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 overemphasized.

One other most critical element is the final specification of
the exact magnet apertures 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 mag;xets 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 and begin copper procurement before the new fiscal year.

Many of the major final camponent 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 photamiltipliers, metals, and plastics can be pur-
chased after October 1, 1977.

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

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

as June, 1978.

N
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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-516. 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 would be severe
fram the point of view of starting with a complete facility.
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TAGGED PHOTON FACILITY

page two of two

4. Shower Counters {(Univ. of California, Santa Barbaf@

a. Between Magnets
b. Pb Glass

G. Gas Cerenkov Counters (U of Colorado)

1. Metal Enclosures (C1, C2)

2. Photomultiplier Assemblies (40 elements)

3. Winston Light Funnels o

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 Tables

+. 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)#®

00 N O BN N
- ¥ @

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).

su

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




Table XVZII
Tagged Photon Facility

Estimated Costs of New Facility
May 1, 1977

A. Beam Improvements#®
1. Slanted Target in 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, % 2/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 Calibration System
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 with Phototube Assemblies
(16 elements)

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

Fermilab
Exist'g New
20K 20K*
5K*
15K
35K
14K
- 32K
20K
50K*
S5K*
69K*
20K
7K

Q+barg

60K
36K

20K

.- 30K

~ 0K
6K

90K
35K
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