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ELASTIC SCATTERING OF THE HYPERONS

We propose to measure the elastic scattering of the hyperons
E-, Ej-, Q  and AO over a region of momentum transfer up
to about 1 GeV/c. As part of this program we will measure
the production cross sections of the negative and positive
hyperons and carry out a search for new particles with life-
time S 10‘~11 seconds. This experimental program is based

on the use of novel detectors of high spatial resolution which

we have developed.
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I. INTRODUCTION

We propose to measure the small angle scattering of most of the
hyperons. For some time we have been developing detectors of high spa-
tial resolution - almost an order of magnitude greater than that obtained
in normal wire spark chambers - necessary to do experiments with beams
of high energy hyperons. These technical developments coincide well with
our interest in the physics of small angle scattering: the change in shape
or "shrinkage' as energy is increased and the measurement of the forward
scattering amplitudes and comparison with SU3.

As part of this program we will measure the production cross sec-

Lol

tion in the forward direction of the charged hyperons, Z—, =, and Q.
The positive hyperons, =, =, E', and @ will be produced along with

a substantial proton flux, but we feel that those produced with substantial
cross sections - as most likely the =t can be detected and their produc-
tion cross section measured. Two methods of detection are proposed to
be implemented for the charged hyperons. One is a high resolution gas
Cerenkov counter placed immediately after the magnetic channel and the

other relies on observing the hyperon decay products. We will be sensi-

tive to hyperon decays which lead to a final state neutron such as

Z - nn

and to those which lead to a final state AO such as

0 - K A°
Lw p

In addition, we are particularly interested in the search for new short
lived particles, which might well escape discovery elsewhere. Also, the
decay properties of such rare particles as the Q" will be studied very
effectively.

While most of the effort will be devoted to charged particles, we hope
to use the neutron-poor A beam created by = charge exchange in Be to
study A-p scattering. This requires no additional equipment and is prob-

ably superior to experiments relying on direct neutral beams.




II. A. ENERGY DEPENDENCE OF SMALL ANGLE SCATTERING

In the last ten years this has been one of the topics in particle physics
most discussed by theorists. Here we risk oversimplifying the issues to
bring out what seems to be the most crucial question to be settled by going
to high energy. This is whether the scattering of small momentum trans-
fers approaches an energy-dependent form as the energy increases, or con-
tinues to exhibit a steady shrinkage.

The different theories developed to explain elastic scattering divide
rather clearly on this point. Theories of the Regge-pole type with a Pom-
eranchuk trajectory roughly parallel to other known trajectories predict a
shrinking of the diffraction peak for all scattering processes, that is, a
continuous increase of slope of the do/dt as a function of energy. On the
other hand, theories with a fixed Pomeranchuk singularity, that is a tra-
jectory showing a very small slope increase with momentum transfer, as
well as a wide class of theories related to the optical model such as that of
Chou and Yangl or Durand and Lipesz, predict an asymptotic approach to
an elastic scattering differential cross section which is independent of energy,
particularly at small | t |

What we now know is that at AGS energies, some peaks shrink (p-p),
some grow (p-p), and some remain constant (v-p). Figure 1 illustrates
this situation. The fashion among Regge theorists recently has been for a
flat Pomeranchuk trajectory. The observed variations with energy are then
ascribed to secondary trajectories, while effects at large i t | are obscured
by cuts. Thus the question can only be resolved by experiments at higher
energy and at very small [t i . Great interest has been aroused by the only

higher energy result available, the p-p scattering from Serpukhov. There

1T. T. Chou and C. N. Yang, Phys. Rev. 170, 1591 (1968).

2L. Durand and R. Lipes, Phys. Rev. Letters 20, 637 (1968).




it seems that the p-p elastic peak does not stop shrinking, but rather indi-
cates a Pomeranchuk trajectory with a large slope, Fig. 2. If these results
are really correct, perhaps we will find that at sufficiently high energies the
m-p and p-p peaks will begin to shrink too. If so, the old-fashioned Regge
model may turn out to be right after all!

To answer these questions, we should determine the trajectory func-
tion, aft), to an accuracy of 0.05-0.10 in bins of 0.1 in —tz. This requires
10, 000-20, 000 events at each energy, if the determination is made on the
basis of measurements at 75 GeV/c and 150 GeV/c. We would probably wish
to take 4-6 different energies. For the rarer hyperons, where the rates are
limited by flux, we would make do with smaller statistics, appropriate to the

fluxes found in the experiment.
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II. B. THE HYPERCHARGE DEPENDENCE OF FORWARD SCATTERING

Our program of studying the elastic scattering of charge particles is
particularly relevant to studies of the hypercharge dependence of the strong
interactions, within a given family of particles. The possibilities are most
striking in baryon-baryon scattering, where we will observe states with

four different values of the strangeness:

p-p S= 90
= -p, A-p, (£ -p) S=-1
= -p, E°-p S=-2
Q -p S=-3

In terms of the quark model, we have reactions containing from zero to
three strange quarks. These reactions are an ideal testing ground for this
model, since the simplest interpretation of present data is that the strange
gquark has a somewhat different interaction from the non-strange pair.

The least speculative predictions of interactions in the quark model
are those dependent on the assumption of additivity of quark amplitudes for
forward scattering, since the momentum transfers are then very small.
The tests of this model in meson-baryon scattering are well known, and we
would look forward to testing these at high energies, where secondary effects
are presumably smaller. In baryon-baryon scattering, there are a host of
sum rules which may be predicted. A sample of these is given below. 1,2
These are divided into groups, with succeeding groups making the stronger
assumptions of spin independence, SU(3) invariance, and high energy limits
on quark scattering. Particle labels denote values of the corresponding for-

ward scattering cross sections:

jail

+ - o)
Zp-Zp=pp-np+=E p- p

V3 (Ap - 2%p) = pp - mp - 1/2 [Z'p - Z7p]

1D. A. Akyeampong, Nuovo Cimento 48A, 519 (1967).

2Dare, Nuovo Cimento 52A, 1015 (1967).
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Ap=1/2 [Ep+ =7p]

+
pp+Ap=np+Z p

np = 1/2 [Ap + pp]

Ap+=Tp-2%Tp =3/4 [np - T'p]

3[2Ap-=Tp]l=4np-='p

- +
np=pp, Ap=Z p=2Zp

— ;._(O
P== D

I

Ap =1/2 [np + E:Op]

Aside from the quark‘ model, one can test the predictions of SU3 for
the baryon-baryon scattering amplitudes. This is again a favorable place
for a test because of small momentum transfers. One needs at least three
hyperon cross sections, in addition to the nucleon cross sections, to carry
out a test. This should be possible in our experiment, since we should ob-

tain the £ p, = p, and Ap cross sections.
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II1. A. HIGH RESOLUTION DETECTORS

This experiment relies on the use of novel detectors with high spatial
resolution. Since these are described only in as yet unpublished reports,
a summary of the work which has been done and the characteristics of these
detectors may be of interest here. Members of the team presenting this

3

proposal have worked on high resolution spark chambers and high reso-
lution proportional chambers3. At the present moment, the wire spark
chambers have higher accuracy, and our experimental design is based on
the resolution which can be achieved in this way with the techniques we have
demonstrated. This resolution, 50 pm, is about five to ten times better than
that usually achieved in wire spark chambers.

A parallel effort in proportional chambers is yielding very encourag-
ing results. We are confident of achieving an effective resolution within a
factor of three of the above value with the present techniques, and we may
reasonably hope for further improvements in the near future. Our plan for
this experiment is to prepare the wire spark chambers which we know will
provide the resolution needed, but to pursue the proportional chamber devel -
opment as well. If the latter turn out to meet the resolution requirement,
we would certainly adopt them to gain the advantage of a factor of a hundred or
more in rate and much better time resolution.

The improvement in the performance of the wire spark chamber reso-
lution derives from a program which attacks each of the primary limitations

in wire spark chamber accuracy. The diffusion of electrons in the spark

1W. J. Willis, W. Bergmann, and R. Majker, "High Resolution Optical

Spark Chambers, " (to be submitted to Nuclear Instruments and Methods).

. J. Willis and I. J. Winters, "High Resolution Wire Spark Chambers, "

(ibid. ).
3M. Atac and J. Lach, "High Spatial Resolution Proportional Chambers, "

NAL Report FN-208, April 1970.




chamber gas, the basic limitation, is reduced by increasing the gas pres-
sure. The effect of structure and instabilities of the spark column is re-
duced by reducing the gap width, and thus the spark length. This is per-
missible because of the higher pressure, which increases the number of
ions per unit length, and reduces the spark formation time. Reducing the
gap width also decreases the effects of track inclination to the spark cham-
ber plane. In using magnetostrictive readout, the resolution is improved
by reducing the size of magnetostrictive wire in the pick-up coil, and by
providing a scale magnification by fanning out the wires to four times larger
spacing at the readout line.

The wire planes which have been used so far are etched from 10 pm
copper on a Kapton backing, with a spacing of eight wires per millimeter.
A spacing of twelve wires per millimeter is also feasible with the same
technique. The chamber is operated at a pressure of 5-15 atmospheres of
90% neon, 10% helium, 1% argon, 0.1% CH4. A set of these chambers
4x4 cm2 has been operated in a low energy test beam to measure the reso-
lution. The results, which were limited by multiple scattering, gave an
upper limit on the resolution of 65 pm (1 standard deviation limit). It should
be possible to attain 25 pm resolution with these chambers. In gases at
reasonable pressures, diffusion sets the ultimate resolution limit at 10-15 pm.

The developments in proportional chambers have so far relied on care-
ful field shaping and the possibility of variable pressureS. Chambers have
been operated with a spacing of one and two wires per millimeter. Both
chambers operate well, and the former has been operated in a test beam,
with demonstrated efficiency and resolution. With a pair of staggered
chambers, this promises 125 pm resolution. Further development is con-
tinuing steadily, and within a few months we should know if it is possible
to produce proportional chambers of the required resolution at the date

needed for this experiment.




I1I. B. HYPERON EXPERIMENTAL ARRANGEMENT

General

This phase of the program breaks naturally into two parts. The
first is a survey of hyperon production and search for new particles, and
the second is a study of the small angle hyperon-proton scattering, Here,
we intend to study the range of t from ]t l = 0.1 to lt! = 0.6 for which
one may usefully detect the recoil proton. Detection of the recoil is nec-
essary in the hyperon scattering experiments in order to provide a trigger
which efficiently selects scattering events.

Figure 3 is a diagram of the experimental arrangement of the short
lived particle phase of the program. A beam of 200 GeV protons impinges
on a target of cross section 1 mm x 1 mm and approximately one interac-
tion length in the beam direction. High energy negative particles produced
in the forward direction are transmitted by a magnetic channel. Following
the channel approximately 5 m is available to insert precision wire cham-
bers, focusing Cerenkov counter, and/or a liquid hydrogen target. A
focusing Cerenkov counter will be used in the new particle search and as
a check in the survey of hyperon production fluxes. Then begins the decay
region followed by the first analyzing magnet, Al. This magnet allows a
determination of the momentum of the low energy particles, leptons, and
mesons, produced in the decay. The high momentum protons produced

through a decay chain such as
Q - K A°
L »'p
are further deflected from the long lived component of the negative beam by

A2. They strike the proton trigger counter shown in Fig. 3. High energy

neutrons produced in decays such as




are identified in the neutron shower counter indicated in the same figure.

We now discuss the arrangement in more detail.

The Magnetic Channel

The magnetic channel we have chosen is 6 m long and is a modified
main ring bending magnet. Figure 4 is a cross section view of this mag-
net. The inner coils of a standard main ring magnet have been removed
and the pole tips closed down to a gap of 1 ecm. Computations with the LRL
magnet design code, LINDA, indicate that with this modified configuration
one could achieve a field of 40 kG. The channel is tapered in the horizon-
tal plane from an aperture of 2 mm increasing to 6 mm at the channel exit.
The channel has as its central momentum 150 GeV/c at a field of 30 kG.
With this channel geometry one could easily deflect particles of up to the
full beam energy down the channel. The actual design would have an en-
larged portion of the channel in the region of the target so as not to confuse
interactions in the walls with those in the target. The properties of this
channel have been investigated extensively using a Monte Carlo computer
code. The full momentum band transmitted by the channel is 10%. How-
ever, momentum and exit position and angle are highly correlated, and with
our detectors the momenta of individual hyperons can be determined to

within 0. 1%.

Hyperon Fluxes

We have used the hyperon production cross sections suggested by
Sandweiss and Overse’chI to estimate the hyperon fluxes emerging from our

magnetic channel and surviving to 5 m beyond it which is the start of the

1J. Sandweiss and O. Overseth, TM-199, NAL, January 1970.




-10-

decay region. They estimate that using 200 GeV incident protons to pro-
duce = at 150 GeV/c in the forward direction the cross section is
2

d N

Tap 0.038 = /int. proton/ster/GeV/c.

For the channel we have described and for 1010 protons interacting in our

target this results in a flux of
1775 = per pulse.

If we assume the production cross section for = is lower by a factor of 30

and of by a factor of (30)2 we observe at 150 GeV/c

80 = per pulse

0.6 Q per pulse.

Using the Hagedorn-Ranft computations2 we will also have emerging from
our channel

83,000 ™ per pulse.

This is a flux of pions which will give no problem with accidentals and indi-
cates that incident proton fluxes of up to 1011 protons per pulse might be
desirable.

An estimate of the =' has been made by I-Iagedorn-Ranft2 and give at

150 GeV/c for 1010 interacting protons per pulse
+
35,000 £ per pulse.

The proton and =t contribution to the beam will be according to the same

Hagedorn-Ranft computation

3, 000, 000 protons per pulse

and 1
450, 000 T per pulse.

2T. G. Walker, NAL, 1968 Summer Study, Vol. 2, p. 59.
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If these predictions have any validity we should be able to extract a fair
amount of physics with this =" beam. There are no predictions for the

expected yields of the other positive hyperons.

High Resolution Cerenkov Detector

A high resolution Cerenkov counter3 used at the magnetic channel
exit would provide detection of hyperon fluxes regardless of their decay
mode., This counter would be used to check the production fluxes of the
known hyperons, which would be determined primarily by decay identifi-
cation, and to search systematically for new particles which might not be
detectable via their decay with our apparatus. The results of our studies

can now be summarized as follows:

1) We propose the construction of a 4-meter, low-pressure gas focus-
ing Cerenkov counter. The cone angle will be from 7 to 12 mrad, a
parabolic or spherical mirror will be used, and a ring aperture on
a single 2-inch fused silica-window photomultiplier will provide
velocity selection and hence particle identification. The attainable
resolution in g, limited by the energy spread of the beam and the
angular divergence accepted, will be in the range 5 to 10 x 10_6, and
will be adjusted to just separate adjacent mass particles; the most

severe requirement is the = -5 separation. The data of Reference 4

indicate that we should average 8 photoelectrons per particle.

2) Suitable angular restriction of the accepted beam, which must be held
to £0.2-0.3 mrad, will be obtained from coincidences with the hodo-

scopes required to determine the hyperon direction with high precision.

3A. Rcberts, M. Atac, R. Stefanski, NAL internal report.

4Yu, P. Gorin et al., THEP 69-63, Serpukhov 3-20 (1969).
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3) The dispersion and momentum acceptance of the presently conceived
magnetic channel are such that the angular restriction required for
the Cerenkov counter will admit only about 1-2% of the total hyperon
beam. This appears to be adequate for survey purposes, although

not for experiments on the rarer hyperons.

4) The resolution of the counter is adequate for separation of all parti-
cles heavier than kaons; it is marginal for kaon-pion separation and
inadequate for lighter particles. For survey purposes, the resolu-
tion can be varied, so that it is adjusted to be sufficient for the known
hyperons; for a search for heavier particles, it can be decreased to
make the search easier. The mass search is conducted by varying

the counter pressure, thus varying the velocity interval accepted.

Hyperon Decay Spectrometer

Table 1 is a summary of the maximum decay angles of the hyperon
decays of interest at 150 GeV/c. For comparison we also list the decay
angles at 23 GeV/c which are appropriate to the hyperon experiment being
done by this same group at Brookhaven National Laboratory. The angles
of the two experiments scale approximately as the ratio of the momentum
of the hyperons. The most crucial measurement is the determination of
the hyperon angle which is accomplished by high resolution wire chambers.
As was mentioned earlier we believe we can achieve spatial resolutions of
50 1 which means that the initial hyperon direction can easily be determined
to the required accuracy before and after scattering from the 40 cm liquid
hydrogen target in the 5 m between the magnetic channel and the start of the
decay region. For both the initial hyperon flux measurements and the hy-
peron scattering experiment the hyperons will be identified by their decay
products. It is worthwhile to consider in some detail the kinematics of the
relevant decays. Consider first the decay of £~ - nm . The m angle and
momenta are determined by spectrometer Al and wire spark planes of con-

ventional design (resolution ~0.3 mm). The neutron direction is determined
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by a hadron shower counter similar to the one used in our BNL experiment,
To achieve equivalent angular resolution, assuming the neutron interaction
positicn can be determined to about 1 cm requires a neutron detector of
1 m x 1 m in size positioned about 100 m from the channel exit. The neu-
trons resulting from the decay are of high energy and the neutron de-
tector need only give us a very crude indication of energy.

The signature of the = will be

- - .0
2 - 7 A

ey

The m kinematics are determined by Al as well as the properties of the

7 resulting from the A° decay. The proton from the A° decay is further
deflected by A2 and is well separated (~0.75 m) from the = beam emerg-
ing from the channel at about 50 m from it. Here a wire chamber array
and a proton trigger counter will be located. The emergence of a positive
nucleon from a well defined negative beam should provide a powerful trig-
ger for A® events. The kinematics and triggering of the Q@ — K A°
decays is qualitatively similar but can easily be distinguished in this highly
overconstrained fit (4c) from the = decay. The apertures required of Al
and A2 are modest. Standard BNL 18D72 magnets would be adequate.

We note that the hyperon beam described here offers many potential
advantages for the study of rare hyperon decay modes. In particular the
longer decay lengths at NAL energies implies substantial improvements
both in absolute rates and in beam background. We anticipate that the pro-
duction fluxes and the developing techniques of particle identification at high

energies will make these experiments feasible and attractive.

New Particle Search

The beam geometry used for the short-lived particle phase of this

experiment is ideal for a search for new particles of lifetime 10.11—10—10

seconds. This lifetime range is not accessible to the conventional beam
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survey experiments. Such particles are detectable with a focusing Ceren-
kov counter or by their decay products. The detection via the Cerenkov
counter would, of course, be independent of decay mode; but because of
the limited angular acceptance of the Cerenkov counter only about 1-2% of
the beam could be counted. The flux of such a presumed particle would
depend on three factors; its production cross section, its lifetime, and
mass. Figure 5 indicates the regions of these variables in which our
search would be significant, In that figure we relate the production cross
section of our particle to that of the Hagedorn-Ranft ™ production cross
sections. We have plotted for a given production cross section the lifetime
versus mass which would give us one count in the Cerenkov detector for
1011 interacting protons. The efficiency of the Cerenkov counter (1%) has
been included in these calculations. Both positive and negative particles
could be investigated in this manner.

For the case of detection via decay only, the sensitivity would be in-
creased by a factor of 50-100 (the loss due to Cerenkov acceptance) but
reduced by its branching ratio into a detectable decay mode.

In the decay experiment the system trigger would be various combin-
ations of a high momentum neutral or positive particle (presumably the
fast baryon) in coincidence with a lower momentum particle (presumably

meson or lepton).
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IV. SUMMARY OF RATES AND BEAM REQUIREMENTS

Diffraction Peak Measurements with Hyperons

Here, at least for the E_ and Q_, the experiment is limited by avail-
able beam flux. On the other hand we do not attempt to measure the Cou-
lomb interference so less data is needed. As noted earlier in these meas-
urements we must detect the recoil proton and measure its energy. This
limits the t range to 'tl = 0.1 to 0.6. Also measurements will most likely
not be made for the anti-hyperons so the measurement matrix is smaller
than for the stable particles. These factors nearly compensate and we ex-
pect that this phase of the experiment will also take about 200 hours of ideal
time to complete. It should be noted however that there are large uncer-

tainties in the estimates of the hyperon fluxes, particularly for the and

Q . These fluxes will hopefully be better estimated after the BNL Y

experiment has run in 1970-71.

Experimental Equipment Required

Much of the counting and data collecting equipment required for the
experiment is very similar to that being developed by this group for the
BNL hyperon experiment. This experiment will require an on-line data
collecting computer such as the NAL PDP-15 which will be used for the
BNL hyperon experiment. The interfaces being developed for its BNL usage
would also be needed for this experiment, and it is requested that this same
machine be made available to us. Ideally, as in our BNL usage, we would
like a link from the PDP-15 to a larger machine capable of carrying some
fraction of the data through to the final analysis. However if this is not
available access to a larger on-site computer which would be capable of
reading the magnetic tape output of the PDP-15 would be essential.

We require a high energy (~200 GeV) proton beam of intensity 1010-1011

protons per pulse focused to a spot of about 1 mm in cross sectional area.
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We believe the proposed diffracted proton beam planned for Area 2 would
be suitable. We believe the magnetic channel can be a main ring bending
magnet with the inner coils removed and magnet channel sketched in Fig. 4
inserted. Two analysis magnets comparable to BNL 18D72 magnets and a

liquid hydrogen target complete the list of requirements.
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- Hyperon Decay Kinematics

Maximum Laboratory Angles

23 GeV/c 150 GeV/c
s > anw o 10.7 mr 1.63 mr
71.17 11. 00
T
= > A% 0 7.15 1.10
—t AO » .
0 57.2 8.178
T
- o —
0 - A"K 0 0 19.1 2. 93
O 153.0 23.4
o —
A° > =7 p ep 5.17 0.79
0 34. 8 5. 34
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Figure 2
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In this note we update our charged hyperon E97. We‘had
written E97 and it was appfoved in 1970 before the successful
éperation of either the CERN or our BNL hyperon beam. In the
intervening years both of these beams have demonstrated the rich-
ness of the hyperon beam technique as a way of measuring the
basic properties of the hyperons. We ﬁeed only recall the CERN
measurements of the hyperon total cross sections! and our measure-
ments of the I p differential cross section® and program of hyper-
on weak decays® using the beam we constructed® at BNL. We have
gained much ekperience using hyperon beams since E97 was written
and we now wish to embody this experience into our Fermilab pro-
gram.

About a year ago we pointed out the desirability of moving
E97 from the M2 beam of the Meson Laboratory into a new area

which we proposed building downstream of proton center. This new

. hyperon area would allow us to take advantage of the excellent

optical properties of the primary proton beam and allow use of

higher intensities and higher energy when it becomes available.
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The configuration of this new area was discussed in detail during
a workshop held at Fermilab in December 1975 and reported in the
March 1976 issue of NALREP. The changes we will now make in E97
incorporate changes necessitated by this move, additional knowledge
gained by our BNL experience, especially in better hyperon flux
estimates, and finally the advances made in instrumentation during
the last half dozen years.

The physics we wish to do was fundamental and important in

1970. It has lost none of its luster and we have lost none of our

enthusiasm to pursue it.

Physics Goals

The physics goals are the same as in the original proéosal.
They center around the measurement of the hyperon protén differen-
tial cross sections in‘the nuclear region. These would inciude,
L p, T p, 2+p, and possible @ p. We would make these measurements
as a function of incident momentum from about 100-350 GeV/c consis-
tent with the available hyperon intensities. The first step would
be a measurement of hyperon fluxes so that.a reasonable program
could be planned. In particular the estimates of the Q@ flux is
very uncertain and we have only tentatively included it in our
list of cross sections that we plan to measuré. The flux measure-
ments theﬁselves ﬁave significant physics interest since the

forward production spectra of £ , & and Q gives insight into the

1 exchange mechanics leading to high strangeness states. Another

interesting question we would investigate is whether charged

hyperons are produced with significant polarization similar to
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the substantial polarization of A®'s seen in Fermilab E8. We
would also seaich for new particles with lifetimes of ~lO-11
seconds. It is worth noting that no @ particles have been
detected at Fermilab and only a few ¥ have been seen in bubble
chamber pictures so we feel that this lifetime range is very
poorly explored at Fermilab energies. Our physics goals are the
same as in the original proposal and we refer the reader to it
for a more detailed discussion. The extensions are due to the
increased accelerator energy (E97 was proposed when Fermilab's

accelerator was a 200 GeV machine) and the higher intensity

available in the Proton Laboratory.

Hyperon Fluxes

Figure 1 shows the available data on the productién cross
sections for the charged hyperons. AThe data shows the invariant
cross secéion plotted as a function of ¢, the hyperon momenta
divided by the incidentlbeam momenta. In this range it is very
close to the Feynman x variable. The data shown are measurements
from the CERN and BNI hyperon experiments. We assume that these
cross sections scale to Fermilab energies. In the following
discussion we assume'that the @~ is below the % flux by the same
ratio that the ¥ flux is below the £~ flux. With channel designs

discussed in the next section we should be able to attain 104—105

2 3 ot =

£7, 10°-10° £ and £, and a few Q per pulse assuming a total

of ~106 particles per pulse exiting the hyperon beam channel.
These are extraordinary hyperon fluxes; the fractional content of

%~ is comparable to that of K in Meson Area beam lines; the
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fluxes would allow one to equal the world sample of Q  in one or

two minutes!

- The Hyperon Beam Channel

The design of the hyperon channel has evolved from the rather
crude design in our original proposal - remember no hyperon beam
had yet operated - to our latest and most sophisticated version
described in TM-610 by A. Roberts and S. Snowdon, which is attached.
Intermediate versions are described in our hyperon decay proposal
E353 and the attached internal note by C. Ankenbrandt. A simpli-
fied drawing of the Roberts and Snowdon design is shown in Fig.

2. Figure 3 is the design of the ﬁyperon beam for the CERN SPS.

Both designs use superconducting quadrupole magnets to increase

the acceptance and to render the beam parallel so that a differen-
tial Cerenkov counter can be effectively used. The superconducting
quadrupole design was pioneered by the CERN group and used success-
fﬁlly in their experiment done about six years ago. The quadru-
poles we propose to use are very similar to those being planned

for use in the Fermilab Energy Doubler/Saver. The maximum channel
momentum is 360 GeV/c. The hyperon fluxes quoted in the previous
section are typical and the reader is referred to TM-610 for details.

If 1000 GeV protons were available from the Energy Doubler/
Saver they could be utilized with the present design. Although
the maximum channel momentum is fixed at 360 GeV/c, increasing the
incident proton energy from 400 to 1000 GeV would correspond to
changing the ¢ in Fig. 1 from 0.90 to 0.36 and hence much larger

flux of the heavier hyperons © and Q@ . Of course if one wanted
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a hyperon beam at higher momenta, additional maénets would have
to be added to the channel. This would be desirable for studies
.of the s-dependencies of strong interaction processes but for

- studies of the decay properties of hyperons it is not necessarily
the higher hyperon energy that is desirable but the inc;eased

flux.

Cerenkov Counter

An integral part of the system is a Cerenkov detector which
we have designed to identify hyperons as they exit the channel.
This counter is.described in the enclosed technical note FNAL,
YJS-1 by J. Sandweiss. The countef and the design of the hyperon
channel must be considered together in order to match their accept-
ances. This counter uses a Channel Electron Multiplier Array (CEMA)
to achieve simultaneous identification of the three charged hyper—)
ons. The CEMA technology is advancing rapidly and prqvides a way
of obtaining high spatial resolution with the quantum efficiency
of the best photomultipliers. This "Phase I" design has as a back-
up position the ability to substitute a conventional photomultiplier
for the CEMA. The very desirable feature of simultaneous identifi-
cation of the three hyperon types would not be possible in this

alternative.

Analysis Magnets

We feel that analysis magnets somewhat larger than those re-
quested in the original E97 proposal would be highly desirable.

Two of the newly designed ECHO series of magnets 12‘x 24 x 72"
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would appear to be adequate for a substantial iﬁitial program.
The full program of weak interaction physics proposed in E353
would‘benefit if the first analysis maénet had larger aperture
"and higher field integral. For both E97 and E353 we would be
willing to undertake the initial program with two of the ECHO

Series magnets.

Instrumentation

The instrumentaion in our original proposal was state of the
art in 1970 but antiquated by modern standards. We would use
instead of the high resolution spark chambers (0 ~65i1) propor-
tional chambers which we have deveioped and successfully used
for E69 which have similar spatial resolution. We would use the
E69 high resolution chambers which have a 3 cm aperture buf in
addition would have to build at least one cluster of such cham-
bers with approximately double that aperture. Although chambers
of that size and resolution have not been built before, we believe
we have that technology well in hand.

The proportional chamber readout system used in E69 would
also be used for the hyperon experiment except that we would re-
design that section of it which uses a LeCroy hybrid circuit
containing a one shot delay. This now represents a subétantial
electronic dead time (~600 nsec) which we believe can be greatly
reduced.. We are well satisfied with the system organization.of
our E69 readout system and in particular the ease with which it
allows the proportional wire chamber addresses to be interfaced

to our analog processors. These analog processor allow us to
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trigéer on tracks which appear to change directon (kinks which
could indicate a scatter or decay). Such a system has demonstratgd
its utility and reliability in E69 and we would plan to use a up-
dated version of it in our hyperon program.

During the last few years our group hasvdeveloped and tested
small high resolution (50—100u) drift chambers. We believe these
chambers can be scaled up to sizes of about 1 m2 and have spatial
resolutions of about 100u. A special precision wire placement
machine is now being completed for the construction of theéé cham—
bers. A prototype drift chamber readout system matching this
chamber resolution has been éonstructed and is ready for testing.
We thus would like to replace the spark chambers used for the
momentum analysis of the hyperon decéy products by drift chambers.

We estimate that the flux measurements and new partiéie
search will require about 600 hours of accelerator £ime and the
measurements of the differential cross sections will require

another 600 hours.
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TM-610
CATEGORY NO. 2257

DESIGN OF A CHARGED HYPERON BEAM TRANSPORT SYSTEM
AND CERENKOV DETECTOR FOR THE ENERGY RANGE

150 -~ 400 GeV

by
A. Roberts and S. C. Snowdon

Fermi National Accelerator Laboratory,
Batavia, Illinois 60510

ABSTRACT

The design of a charged hyperon beam to cover the momentum
range 150 - 400 GeV/c at Fermilab is investigated. The followingv
conclusions are reached:

1) An achromatic beam design is superior to a conventional
dispersive beam; it allows the production of a parallel beaﬁ,
the use of Cerenkov detectors of much simpler and more powerful
design, and particle identification and tagging to higher momenta.
In addition, with a conventional detector, a wider momentum range
can be accepted.

2) Beams to cover the range 150 - 400 GeV can be deéigned;
the change required to cover this range may be merely retuning,
but this is wasteful of decay length. The recommended arrangement
is to change the cone angle of the focusing Cerenkov detector
from 7 to 11.5 mrad to cover the range, with a corresponding
change in length, 15 m and 7 m. Separation of sigma from xi

should be feasible to energies of 320 GeV or more.
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For the Cerenkov detector, the DISC is rejected as less
flexible than the focusing counter. In later phases of the work,
if and when CEMA (channel electron multiplier array) image
intensifier tubes with segmented anodes becomes available, the
system should become capable of simultaneously processing all
the hyperons.

3) The reduction in muon background to be expected with
a special beam-dumping, muon—-deflecting first bending magnet
has been investigated, using the program HALO. The residual
background is worst at the lowest values of alpha; but even
there the background level still seems well within tolerable
limits. |

4) All magnets, including the beam dump, may use super-—
conducting coils; the quadrupoles require them to achieﬁe the

necessary gradients.
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I. DESIGN OF FERMILAB CHARGED HYPERON BEAM

A. Requirements

The design study to be described is a continuation of eérlier
studies for a charged hyperon beam, whose results have been em-
bodied in several reports, as well as proposals for experiments!™%.
It deals only with the production of a beam of charged, tagged
hyperons; the experimental equipment for the study of decays
and interactions will be treated elsewhere.

Until early in 1975, the general assumption was that a charged
hyperon beam would be built in the meson area, replacing the neu- -
tral hyperon beam in M2. The beam design therefore used the same
large sweeping-analyzing-beam~-dumping magnet. The beam design
was, in fact, of minimum sophistication; aimed at a maximum momen-
tum of 150 GeV/c, it included only a bending magnet and a quadru-
pole pair, to give point-to-parallel focusing, but with the mbmentum
dispersion imposed by the bending magnet.

The requirement of a parallel beam is due to the need to iden-
tify beam particles. The négative beam contains at least eight
different kinds of particles, the positive six, not counting in
either case the anti-hyperons present; adding them bfings fhe count
to 9 in both cases. Particle identification in such a beam is best
done by a focusing Cerenkov detector, which demands a parallel
beam. -The Yale-NAL-BNIL hyperon beam at BNL did not include a
Cerenkov detector, (and we sometimes wished it had); the correspond-
ing CERN PS beam did have one. At Fermilab energies, where the
additional length required for a Cerenkov detector is far less

costly in hyperon decay than at BNL, such a detector is clearly

worthwhile.
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The design criteria for an ideal charged hyperon beam thus
include the following points: ' ’ )

1) Since baryon yields are maximal in the forward direction,
the secondary beam should be taken in the forward direétion for
best signal-to-noise ratio.

2) At any primary proton energy, the secondary beam should
be capable of covering a fairly wide range of alpha (ratio of
secondary to primary momentum.) The yields of différent hyperons
are known (from our BNL work®) to peak at different values of
alpha.

35 For maximum flexibility it is wise to design for the full
range of primary proton energies likely to be available in the |
next few years, and for as wide a hyperon momentum range as possible.
A suitable range is 150 - 400 GeV.

4) The beam should provide for identifying and tagging the
various particles composing it. By tagging, we méan providing
a prompt electronic identification signal for use in event logic.
The ability to simultaneously identify and tag all the particles
in the beam is not required; the particles lighter than protons
need not be separated, only rejected. The minimum requirement is
to tag at least one kina of hyperon at a time; it is desirable
to be able to tag more than one, but not essential. |

5) The beam characteristics and shielding must be such as
to provide an adequate flux of hyperons for experiments without

an excessive background. Two different backgrounds are of concern:
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the pion (and other light particle) flux in the charged béam,
and the diffuse muon background produced in the same target as
the hyperons. The total beam flux is limited not so much by
the proton beam current or the beam optics, but by the need to
individually count beam particles. The muon flux downstream,
in drift chambers and other large area detectors, must be tolera-
ble at the fullyintensity level of the beam; this requirement
imposes a need for a special muon-deflecting magnet at the front
end of the beam. A

6} Since the beam will contain a momentum bite of several
percent, it must also include means for measuring the momentum
of individﬁal hyperons to at least 0.5%, in order to give

sufficiently precise information for kinematic reconstructions.

B. Decay Lengths

The overriding consideration in beam design is the short
lifetime of all known hyperons. The decay lengths are conveniently
stated in units of length per GeV/c, since they are proportional.

to momentum. For % , the decay length is 3.71 em/GeV/c; for BT,

+.53,
-.35°

the I  decay length is thus 5.67 meters, and at 400 GeV/c it is

3.75; for 07, 2.3 and for ', 2.00 cm/GeV/c. At 150 GeV/c
14.8 meters. At 400 GeV/c one can think in terms of 40 to 50
meter beams of sigmas. The omega decay length imposes a more
stringent constraint, since the yields are much lower and the
lifetime more uncertain. The most stringent constraint arises
at the lowest momentum at which it is desired to work. It is

fortunate that the properties of Cerenkov detectors are such that




it is possible to design a flexible optical system to use small
‘cone angles and greater lengths to give better resolution at high
energies, and large cone angles and shorter lengths at low ener-

gies where the decay is more rapid.

C. Tagging

The ability to tag individual hyperons (absent in our BNL
experiments) allows many experiments otherwise difficult or im-
possible. An example is the study of branching ratios among
different decay modes, which is necessary, e.g., for a study of
the AT = 1/2 selection rule. It is this requirement that makes
the use of a Cerenkov detector mandatory, despite the additional
decay length introduced. However, it is important that the
Cerenkov detector have a high efficiency for detecting beam
particles; its acceptance should match, or at least approach
the beam phase space, otherwise the study of rare particles like
the omega is greatly handicapped.

The original dispersive beam first proposed" for thg hyperon
beam suffered severely from this difficulty; paﬁticles of a
given momentum were parallel, but the dispersion meant that the
direction varied with momentum, and this led to efforts £0 design
special Cerenkov detectors of the image-dissecting type®, that
could cope with this problem. The need for this complexity has
now been removed by the introduction of the achromatic beam, which
will allow matching to the acceptance of a conventional Cerenkov

detector.




D. Multiple Tagging

The tagging requirement introduces another.possibiliﬁy at
the other end of the scale. The relative abundance of hyperéné
observed in the negative beam is expected to be about in the
ratio 10°, 103, 1, for £, & and 9  respectively; in addition
there is a large accompanying flux of pions and other junk.‘ We
must be able to tag each of these three hyperon components
correctly. Multiple tagging is not needed for sigma or cascade
detection; it would be most useful in allowing rare omega
events to be accumulated while studying the more abundant particles.

Multiple tagging is useful in a negative sense, in that it
can be used for anti-coincidence signals to give purer tagging

signals. In this sense it is an important feature of Cerenkov

counter design.

E. Mass Resolution

Aside from multiple tagging, the greatest difficulty arises
in the need to distinguish particles whose masses are nearly the
same and whose velocity differences are therefore_small. The
most difficult case is of course the separation of sigma from
%xi. The mass difference is only 10%, and the velocity differences
at high energy eventually vanish; there is always a maximum
momentum at which separation is feasible for any particular experi-
mentalAsetup. The angular separation A8 at a cone angle 6 is

given by

088 = (mg? - my?)/2E2 = .156/8, E in GeV/c, 0 and 80 in ad.
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As we will see, we should be able to separate & from

E up to at least 320 GeV/c.
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II. DESIGN OF THE BEAM TRANSPORT
A. Procedure

The procedure used to investigate the beam design has been
as follows:

1) Use of the beam-optimizing program TRANSPORT to deter-
mine the magnet characteristics to achieve desired beam perform-
ance. TRANSPORT will optimize on any well defined beam parameter,
subject to a large variety of constraints. One can specify the
proton target dimensions, the acceptable hyperon solid angle,
momentum range, and the focusing requirements; magnet aberrations,
slits, misalignments, etc. can be introduced; and both first and
second order calculations can be made.

2) A necessary supplement to TRANSPORT is TURTLE, a ray-
tracing routine which verifies and amplifies the predictions
of TRANSPORT by actually tracing rays through the system. TURTLE
assumes lumped beam elements whose properties can be described in
the usual multipole expansions. To the extent that the beam
conforms to these assumptions, its output is correct to all orders.
The histogramming faciliﬁies of TURTLE allow the phase space if
the beam anywhere in the system is to be accurately pictured.

3) In addition to the calculation of the beam phase-space
parameters, it is also important to determine the flux of back-
ground muons that inevitably accompanies any proton target bom-
bardment. In the case of the relatively short hyperon beam this
presents special diffiéulties, since without corrective -action

the detectors could readily be swamped by high energy muons
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impéssible to absorb. For this purpose we have adapted to our
use the CERN program HALO, which can trace muons arising‘from
pion or kaon decay through any beam transport system using stand-
ard transport magnets for which a map of the magnetic field
can be supplied. Unfortunately the repertory of sténdard’maénets
is based on stahdard CERN designs, and does not include all the
design types one would like to try. For our purposes, it was
found necessary to mbdify HALO by adding a provision to include
muons produced directly in the target by the primary protons.
At high transverse momenta, such muons are known to be present
to an abundance.of 2 x 10_4 as compared with the pions; Qe have
assumed the same ratio for the forward direction as well’ Thus
for high-energy pions which enter the beam dump, and which have
available only a short decay path, the relative contribution to
the muon halo of the directly produced muons will exceed that of
the pion decay for energies abqve 90 d GeV, where d is the décay
path in meters. |

In order to carry out the HALO calculations, it is necessafy
to have a fairly accuraté idea of the actual iron configurations *

of the magnets used. This is especially important for the high

*Note added in proof. New data from Adair et al. (private
communication®) have just been received, which indicate lower
yields in the forward direction by factors of 2 to 5, depending
on the muon energy. They arrived too late to incorporate in the
present report; their effect will clearly be to lower the pre-
dicted muon backgrounds by at least a factor of 2 for muons
above 50 - 75 GeV/c.
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energy muons, whose trajectory differs little from that of the
main channel.
HALO also allows the insertion of muon absorbers and deflec-

tors of various sorts, so that muon backgrounds can be minimized.

B. Beam Layout

Figure II-1 shows a schematic of the proposed hyperon beam.
The beam includes a momentum-selecting dipole, BMl, a quadrupole
doublet Q1lV and Q2H, a reverse bend BM2, and a focusing Cerenkov
detector.

The reverse bend is due to a suggestion by C. M. Ankenbrandﬁéf
and significantly modifies the dispersive beam originally propose&
for Exp. 97. Without the reverse bend the beam may be character-
ized as a simple dispersive point-to-parallel focusing system, in
which particles in a narrow momentum range are essentially parallel,
but the beam is disperéed in direction according to their momen;
tum. The introduction of the reverse bend has the effect of allow-
ing the beam to be achromatized over a significant momentum range -
several percent - so that the emergent beam is all effectively
parallel within this range. The major advantage of this modifica-
tion is the great simplificatioﬁ and increase of detection effic-
iency of the Cerenkov detector that follows. A much simpler,
more or less conventional focusing detector can now be used, and
the phase space of the beam will match its admittance. ‘To achieve
this in the dispersive beam required a rather elaborate image~
dissecting system®. The achromatic design was apparently consid-
ered at one time by the CERN group, but abandoned for reasons not

entirely clear to us.
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The four magnets required would all have magnetic fields
as large as can be conveniently achieved, so that thei? lengths
can be minimized. For the required apertﬁres, it appears thét
conventional quadrupoles would be about twice as long as super-
conducting ones. For this and a variety of other reasons, inclu-
ding enérgx saving, initial cost, and operatihg cost, i£ seems
desirable to look to superconducting magnet designs, and we have

concentrated on these.
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Fig., 11-1. Achromatic Hyperon beam, schematic, A i

The superconducting gquadrupole pair require as high a grad- - -
ient as possible to keep the length down. The final value chosen
for the gradient was 10 kgauss/cm (25 kgauss/in) which gives

reasonable lengths and promises sufficiently small aberrations.

The first magnet, BM1l, combines momentum selection, beam
dumping, and muon deflection. It is patterned after a similar
magnet’ used, with much lower intensity proton beams, by experi-~
ment E8 in beam M2, for the production of neutral hyperon beams.
BM1l is also subject to the constraint that if a superconducting

coil is uSed, the thermal pulse due to radiation from the proton
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target must not guench the superconductivity; this appears
feasible. The total thermal load due to the beam likewise seems
tolerable. The effects of radiation damage on the superconduct-

ing coil appear not to be important.

C. Magnet Design: BM1

The length and field strength of BML are, in a sense, free
parameters for the system; they are not critical. Since the
overall shielding and, more important, the muon deflection, de-
pend on them, an overall length of 7.0 m and a 30. kgauss field
were decided on when the maximum hyperon momentum contemplated
was 240 GeV/c. ‘A few computations were made with a 5 m length;
the overall savings invlepgth was only 1.5 m, since longer focus-
ing magnets were required. The longer value seemed desirable both
for muon deflection and for shielding. The magnetic field was
originally fixed at a conservative 30 kG.

As important as the narrow central field region is the
secondary "weak" field region, in which the field is lower but
where most of the flux is. This is the part of the magnet,
filled with absorber, in which the major portion of the muon halo
is deflected away from the downstream detection apparatus. Fig-
ure IT-2 shows a cross—section of BMl as presently conceived, and
Fig. II-3 a detail of the coil cryostat.

The "weak" field region determines the momentum that muons
must have to reach the- return yoke before they leave the magnet.
Muons that reach it will be deflected back toward the déwnstream

detectors; this momentum limit should be as low as possible.




Fig. II-2. Cross-section of BM-1 as Presently conceived. One quadrant only is shown. The magnet will separate in the
median plane to allow assembly. The central region indicated by dotted lines should be interchangeable to allow target,
beam dump, trajectory, and collimation changes., The sagitta of +the trajectory is about 1 inch, The "weak! field regilon,
about 19 kG, designed for muon deflection, will be filled with an absorbing material such as zinc. As shown, the magnet
would weigh about 170 metric tons. .
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In August 1975 it.was decided, in view of probable develop-
ments in proton energy to extend the. maximum énergy of.the
secondary beam to 400 GeV/c. When this was done it turned dﬁt
that the 30 kg field and 7 m length gave insufficient dispersion
at 400 GeV/c to allow the design of a satisfactory slit system
to limit the momentum acceptance. The possible remediesvwere to
increase the length of the magnet or to increase its field. Since
by far the greatest fraction of the flux in the magnet is devoted
to muon deflection in the "weak" field region (see Fig. II-2) it
proved to be possible to increase the field along the hyperon

trajectory to 40 kgauss, which is sufficient for our needs.

Radiation Quenching

Figure II-4, for which we are indebted to A. Van Ginneken,
shows the relétive intensity contours for the energy deposited
in a 1argeriron beam dump by a 400 GeV/c proton. The contours
represent the energy dissipated per unit volume, in GeV/cm3 per
incident 400 GeV/c proton. .The maximum value at the coil loca-

5

tion corresponds to 10 GeV/cm3, or 1.6 x 10712 joules/cm3 - 400

GeV proton. For a 1012 proton beam burst, this becomes 1.6 - 10_3
joules/cm3 pulse. For copper, density 9., specific heat Cp =

1.0 x 10—4 joules/gm.degree at 4° K, we find 1575 X 10“4 joules/

gm. pulse, giving rise to a temperature rise of just over a ‘
dégree-(the specific heat increases as the cube of the témperature).'
More important, the pulse is not short enough to be adiabatic pro-

vided the magnet is designed with a short thermal time constant.

Unpublished experiments by G. Danby'® on a magnet with a short
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(~ 0.1 sec.) thermal time constant, using beams with a 1 sec.

flat top, indicate that a safe 1limit is about 6. x 10“4 5oules/gm.
pulse, with quenching at 3,103 joules/gm. pulse. We conclude
that a superconducting coil can be made and used safely. In prac-
tice the peak heat load may perhaps be reduced with local tung-

sten shielding in the weak field gap.

Radiation Damage

Superconductors are themselves‘nqt particularly susceptible
to radiation damage, and the radiation levels in the coils are
not thought to offer any hazard to the superconductor or to its
associated_coppér and stainless steel supports. However, one
must watch out for insulators, e.g., epoxy. If they cannot be
entirely avoided, perhaps‘they can be kept out of the high inten-—

sity radiation regions.

Removable Central Region

Like its predecessor, it is envisaged that the central region
of BM1l, comprising perhaps four to eight inches to each siderf
the center line, and onerr two inches of pole face, should be
4made so as to be removable. This would include a considerable
portion of the beam dump, the target, the collimator and slit
system. Thus a_change of trajectory could be achieved with rela-
tive ease; and all critical alignments could be carried out on

the bench in a radiation-free environment.

Neutral Beams

Since the sagitta of the charged hyperon beam is only an
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inch or so, the use of BM1l as a sweeping magnet for a neutral
beam appears straightforward. All that is required is’ to change
the central beam section to one with a straight.path and corres-

ponding collimation.

D. Quadrupole Paif

The quadrupole pair will have to be superconducting, or else
the gradients will have to be drastically reduced, and the quads
correspondingly longer. There seems to be no reason why they
cannot be superconducting; magnets not too different from the
ones proposed have been built at Argonne. At the exit of the
bending magnet BM1 we are outside the beam dump, and radiation
heating or damage is no longer a serious problem. A design that
permits a useful apertﬁre‘about 3 cm in diameter has been worked

out, and is shown in Fig. II-5. §

E. BM2

Not too much attention has been given to BM2. It is assumed
that the design of a uniform field dipole, with at most a 3-cm
gap, and a 40-kG field, with a superconducting coil in a low
radiation intensity environment, should not offer any great
difficulties. It is desirable, though not essential, for it to
be a C-magnet rather than an H-type, if possible; this will tend

to decrease the muon flux refocused along the beam.
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B, = 25 kG/1n
N = fOlf*i‘urns/;Dde

o

Fig. II-5. Superconducting Quadrupole Cross-Section (first quadrant only)
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III. DETAILS OF BEAM TRANSPORT DESIGN

A, TRANSPORT Calculations

A fixed length and field, were postulated for the first
bending magnet, BMl. The order of the three remaining compon-
ents - the quadrgpole pair and the reverse bend - was varied, and
it was determined that by far the best results came with the
vertical focusing quad first, and the horizontal focusing quad
last. The criterion for the design was to minimize simultaneously
the angular divergence of the outgoing beam and the momentum dis-
persion. The quantities specified were the dipole fields and the
quadrupole gradients and apertures. The quantities varied for
optimization were the lengths of the two guadrupoles and the

reverse bend. 0.2 m drift spaces separated all magnets.

B. TURTLE Calculations

Using the data for lengths thus supplied by TRANSPORT, runs
were made with TURTLE to plot the phase spaée occupied by the
beam at various points along it; at first with a "zero phase-
space" beam, in which the x, x', y, and y' ranges of the beam
were infinitesimal, and the momentum spread alone allowed to be
large; thus the focusing could be examined as a function of
momentum. To determine the effects of target size, proton beam
phase space, aperture and slit constraints, one then can simply
insert these quantities one at a time and observe the effect.
Figures III-1 to 6 show a set of such runs for the 400 GeV/c beamn.

Second-order focusing was used in all runs.



-22-

TWO DIMENSIONAL PLOT OF XPR VS DP/P

Lo . . .- OO SO, S [
~4,003 -1.50" 1.060 3.500 TOTALS
I-V-#-.......-‘.i#.._..-‘f--'.'- _——‘F-‘f‘-—-_’@-‘é..__?}’&......-‘l-’.‘-.‘..:[ - e - v e -
~+153 7O  =,145 1 S TR | DU
~+145 YO ~e143 T I c
C~.140 TO ~-.135 1T X i
-+135 T0. . -.13Cc I . e e T b
-.130 10O ~o128 I T G
-.12% 10 -o1206 1 T 0
=120 TO. =.115 T - N i T 0.
-+115 TO -+110 I I 0
-, 110 YO -v188 1 I 0
I ] 1‘0 5 MTG M.H:'.Zoml‘ﬂ.ﬂ,wl_w S, e e I 1 PR
-,100 TO -,095 I I C
-, 095 TO -.090 1 I i}
=e 090 YO . =eaG85 I e X 0
~-,085 TO -.080 I 1 g
~-.080 TO -+075 I I 0
L =e 075 Y0 =070 % e X G
-.065 T0O -.060 I I 0
. T e Q.GD -;,.I_O IO g5E I - - et e e e e mn g e e s mvrmren ot e mtrene T ' a
-.C55 T0 ~.050 I ¢ 1 157 ;
-.050 1O ~s045 I %3 I 254 §
~e 045 TO - =e0840 T  8S_ e % T L7.2 !
-, 040 TO -.035 I 2%3 $3 I 597 ?
-.035 70 -.030 1 DY $3 I €28
-.030 TOC -025 1 731 - . BRE__Y  RT7
-,025 TC -s02C 1T S?I T ag I TEP
-.020 TO -.015 T 153 $3 I 89y
-+015 TO . =.04C. 1 *IL A I A034
~-.040 TC -.005 I Y536 33% 1 1284, T
-.005 TO ~+G00 I NREFERTITSES I 2943 \
-,008 TC . . .005.1_ 0F3F. - i X292
.005 T0 .010 I I 0 \
G110 YO .015 I I 0 z
L0145 7O . L0206 X.__. S I } !
.020 1O $025 I I g T
025 10 o030 I I 0 ;
3 Q 30 R TO . - 9035 Iuﬂ et ettt & e o e e s e s it _.M,I~ a !
+03E TO 040 I I i
040 TO «C4S T I 8
045 TO L0650 I . S - _I C
058 TO 685 T I 0
.055 T0O 060 I I 0
. I e X R e AV F e F R F R e e m
1 I
I I
1.33333333322333323332233233333332. % o
I 2011C222078132182L19802942200049 I ;
TOTALS T 6914265333A13663055737395547852%8 I .9999 ;
YCTAL NUMRER OF ENTRIZS =. 10000 INCLUDING UNDERFLOW AND !

Fig. IITI-1. Phase-space plot of x' vs momentum (in % dp/p).

"Zero" phase-space beam (point target).
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Fig. IIT-2. Same as Fig. III-1, with 25~cm target, no momentum-defining slits,
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Fig. ITI-4. Phase-space plot of ¥y' vs. momentum (in % dp/p).

"Zero" phase~space beam (point target).
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Fig. ITI-5. Same as Fig. IIT-4, with 25-
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Fig. III-6. Same as Fig. III-5, with addition of momentum-defining slits.
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In addition the effects of magnet aberrations or imperfec-
tions could be investigated, as well as end effects and the effects

of various beam misaligments.

C. RAYTRACE Calculations

Since TURTLE is a matrix procedure using lumped elements,
it does not handle end effects and fringing fields explicitly for
quadrupoles (it can of course include edge focusing effects for
dipoles.) Since the required parallelism of the output beam is
rather stringent, it was thought to be worth while to check the.
results of TURTLE by means of a ray-tracing program, which would
automatically be correct to all orders, since it simply inte-
grates the Lorentz equations of motion. The only limit with suchr
a program is that involved in specifying the field aécurétely |
enough.

An MIT ray-tracing program, which we renamed RAYTRACE,
furnished by S. Kowalski, was used for this purpose. The program
is not designed for high energy physics use, but for spectrometers
in the 1 GeV region; consequently it is set up with rather
different objectives in mind. However, it was found to be usable.
The axial rays give results identical to those of TURTLE. The
results of other rays, selected to sample the phase space, were
in good agreement with TURTLE results. This indicates that the

fringing field effects are essentially negligible.

D. HALO Calculations

The wmuon background at the downstream detector position was
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investigated by forcing decay of all pions at 0.5 meters from

the target. As explained above, it was necessary to add directly
produced muons, since they constitute the largest part of the
background above 50 to 100 GeV. The design of BMl is such that
all low energy muons are deflected far away from the spectrometer
detectors. Only the highest energy muons, which closely parallel
the hyperon beam and traverse the hyperon beam transport magnets,
contribute to the final background. There is a small flux of
very low energy muons {15 GeV and less) that reach the return
yoke of BM1l and are deflected back toward the detectors; few in
number, they have been ignored). Filling the gap of BMl with an
absorber like Cu or %Zn has the beneficial effect of degrading and
scattering the muons, thus decreasing the background.

‘The HALO calculations show that the greatest flux of inter-
fering particles at the downstream detectors is found when the
hyperon beam is tuned to energies considerably lower than the
incident beam energy, i.e., at low values of alpha. In view of
these findings, it is not necessary to consider adding special
muon deflecting magnets ér shields at this time. The major
background is that which traverses the iron of the beam trans-
port magnets. It is of relatively high momentum; in fact, near
the hyperon momentum.

Figure III-7 indicates the result of a 150 GeV/c HALO run
(o = 0.5) with all beam magnets in place, with 300 GeV/c protons
incident. The plot inéicates the geometrical location of halo

particles striking a detector plane 52.8 m downstream from the
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target. The coordinates are in mm, the origin at the location of-
the transmitted hyperon beam. Each halo particle représents
1000 muons; the beam is 3.3 x 10ll interacting brotons. . ‘

We see that the peak intensity, between * 100 mm points,
reaches 25 halo particles or 2.5 X 104 muons in a sgrip 2 cm wide
by 60 cm high at the location of the primary beam. If this is
the area covered by a single drift-chamber collecting wire, it
indicates that the peak backgrouhd muon flux averages one particle
every 40 usec during the beam spill. A 10 cm‘lateral displacement
will reduce this peak value by a factor of 5. The muon halo
spectrum ranges from about 60 to 230 GeV/c, peaking around 110.

As noted above, the new data of Adair et al.,?® indicate that the

above numbers are too high by at least a factor of 2.
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IV. RESULTS OF BEAM DESIGN CALCULATIONS

Three different momenta were used in the p;incipai phase
of the design study, and TRANSPORT calculations made for théﬁ;
most of the preliminary work was done at 240 GeV/c. . The major
beam parameters obtained are shown in Table IV-1. The guadru-
pole gradients were 10 kgauss/cm., the bending magnet fiélds 30
kgauss. Elements are separated by 0.2 m drift spaces.

As may be seen from Table IV-1l, the change in field in the
dipoles from 400a to 400b does not change the beam optics or mag-
net lengths. The desired improvement in dispersion is evident

only when slits are inserted.
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TABLE IV-1

A. Magnet lengths in meters, deflection angles in degrees,
for the Achromatic beam, with zero phase space. 400a
and 400b refer respectively to runs with the dipoles

at 30 and 40 kgauss respectively

Beam Eleme

BM1
Q1lv
BM2
Q2H
Bend, BM1l
Bend, BM2
Total Bend

Total Beam

nt " Momentumn, GeV/c
240 320
7.00 7.00
1.959 2.540
1.699 1.584
1.319 1.673
1.503 1.127
-.365 -.255
1.138 .872

Length . 12.58 13.40

400a
(30 kG)
7.00
3.092
1.486
1.996
.902
~-.192

.710

14.17

Parameters for Achromatic Focusing

B.

Momentum, GeV/c a
240 0.002
320 .002
400a .002
400b .002

b

.0012
.0014
.0006

.0016

C

.0037

.0028 -

.0023

.0032

The parameters for achromatic focusing a, b, and c refer

to the empirical equation representing x' focusing:

x' = a + by + cy2

(Iv-1)

where y represents percent momentum deviation from the central
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value, and x' is in mrad. The momentum values y at which x'

reaches a given value V can be obtained by solving the equation

kg
If

—b/2c + (b2 + 4 vo) /220 | (1v-2)

E.G., for x' = -.018 at 320 GeV/c, which gives a total spén of
x' of .020 mrad, we find the two values of y are +2.93, - 2.43
(for a zero size target).

It is noteworthy that the rate of change of overall length
bf the beam with the energy between 240 and 400 GeV/c is'almbst
exactly 1.00 cm per GeV/c. But, as we have seen, the decay
lengths of"éll the hyperons exceed 2. cm/GeV/c. Thus the fraction

of hyperons decaying in the beam decreases with increasing energy.

A, Contributions to Beam Phase Space from Target Dimensions

and Proton Divergence

Target Size

The parabola (Eg. IV-1l), representing the variation pf x' .
with momentun,defines the achromatic focusing prbperty of the
beam. The other beam properties are simpler; The mean x coordi-
nate at the output, §4,changes almost linearly with momentum;

y and y' do not change. The X, dispersion may be characterized

as follows:
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TABLE IV-2

Dispersion at End of Beam

Momentum Rate of Change of x4 with
GeV/c Momentum
240 -0.35 cm/% dp/p
320 -0.30 cm/%
400 -0.24 cm/%

These numbers are relevant to the measurement of individual
particle momenta in the beam, as we will see later on.

To determine the effect of target size, the point of‘origin
of the beam was displaced from the origin of coordinates in one
dimension and the effect on the beam dimension observed. As
might be anticipated, x affects mainly the conjugate coordinate
x', and similarly y mainly y'. The coupling between x and y is
very small. In 1ike fashion, x' determines final x and y' the
final y. The effect of target height and width can be summarized

as follows:
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TABLE IV-3
Variation of Beam Divergence with

Target Parameters

E, GeV/c = 240 320 * 400
a. Variation of x' with x" =
horizontal target .05 mr/mm .044 .044
displacement x, = x"
b. Variation of y' with y" =
verticle target .20 mr/mm .20 .20 .
displacement y, = y"

Target Length

Investigation of the effect of target length on focusing
propertieé shows that there is practically no observable effect
from moving the source axially 10 cm in either direction from
its initial position at the entrance to BMl. However, there is
another important effect, in that the effective target height
and width change with location along the target if the primary

proton beam is not perfectly parallel - which of course it is not.
This is illustrated in Fig. IV-~1.

Proton Beam Phase Space

Table IV-4 shows values guoted to us as nominal optimum
values to use for the phase space of the incident proton beam
in Proton Centrall!. They can be expected to show variations,

of perhaps as much as a factor of 2.
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Fig. IV-1. Target illumination by the incident proton beam.

TABLE IV~-4

Proton-Central Beam Phase Space

Horizontal proton beam admittance:
Phase space area 0.257 mm. mrad

Vertical proton beam admittance:

Phase space area 0.10m mm. mrad

It can be shown that the minimum conﬁribution'td secondary bheam
angular width will be obtained when the contributions due indi-
vidually to minimum beam height and to increase of heiéht.in thé
target (because of primary beam angular divergence} are equal.
Thus optimum shape of the primary beam phase space will depend
upon the target length as shown in Fig. IV-1. Table IV-5 shows
the contribution to angular spread in y' due to target length 1,
and thickness t, and in x' due to target width, assuming the
contribution suitably minimized. Y_ and 6_ are the coordinates

o Y

of the proton beam vertical phase space, x and GX of the hori-

o

zontal.
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TABLE IV-5

- Contributions to Angular Divergence

from Target Length

A. Vertical Divergence: y" = 0.20 mrad/mm (at all energies)
Length, 1 yQ ey t y!
100 mm 0.1 mm 1.0 mr 0.2 mm 0.04 mr
200 mm .14 .707 .28 .056
250 mm .157 .64 .314 .063
Take x" = 0.048 mr/mm as

B. Horizontal Divergence:

average at all energies

Length, 1 X GX t ,x"
100 mm .158 mm 1.6 mr «316 mm .016 mr
200 mm .224 1.1 45 .022
250 mm .25 1.0 .50 .024

These contributions are quite unequal, due to the much

greater sensitivity of the beam to vertical height than to hori-

zontal width.

There is, however, another source of divergence

that contributes to horizontal width alone, thus tending to

equalize the divergence.

tum spread and the imperfect achromatization.

As we have seen, this 1s the beam momen-
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Proton Beam Steering

Since the secondary beam is so narrow, it will clearly be
necessary to provide steering magnets to allow the proton beam
to be accurately directed at the target. Control of both position’

and direction will be required.

B. Contributions due to Momentum Width

The momentum width permitted in the beam contributes to the
loss of angular resolution in two ways. One is the failure to
achieve perfect achromatization described above; the other is a
change of radius of the Cerenkov ring, since the cone angle is a
direct function of particle velocity. This decreases the separa-
tion of particles of different masses.

Table IV-6 summarizes these effects at 240 GeV. At higher

energies these quantities are somewhat reduced. .

TABLE IV-6
Effects of Target and Beam Size and Momentum

Spread at 240 GeV

Target Size: 250 mm x 1 mm x .32 mm. Values shown
are full widths at about 90% area.

Ax' min .05 m
Ax' for * 2% &p , .065
Ax" for * 3% 6p ~ .08
Ay' min .06
Ay' for %+ 2% 6p .07

Sp ~ .08

I+
L
oo

Ay' for
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C. Effects of Magnet Imperfections

1) Dipoles

The effect‘of sextupole components in the two dipéle.fields
was investigated. In BM2 a sextupole has a much smaller efféct
than in BM1l, as might be expected; an amplitude of ..001 (0.1%
field error 1 cm from orbit) was unnoticeable. A sextupole field
of amplitude .00l in BM1l, on the other hand, increased the de-
focusing of off-momentum particlgs by a factor between 2 and 2.5;
it acts to decrease the achromatization by about 30%. The effect
can be seen in Table IV-7, which shows how the focusing is affect-
ed. For this table, the value of x', the horizontal angular
coordinate, is treated as a parabola, as we did above in discuss-
ing achromatic focusing. The result of the sextupole aberration

is to change the coefficients of the parabola.

TABLE IV-7

Sextupole Effect on Achromatization at

240 GeV/c
Parameter a b c
No sextupole . 002 .0012 -,0037
Sextupole = .001 .002 .0039 -.0075

An x' range of .03 mr allows a 5.7% 8p/p range with no sextupole;
4.0% 8p/p, 30% narrower, with .001 sextupole.

2) Quadrupole Imperfections

Sextupole components in the quadrupole field had similar but

much smaller effects. 1In addition, the effect is sensitive to
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the phase of the quadrupole field (rotation) with respect»to the
sextupole field; it is much smaller when the two are in phase.
The major effect was the introduction of a slight variation in the
mean y' with momentum; but this is much smaller than the spread

in y' from other causes.

D. Effect of Misalignments

We have investigated the effect of displacements and rota-
tions on individual magnets, and on the beam as a whole {exclud-
ing BM1 which is regarded as fixed.) Displacements and rotations
cause angular displacements and tilts, respectively; the effect
when the entire fransport (two quads and BM2) is simultaneously
displaced being a third tg a quarter as great as the effect of
the single most sensitive component, which depends on the coord-
inate examined. It is therefore highly desirable that the two
guads and the bending magnet, which have an overall length of
about 7 meters, be mounted upon a single fixed base, and individ-
ually aligned with respect to it; then motions of the base will
have much less effect on the particle beam. Displacements of 0.5
mm have noticeable effects on the beam direction; the y displace-
ment is much more sensitive than x, és is to be expected from the
target sensitivity. It will be necessary to provide means for
monitoring and adjusting the beam transport location.

Table IV-8 shows the effect of some misalignments. Small
changes in mean direction x' and y' are of little consequence;
such small displacements provide a method for steering the beam

accurately. Large changes introduce chromatic effects which should

be awvoided.
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TABLE IV-8

of Misalignment of Entire Beam

Misalignment

Momentum, GeV

240 320 400
X displacement = x' shift = x' shift = x' shift =
1. mm (entire beam) -.05 mrad -.046 mr -.042 mr
y displacement = y' shift = y' shift = y' shift =
1.0 mm ~.21 mxr -.20 mr -.19 mr
Rotation, 1. vy slope = y slope = y slope =
degree .0025 cm/1% .0025 cm/1% .0025 cm/1%
dp/p dp/p dp/p
y' slope = y' slope = y' slope =
.003 mr/1% .0022 mr/1% .0018 mr/1%
dp/p dp/p dp/p
E. Determination of Individual Particle Momenta

As anticipated in our preliminary report, it has proved to
be possible to determine the momenta of individual particles in
the beam by correlating their x coordinates at two points in the
beam. It turns out the best place to make these observations is
at Xy just after BM1, ana X0 at the end of the beam transport,
at the entrance to the Cerenkov counter. Accurate location at
the latter point is required in any éase to obtain the final
particle direction. The correlation is capable of yielding
reasonably good accuracy in momentum, provided one has detector
planes of sufficient accuracy.

Table IV-9 shows the precision

obtained with a 25 cm. target. The width is due almost entirely

to target size; the resolution can readily be improved by reducing

the target size.
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TABLE IV-9
Momentum Resolution at 240 GeV/c

from Xqr Xy

All runs made with 25 cm. target:

1.4 mm slit at 3.5 m, 2.8 mm slit at 7. m,
7. mm slit after BM2.

FWHM in xq at a single momentum: 0.014 cm,

(Axl/ép/p)x : 0.023 em/1% 6p/p
4 = constant
Momentum resoclution: 0.014/.023 = 0.6%
FWHM
F. Beam Solid Angle, Acceptance, and Particle Yields

To calculate the flux of secondary particles in a giﬁen beam
it is necessary to know the production function, and the solid
angle. No direct data on charged hyperon production at Fermi-
lab energies is available; the highest energies for which pro-
duction data are available is 31 GeV, from our BNL run. In
addition there are now some data on neutral hyperon production
at Fermilab. For the purposes of this report the direct produc-
tion cross-sections can be taken as those predicted by the Wang
formula'?®, with sufficient accuracy. This is most useful not
only for the overall yield functions, but for the angular dis;
tributions as well. At the energies under consideration the
yvield falls off so rapidly with angle that it is easy to design
beams with angular acceptances large compared to the width of

the angular distributions.
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Figure IV-1 (p. 37 ) shows the target illumination produced
by the divergent proton beam. The horizontal spread of the pro-
ton beam is large (+* 1. mrad) compared to the secondary beam
acceptance (less than 0.5 mrad) so that the secondary beam phase
space is uniformly filled, though not with equal efficiency, by
all incoming protons. However, the proton beam divergence in
the vertical plane is only * 0.64 mrad for a 250 mm long target,
and 1. mrad for a 100 mm target. These numbers are small com-
pared with the acceptance possible in the vertical plane, which
is at least * 2.0 mrad. Table IV-10 shows the angular distribu-
tion function in the Wang production formula, which is a simple
exponential function exp (-4.247 Pt)’ where Py is the transverse
momentum of the (negative) secondary particle, in GeV/c. From

this universal function, the following table can be made .

TABLE IV-10
Angular Production Function from the Wang Formula

F = exp (-4.247 p,)

Particle Production Angle, mrad:

Momentum, - :

GeV/c 0. 0.5 1. 1.5 2.0
150 1.00 - 127 .529 -+385 280
200 1.00 . 654 .428 .286 .183
240 1.00 . 601 .361 .216 .130
320 1.00 .507 .257 .124 .066

400 1.00 .428 .183 .078 .033




—45—

The total production can be found by integrating the angular.
function out to infinity, giving the value 1/4.247 = .256;_ Thus
the area is that contained in a uniform distribution out to a
transverse momentum of .236 GeV/c. The corresponding production
angle is just this quantity divided by the beam momentum. Thus,
at 236 GeV/c the total angular distribution is that contained in
a 1 mrad angle, or in m microsteradians. In the vertical direc-
tion the acceptance may extend well beyond this angle, so that the
entire production is contained; in the horizontal direction, the
large proton beam divergence (+ 1. mrad) and the small equivalent
horizontal acceptance, about * .25 mrad, cut down the yield.
Consequently it seems expedient to change the horizontal proton
focusing to get less divergence.

The optimum horizontal focusing was definéd as that giving
the smallest target size. It was found at a waist of # .25 mm
and a divergence of * 1.0 mrad, giving a horizontal target width
of + .50 mm. If we depart from the optimum and make the waist

+ 0.4 mm, the divergence * .625 mrad, we get a target width of

I+

.56 mm, but now the secondary beam angles with the primary
proton direction are much reduced, with correspondingly indreased
yields. There is no sacrifice in resolution either, since the
x' width is smaller than the y' in any case.

We thus end up with the following table of calculated T
yields, IV-1l. 1In this table, we have used the Wang formula; we
have converted the yields to be per usterad-GevV . 0.37 x lO12

interacting protons, where 0.37 is an assumed target efficiency;

this yield we call N. In addition we introduce an angular yield
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function fo' which depends only on the secondary beam moméntum;
it is the effective solid angle available to the secondaries

(= .236/E), multiplied by 0.5 to account for the loss of accept-
ance in the horizontal direction. The final calculated yield

is then Y., the product of these factors.

TABLE IV-11

Overall Yield Calculation for Negative Pions

. Final Yield: No. of 7 /GeV/c.37 x 1012
Secondary fo' interacting protons.
Particle Corrected 4
Momentum Angular Ep = 400 GeV Ep = 500 GeV
GeV/c Yield N Y : N Yf
160 . 735 7.0 EO7 5.1 EQ7 11.0 E07 8.0 EO7
240 .49 2.7 E07 1.3 E07 7.6 E07 3.7 EO07
320 .37 3.7 BE06 1.4 E06 2.4 E07 8.7 E06
400 .30 ' - ———— 4,4 E06 1.2 EO6

To convert from pions to hyperons we use the followiﬁg
ratios, which for simplicity we assume independent of alpha*;
this does not introduce errors as large as a factor of 2. 1In
addition we need decay factors, which depend upon the beam length

and the particle momenta.

E3
This is somewhat inaccurate for I's, where vield is lower below
o = 0.8, higher above 0.8. For E it is quite good (the E yield
being almost identical with K™). For © there are no data, and

the number given is a guess.




TABLE IV-12
Ratio of Hyperon to Pion Yield

(assumed independent of o)

1. £ /n . =1.0
2. E /m . = 0.02
3. @/ .= 2. x 1074

We now combine all these factors in Table IV-13 to get final

yield figures.

TABLE IV-13

Hyperon Yields, taking into Account Production and Decay.

No. of Particles/uster - GeV/c/.37 x lO12 Interacting Protons.

Proton Hyp.|Tctal |Pion
Mom. Mom. | Beam Yield
GeV Length Sigma Xi Omega Sigma Xi Omega

Decay Factor Hyperon Yield

400 160 [21.5 m|5.1E7|.0266 .0278 .0029 |[1.26E6 2.8E4 29.6
400 240 ([21.5 1.3E7].0893 .0917 .0203 |1.2E6 2.4E4 53.0
400 240 [29.5 1.3E7{.0363 .0377 .0048 |4.7E5 1.084 12.5
400 320 |29.5 1.4E6{.0834 .0856 .0182 |1.2E5 2400 5.1

500 400 129.5 1.2E6|.137 137 .0408 |1.6E5 3300 9.8
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TABLE IV-14

Ratio of Hyperons to Pions at Beam Exit

Beam Sigmas per Xis per Omegas per
Momentum 6 6 6.

GeV/c 10” pions 10" pions 10~ pions
160 4.2E4 860 1.2

240 (21.5 m) 8.1E4 1700 3.5

320 8.5E4 1700 3.7

400 1.2E5 | 2400 6.7

Note: At 400 GeV/c a momentum acceptance of * 3% would cover a
range of 24 GeV/c; the beam would then have to hold to
4 x 1010 incident protons to keep the total particle flux
down to 106/sec.

Note on Further Reduction of Muon Background

Since the increase of muon background at lo& momenta comes
from decreasing the field in BMl and thus failing to deflect the
muons adequately, it should be possible to circumvent this
difficulty, if necessary, by keeping the field in BMl1 at a highA‘
value and changing the central plug to give a more curved trajec-
tory. The rest of the beam will have to be retuned, but with
more deflection the beam performance should improve. To avoid
moving the beam transport, magnets to deflect the incident proton
beam could be used to compensate for the change in position of the

target.
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V. DESIGN OF THE CERENKOV DETECTOR
The design of the Cerenkov detector takes as its starting
point the physics requirements of the experiment. We take it as
required to separate and identify hyperons to energies as high
as possible - up to 400 GeV/c if possible. To do this implies
a foéusing type of detector with ring images. Threshold counters

in this momentum range are far too long.

A. Angular Resolution

The angular resolution that determines whether two different

ring images are separable is the product of contributions from the
beam, and from the Cerenkov detector itself. We have already
considered the former; the latter contains several important

components.

Counter Contributions

1) Variation of diameter of ring image with particle momen-
tum. This effect limits the momentum acceptance to a maximum of
about * 3% or less, if sigma-xi separation is to be retainéd. |
However, this imposes no great hardship, since in practice we will
almost certainly not require sc large a momentum bite. However,
the slits available for momentum restriction in the beam are not
infinitely sharp, and there is always a tail in the momentum pass-
band; this is not expected to be troublesome. The sigma-xi
separation is always eqﬁi%alent,to a change in momentum of 10%,
at any energy Or cone aﬁgle.

2) Chromatic dispersion in the gas is always the most serious

aberration; it enters through the variation of n in the basic
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equation cos 6 = 1/nB. It is this qﬁantity that dictates the
choice of cone angle. By using the least dlsper31ve gases -
hellum or neon - and limiting the wavelength region used, thé
chromatic aberration is kept under control.

3) Multiple scattering in the gas, windows, etc. This is
- negligible in all practical cases, for the momentum rangés under
consideration. |

4) Optical imperfections ana aberrations. These must be kept
sufficiently small not to make significant contributions to image
width; there are no difficulties in meeting the requirements.

Table V-1 shows the width of a ring image due to chromatic
dispersion in He (for which it is minimal) for the wavelength
range 280 - 440 nm, for three different cone angles. For compari-
son we show the angular separations A6 of £ and ® rings>as
well. The angular spread of the 240 GeV/c beam was given in
Table IV~-1l; it is .06 - .08 mrad, depending on the momentum bite
and target size, and decreases only slightly at higher energies.

We have included for comparison the corresponding data for
the DISC counter now available at Fermilab; here, of course, the
chromatic aberration has been essentially removed, leaving as the
major limitation the restricted angular acceptance.

Figure V-1 shows the separation of sigma from xi graphically,
for 7 and 11.5 mrad cone angles. |

For these small cone angles, the gas pressuxre in the counter
is always low. At 150 GeV/c, 11.5 mrad, it reaches a maximum of

about 3 atmospheres (absolute).




t
o, -

mrad
gle
"t

ey,
Ty,

7 e
cone an,

ot
i
i

¢
i

-51—

2

e
L

£F

L

n';.;.{'

.
v

e

A

i
I

in

b foi?

i

=
r"",—t“

[Py
QVaIN “HTIONY

HNOD™

500.

200.

250

HYPERON MOMENTUM, GEV/c.

200.




TABLE V-1

I - F Separations A6, and Chromatic Dispersion

CHR, in mrad. Cerenkov Cone Angle, 9:

Hyperon Beam & = 7 mrad. 8 = 11.5 mrad. 8 = 24.5 mrad. (DISC)
Momentum Spread, AB. CHR A8, CHR AB, CHR Angular
GeV/c mrad¥® mrad. mrad. mrad. mrad. mrad. mrad, Acceptance
150 - - - .603 .150 - .283 (.015) .094
180 - B - - .420 ,139 .175  (.015) .058
210 - - - .307 .130
240 82 - .387 .106 .235 .124 111 u .037
.05 "
320 07 " .217 .084 - - .062 .021
360 (.06) .172 .079 - — . 049 " .016
400 (.06) 140 .077 - - - .040 " .013

._Zg_.

*
Beam spread is due to finite target size: it is given for a 25 cm. long target.
See Table IV-1
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B. Chromatic Dispersion and How to Live with It

There are two ways to handle the chromatic dispersion problem.
You can suffer its slings and arrows; or, you can take arms
against it, and bj opposing, end it. (The third alternative,
to vacillate, Hamlet-like, we reject.).

Cerenkov detectors in which the chromatic dispersion is
corrected are known by the generic name of DISC. They are usually
characterized by extremely high resolution and correspondingly
small angular acceptance; the last entry in Table V-1 shows a
typical instrument of this type. These features of the DISC are
not inherent characteristics; they are consequences of a decis-
ion to use'iarge cone angles, which keeps the counter shorter
and smaller in diameter, and thus less expensive. The latter
point is of great importance, since the achromatization'of the
DISC, extending as it must into the UV, is very expensive.

The alternative to the DISC is to use a conventional Cerenkov
focusing counter, with a considerably smaller cone angle, which
improves the mass resolution. One must then accept the greater
length, additional hyperén decay, and decreased light output this
choice entails. If the beam optics .are not able to supply a hy-
peron beam within the phase 'space acceptance of the DISC counter,
one must either accept the corresponding loss of beam or switch
to the conventional detector.

In congidering Qhether to use a DISC or a conventional
counter, we have been influenced by the fact that there exists

in the Laboratory a half-completed DISC which might perhaps be
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made available to this beam; it is the one whose characterisfics
are described in Table V-1l. Figure V-2 shows a sketch of it.
Considerations .of both cost and procurement time probably rule
out of consideration any other DISC design,'and thus we confine

ourselves to this one example.

C. Performance Requirements and how to Achieve Them

An ideal Cerenkov detector would detect, identify, and tag
all particles traversing it, and also measure their direction
and momentum. Let us see how closely such an ideal may be
approached.

First,'we note that the DISC does not attempt this task.
It has a single circular slit, albeit of very high resolution,
and detects only those particles whose Cerenkov light passes
through the slit. There are no anticoincidence circuits; it
rejects unwanted particles by brute force. To achieve a reason-
able degree of signal purity, at least sixfold, preferably eight-
fold coincidences are required for the accepted particles; thus
the minimum number of photons in the ring image must be in the
range 30 to 40. The resolution is excellent, and the specifica-
tions on allowable angular divergencé of the beam correspondingly
stringent. From Téble V-1 we note that at 240 GeV/c the 24.5
mrad DISC we are considering will have an angular acceptance of
.037 mrad, with correspondingly less at higher momenta. In
contrast, the angular divergence of the beam is determined in
practice by target size; and for the 25 cm. long target.we would

like to use, the beam spread is as large as .06 to .08 mrad.
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Corresponding losses in detection efficiency will be inescap—
able.

The alternative, the conventional ring—focusing counter, does
not rely on high resolution alone to distinguish particles. It
accepts the chromatic aberration in the gas radiator, and circum-
vents it by taking advantage of the fact that the chromatic aber-
ration is a decréasing fraction of the angular separation of any
two particles of different masses, as the cone angle is decreased.

Let us assume that the Cerenkov détector can be so construct-
ed that its cone angle and length are variable, to allow the reso-
lution and length to be adjusted to f£it the momentum in use. To
obtain sufficient light, we take a radiator length of 14 meters
for a cone angle of 7 mrad. We then reduce to 6 m for an 11.5
mrad cone angle; in the latter case the total light is slightly
more. We add arbitrarily, 1 meter to each length to obtain over-
all lengths of 15 and 7 meters. |

The greater length incidental to smaller cone angles in-
creases the decay likelihood; but up to 400 GeV/c, the ovérall
counter length increases more slowly than the relativistic
dilation of the decay length, so we can afford it. The angular
separation of the particles increases as the cone angle is de-
creased, allowing greater beam divergence, target size, and
easing alignment and constructional tolerances. Furthermore, more
sophisticated ms:ans of separating particles of different masses
than a single fixed sli£ can be used, since the optics are now
simpler. The method generally used to deal with more than one

ring image is usually some form of image dissection.
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Image Dissection

Image dissection is the most general method availablé for
the extraction of information from complex optical images. The
prototype is the television raster scan, in which the image is
dissected into a series of adjacent lines, scanned in turn to
make a complete frame. For this purpose storage tubes like the
vidicon are preferable, since they integrate and store an image
which is then read out by a scanning electron beam. This tech-
nique is available for Cerenkov images, although not in quite so
simple a form; the signal-to-noise ratio of the vidicon is in-
adequate for signals from single photons. The deficiency can
be remedied by preceding the vidicon with one or two stages of
image-intensifier. This technique for storing and dissecting ring
images using image intensifiers and storage phosphors was first
suggested by one of us in 1960'*, when the available image inten-
sifiers were not really satisfactory. Present~day "second genera-
tion" intensifiers are, and one technique proposed for this
experiment involves the use of such an image-dissecting system,
using one or more channei electron multiplier array (CEMA) tube,
with a segmented anode for image dissection!®. 1In the achromatic
beam the segmented anode is greatly simplified, since it becomes
merely a raster in polar coordinates.

The advantage of the image dissection technique can best be
understood if one imagines a Cerenkov detector whose output is
a large screen on whicHAflash the successive ring images of

different particles. For each particle one can determine the
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location of the center of the ring and the radius. This is all
the information available; it gives the particle direction and
velocity. If the particle momentum is known this determines
the mass. It is the mechanization of this process that offers
difficulties.

Returning to the conventional focusing Cerenkov detector, we
ask: how can these results be obtained using only photomulti-
plier detectors, until suitable image-intensifier tubes become
available? The answer clearly lies in the provision of an array
of slits and photomultiplier tubes, preferably not too complicated
nor too expensive.

If we now compare the requirements for the dispersive beam and
the achromatic beam, the advantage of the latter becomesVapparent.
A method for image~dissection to identify all the hyperons in a
dispersive beam was described bonne of us in 19725. It used a
system of multiple slits, but replaced slit segﬁents by mirror
ségments to add another element of freedom in the placement of
the photomultiplier tubes. Figure V-3 shows the ring imaées for
three different particles in a dispersive beam, at three different
momenta. The considerable oVerlap would be much reduced by
narrowing the momentum range; but on the other hand, increasing
the momentum to 400 GeV/c would again make the separation more
difficult as the velocity differences decrease. Furthermore, a
completely new slit segmentation layout would be required for each
momentum, since the relétive radii change with momentun." Figure

V-4 shows how the image dissection is accomplished. A similar

R TS L DR e it
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The Cherenkov ciccles for Z-, £2, and d at 140, 150 and
160 GeVie, showing the approximate focusing for cach kind of
particle, the considerable overlapping at the right hand side, and
the possibility of mass determination even without using the
focus. Centers for cach momentum are shown, n=100011.

Fig V-3, Rlng images in the dispersive

hyperon beam,

" MIRROR
AXIS REFLECTED

/ IMAGE AXIS

~PHOTOMULTIPLIER

RING IMAGE
AXIS

INCIDENT !
RING
IMAGE

[

v
/'f

/| RING IMAGE PLANE
w1 SEGMENTED
! MIRROR SECTION
117 )
G
N .

The use of concave mirror segments: in the Cherenkov
ring image plane to separate and collect the light falling on a
specified symmetrical pair of segments. (a) A pair of circular
segments in the image plane, seen from the direction of the inci-
dent light.(b) A slight tilt of the axis of the segmented mirror
results in the collection of the light in a phototube ouit of the way
of the incident light. Note that the focus of the incident Cherenkov
light must be at the mirror plane in order to use the mirror seg-

ments as velocity slits. '

Fig. V-4, Image dissection with

segmented mirrors.
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design for CEMA tube with segmented anode structure has been
proposed by J. Sandweiss!®.

In contrast to Fig. V-3, now consider the achromatic beam
ring images, which are merely a set of concentric circles, all
the centers now being coincident. In principle, the slits can
now be simple circular mirror segments. The design simplifica-
tion is very great, and the performance improvement should be
dramatic. Exactly similar arguments apply to the segmented-
anode CEMA tube, which is fhe analogue of the mirror sysfem just
discussed. 1In this case, the rearrangement of segments required
by a momentum change might be logical rather than hardware, if
the anode segmentation is sufficiently fine~grainea. In both
- cases, the image dissection is reduced by achromatization to the
trivial case of a raster in polar coordinates. Figure IV-5
shows the components of a CEMA detector. |

There is one point of conflict between the CEMA type image
intensifierrdetector and the slit or mirror-imaging dissecting
system using phototubes; this is the size of image required.
CEMA tubes are presently limited, by cost considerations, to a
maximum diameter of 40 mm. One can use several tubes, but
clearly image diameters should not be much over 80 or 90 mm. On
the other hand, the optics and mechanics for slit and mirror seg-
ment systems are easier for larger sizes. We consider below some
possible solutions and compromises of this problem.

The image-dissection system can of course be simplified and'

varied. The simplest form is a slit for the accepted particle,
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and mirrors for the rejected ones, in anticoincidence; this form
has been used by Ozaki et al.!® Versions that accept and indi-
vidually tag all the hyperons can readily be envisaged. Experi-
ence with a model of a sigmented mirror detector indicates that
the only problem is the mechanical mounting of the mirror seg-
ments and that it is soluble, most readily when the ségments are

not too small.

TABLE V-2
Slit Parameters for Photomultiplier Detector System,
with a 5.0 m Focal Length Mirror. A6 is

the £~ - £ Angular Separation

A. 7.0 mrad cone angle (for sigmas): image radius 35 mm.
Cone angle, ' <
P AB Sigma-Xi| Slit Width, |mrad for B Max. image
GeV/c | mrad. |{sep, mm mm = 1 radius, mm
240 .387 1.935 0.75 8.6 43.0
320 .217 1.085 .62 7.82 . 39.1 .
400 .140 0.70 ~ 0.55 7.61 38.05

B. 11.5 mrad cone anglé: image radius 57.5 mm.

150 | .603 3.0 1.00 14.0 70.0

180 .420 2.10 .85 13.3 66.5
210 . 307 1.54 .80 12.8 64.0

240 .235 1.18 .75 12.5 62.5
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D. Mirror Optics

The mirroxr optics required for the Cerenkov detectors depends
not only on the length and cone angle of the Cerenkov radiatér,
but also on the image size required by the detector. Three
different detector arrangements can readily be envisaged; one
in which only conventional photomultipliers are used, one using
a single 40 mm CEMA image intensifier tube, and one using several
such tubes in order to obtain larger images and better resolution.

The optical quality of the mirrors is not as high as that
needed for astronomy or photographic purposes, where the diffraé—‘
tion limit is in the region of 0.002 mrad. A mirror whose resolu-
tion is ten times worse than that would still be perfectly accept-
able. Aberrations up to .02 mrad can likewise be tolerated. The
size of mirror needed is given by the longest radiator, 14 m, and
the largest cone angle which is 8.6 mrad. This‘gives a mirror
aperture requirement of 120 mm radius; a 10" diameter mirror is
indicated. The 11.5 mrad detector, with a much shorter (6m)
radiator does not need the full diameter.

For photomultiplier detectors, with several photomultipliers -
say 4 - desired per particle in order to obtain high-order coin-
cidences for background reduction, a large image format is de-
sirable; +this makes the slits easier to make, and allows them to
be closer together. Thus, a 5 meter focal length would give a
maximum image diameter, with the 8.6 mrad cone mentioned above,
of 86 mm. The image would be larger with the 11.5 mrad system,
where a maximum cone angle of 14. mrad yields an image diameter

of 140 mm.
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Table V-2 shows the separations and slit widths needed for
this system, for the photomultipliér detector array and a 5.0
m focal length mirror. For the arrangement using four 40 mm
CEMA tubes, each one occupying a guadrant of the image (whether
together or separated by dissecting the primary mirror, as
suggested by Sandweiss!®), the range of image radii that can be
accommodated is from about 13 to 43 mm. From Table V-2, this
would be entirely éatisfactory with a 5 m focal length mirror
for the 7 mrad cone angle, but not for the 11.5 mrad. For that
éngle, to keep the maximum radius within range, the focal length
should not exceed 3.0 m. That mirror, however, needs a diameter
of only 158‘mm.

The case of the single 40 mm CEMA tube is a rather special
one; it requires the best resolution in the detector bécause of
its small area, and thus the shortest focal length mirrors.
Sandweiss has estimated a focal length of about 1.25 m for this
detector, which would give a maximum 35 mm diameter image at
14 mrad. It is interesting to contemplate the possibility of
using a Schwarzschild opﬁical systém, as suggested by Sandweiss,
with a 3 m focal length first mirror, and a second mirror to give
a final focal length near 1.25 mm. To usethe system with the
4-tube CEMA array, the second mirror could be replaced by a plane
reflector, giving a 3 m focal length. The mirrors would have to

be so figured as to be usable either singly or together.
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To summarize, the general design of the focusing Cerenkov
detector that emerges from our considerations rgquires.varia—
tion of the I cone angle from 7 to 11.5 mrad, to cover the ‘
momentum range 150 - 400 GeV/c. The length will change corres-
pondingly from 7 to 15 meters. Distinguishing sigmas from xis
should be possible for all momenta up to somewhere betweén 320
and 400 GeV/c. Simultaneous tagging of omega (and/or p) with
either sigma or xi appears feasible.

Such a detector appears preferable to the DISC on the grounds
of flexibility, ability to utilize the proton beam efficiently
(wiﬁh minimum muon background) at all energies, multiple tagging
and anticoincidence possibilities, and cost.

Figure V-6 shows how the beam and Cerenkov detector system

envisaged would appear.




Cerenkev Detector
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Fig., V-6, Beam layout for two different energy regions, using variable~length Cerenkov detectbf.
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VI. SUMMARY

1. An achromatic hyperon beam has been designed for the pro-
ton central area, to cover the momentum range 150- 400 GeV/c, with
incident protons up to 500 GeV/c. It requires four superconduct-
ing magnets of special design: +two dipoles and two quadrupoles.
Cerenkov detectors capable of accepting all particles in the
transmitted momentum interval (up to several percent) are described.

The performance of the transport and Cerenkov detector allow
separation and identification of all hyperons at all energies in
this range (with the possible exception of sigma-xi separation
near the top end of the range.) The required proton beam will not
exceed 1012 protons per pulse, and may well be less. The incident
proton beam must have as a high a guality (small acceptance) as
possible; it is the limiting factor in the obtainable aﬁgular and
momentum resolution.

2. Calculations on muon background indicate it to be adequate~
ly low, except possibly at the lowest secondary beam momenta. If
it does become a problem, steps to ameliorate it are feasible.

3. Considerations oﬁ the types of Cerenkov detector possible
for use with an achromatic beam lead us to recommend a conventional
focusing detector, so designed as to allow:

a) A change of cone angle and length between the 7 mrad,

15 meters; and 11.5 mrad,; 7. meters. |

b) An interchangeable optical system permitting the use

of either a coﬁventional system with photomultiplier
sensors, or a CEMA detector with a segmented anode

system.
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We have not yet concerned ourselves with some importaﬁt
problems that still require attention. These include steering
and focusing for the incident proton beam, and the details of
the collimator in BMI1.

We conclude that the achromatic beam concept is a valid and
important advance; that it makes possible simple, efficient
and powerful Cerenkov detectors, and the extension of the useful
energy range to above 300 GeV/c; and that the beam may be
designed to render the muon backround innocuous. Table VI-1
summarizes the properties of dispersive and achromatic beams and

the corresponding Cerenkov detectors.
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TABLE VI-1

Comparison of Dispersive and Achromatic Beam

Properties and

Their Implications for Detectors

Characteristic . Dispersive Achromatic
Momentum Range &p/p Up to + 6 -~ 10% Up to * 3%
Horizontal Angular 0.22 mr/1% 8p/p .02 mr. for * 3%
Dispersion (150 GeV/c) Sp/p

Vertical Angular t ,06 mr (+ 6.6% + ,03 mr. for
Dispersion (150 GeV/c) §&p/p) 3% 6p/p

Method of Momentum
Determination

Accuracy of Momentum
Determination

Sigma-Xi separation:

Type of detector
needed for detec-
tion efficiency
above 10%

Beam length at 240
GeV/c, not includ-
ing Cerenkov detec-—
tor.

Maximum momentum at
which sigma-xi
separation is
feasible

Horizontal location
at two points along
beam.

Measurement of hori-
zontal direction at
exit.

Limited (in both cases) by target size.
For small targets (< .2 mm) achromatic
beam may be limited by location accuracy
(70 u) at about % 0.3%.

Fraction of beam accepted'by a Cerenkov
detector with .06 mr vertical aperture,
at 240 GeV/c:

Momentum acceptance Momentum acc. * 3%
"0.3%

Vertical acceptance Vertical acc. 100%
50%

Special image-dissecting Conventional.
type; image-dissecting (100% efficient)
scheme changes with parti-

cle momentum.

10.7 m 12.6 m.

200-240 GeV/c? 320-400 GeV/c
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TL., The CEMA Counter

In the focal plane of the optical gystem which, as we shall
see in section IV, can be made so that aberrations are negligible,
the Cerenkov light from a glven particle will £ill an annular ring

of average radius R and width AR where:

R =175, | (1)

AR = f Ag, | (2)

In (1) and (2) £ is the optical focal length, 6; is the average
Cerenkov angle and Agc is the spread of Cerenkov angles due to
the variation of index of refraction of the radiator gas with

ORTLCAL wivel 8ELil,

Although we shall return to the choice of system focal length

t 1s convenient

%
I...J.

later in this section, for the following analysis
to measure radii and radial widths directly in tcrms.of angles
(i.e. equivalent to choosing units of length so that f=1).

It is convenient to describe the position of a point on an
arbitrary ring of light in terms of polar coordinates referred to
a system centerpoint as illustrated below.
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Neglecting terms of order (a/RO)“ or higher, i.e. to an

accuracy of ~1% we can write:

R =R, + acos(y - o) (3)

We suppose that the CEMA counter would be used with a beam
design which is made parallel . (to +,1 mr) in the vertical
direction but could be as divergent as *1.5 mr in the horizontal
direction.t A typical set of curves for P, ¥, = o at 180 CGeV/c
are shown in figure 1. Ags illustrated in the figﬁre the most
gifficult separaticn is between ¥ and = .

At any given beam momentum we must operate the counter pressure
{i.e. Cerenxov angle) so that the particles we wish to distinguish
are separated by a sufficient number of &gc‘s, or colloguially,

o sufficient number of dispersion widths. 1In this type of counter

all off the observed éec will b

]

due to dispersion and furthermore

the CEMA tubes with the proposed optics will cover a very large

band of anéles simultaneously and thus will perwmit very powerful

anticoincidence conditions on background particles, delta. rays,

ete. For these reasons it seems reasonable to choose as a

nominal design choice particle separcstion by 2.2 dispersion widths.
Table I shows the Cerenkov angles and separations for 180 GeV/c

and Tables 1I, and III show them for two medes of operation at

100 GeV/e. We anticipate that the Tauble IIT mode will be Tavored

-

in that il gives substantially more light than the Table 11 mode. .
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Cercenkov Angles and Dispersion

Table I

TS Lk
WL

hs at 180 GeV/c

Particle Ec(mr) g, (mr) L@C(i) - Eé(i+.,}/&90
T 15. 48
P 14,597
5 1, 000 .16 2.175
= 13,652

12. 408

Cerenkov Angles an

Table IT

., Dispersion Widths at 100 GeV/e,

Mode

L

Particle

B (r)

Agp(mr)

[
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Table TIT

Cerenkov fngles and st 100 GeV/ie,

*
'

fode T1I

Particle Ec(mr) ch(mr) [50(1) - ?C(iyl)J Do,
T 21.76
P 19.687
) 18. 227 206 .26
= 17.350
Q 1. 000
Table TV shows the operating angles and sevaratltions for a possibl

[

operation at 250 GeV/c beam momentunm.

at 250 GeV/c

Particle Ec(mr) As Lﬁc(l) - ?C(1+l)] YANY:
s 10.180
™

2.66




Ve have calculated the dispersion widths égc via:

by = 2 4 (1-g) ()

sl 2V V4

-~

where v 1s the Abbe number as given by Litt and }éeuniera
(v = 54,5 for He gas). Of course all of the analysis uses the
basic Cerenkov eguation

cos g, = “n (5)

where g in (4) and (%) is the particle velocity divided by the
velocity of light and n is the index of the refraction of the Ze8s.
The basic operating scheme of the CEMA counter is illustrated

in the sketeh below.

T S SN . e vt s _} r -
R P ! ¥ g ’ N U U
‘ ’ b i C { ‘.“' [V P PR 'w—»«‘v i - i i
! l i L o ) Pl | |
e C i | P o
| H P i % : Lo
. i... b e
; -” /‘ Lyt . Alia Aot A
/'/IT“/“";?,(;I~ B
J s o

of the particle direcction which ig input to = nicroprocessor. The
I L r

microprocessor then deecides (via a table loox up) which set of

say the snnuluz of %, Cerenkov light. 'Thoe design is such that

Lo Hld

five non overlapping sets of snodo cegnents correcpond to light




{'rom the five particle types 7, ?, ¥, I . The amplified
discriminated uuupu 5 from segments of a given set are placed in
2 logical OR and compared with a degired diseriminator level

(setls the regulred coincidence multiplicity). The resulling
signals thus say 'yes' or "no” to the five questions w?, P7?,

2, =7, 7 and may he combined with other fast loglc signals

to determine the ultimate faté of the event. On all accepted
events, the addresses of all struck segments would be sent to the
main computer and recorded. Appendlx I gives a "first cut’

layout with somne perfofmance and cost egtlmates which has been
prepared by Satish Dhawan. Ve note that the guantum efficiency
of a CEMA tubz ig cowmparable to that of normal photomultipliers,
indeed for Cerenkov light the CEMA might have a better overall
guantwn efficlency because the phctoélecﬁron collection efficiency
does not decrease at the high frequency end of the optical szpectrum.
The incdividual segment discriminators will be set at the single
photo-electron level and the detection efficiency of the counter
can be calculated in the usual way from the expected number of
photo-electrons and the required coincidence structure.

The sngular range over which the counter will accept and
utilize Cerenkov light is an important input factor to the design.
The maximur angle 1is set by choosing the lJowest momentum at which
the full range from v to g is to be simulLan ously detected[
boenune of the relatively short Lifetime of‘thevﬁf a choice of

100 QoV/e Tor thls momentuws seems concervative., From Table IILL




we seo that at P = 100 GeV/c, 4. = 21.76 mr, adding 1.5 mr for

boom spresd gives 23.26 mr which we ‘roung off" to a = 23.5 nr.
A5 we chall see, the smallest angle ig really sot by the

¢ in the wmirror for the beam to go through. Ve have somewhat
rbitrarily chosen a 1.7 c¢m diameter hole. As will be shown later,

this means that the beam can be ~1.5 en wide horizontally

3 4

and depending on its exact shape substantielly larger vertically.

This corresponds to a Gmin = 8.5 mr if light is to be collected

over all but the "last” meter (closest to the mirror) of gas
radistor length. This choice is very generous for operation at
Ia)

180 GeV/c and with a restricted beanm spread would allow » - =

—

separation at 250 GeV/¢ as indicated in Table IV. We vote that

1f the length of radistor is increased (without change of the

opticel systen) light from etill smaller angles will bs collected
and Tocused without significant aberration. Finally, if deenecd
cost effective one can replace the missing mirror segment (bean
hole) with z suitably ground and polished aluminized Beryliuam
mirror winich would be thin enough to let the beam pass through.
So far we have discussed only the range of polar angles

(with respect to the beam direction) which will be detected. Ve
consider now the reguired ezimuthal range. This is initimately
connected to the design of the CEMA ancde segments. Ve progose
to make the ancde segments as cirveudar annular strips
into six aximuihal sectors. Three of thece sectors would be

focuzced on one CEMA and three on o second CIM4A.  This ig




i1 vatrated schematically below,

The perticular parameters illustrated will be close to bu

not precisely the final design. Figure o shows the case of
v - = separction at 180 GeV/c ang *1 mr beam spread. For

econony of drawing, only half of one tube is shown but the
. . O - .
pattern is symmetricsl ebout & = G . Thus A of HFigure 2 corre

o sector 2. A

to half of say sector 1 in the sretch end B

o sector 6 in the

, O _O 4
ccctor © (-85 < ¢ <« =857 ) would corregspond
creteh.  For the case shown in figure 2, the segments shown in

outlive would balong to the = getl. 4ds a concretle illustration

X B VI ) ey h R R R R A T
b0 thne = oandg ©oscbs (reeall definition of C zbove).

T

sponds

Cigure 2, tne relevant sectors belonging
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+ Tcorresponding” segments in 2r

0]

{A, A3, B3, B2, Bl, €3, C2, c1 }

‘%

+ "correspending” segrents in 2nd tube

i

As can be seen from figure 2, the ¥y and = set

1

€3]

are clearly

r";

el
&

aif

e

srentiated.  We recall also that since all struck segments
are recorded, the resulting = sample, for example, can be
"cleaned up’ by considering the ¥ segments as a veto counter.

Alzo since the counter will probably be operated with

‘{~

reguirment that at least ons of the designated segments in

each tube fires, the effect of a small overlap of v light into

P IR WS

3

a = scgment (e.g. segment B3 in Figure 2) is very much roduced
(it enters squared into the relevant getection efficiency),

Figure 2 and the preceding discussion indicate that the design
shewn will work very satisfactorily at 180 GeV/c and +1 mr beam

o4 ¢

divergence. Operation at I
]

e

0 GeV/c and #1.5 wmr beanm div ergence

(

mey reguire some restriction on the accepted renge of ¢, Ve

i

note that the image focal plane is outside the pressure vessel
(in fact &t the photocathode surface) so that an azimuthal
calimator can be placed between the pressure window and the
CuMa to simply foecﬁAany recuiired g w¢3u~1ctaony

Of cource it may well be that since the invention of the

achromatic bean design, - thoe hyperon beza will not be aperated
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at divergences greater than &1 wr in the horizontal plane. Ag
will be discusscd later 1t may be desirable to operats Lthe beanm

in a partially achromatized mode with the CEMA counter so as to

5
(”

incresse the hyperon trar

L..l

15

ission, improve the accuracy of

(\ﬁ

momentun measurement and (as a conseguence of better hyperon
acceptance) lower the muon background relative to the situation
for a fully achromatized beam. From this point of view the

+1 mr secms generous. Indeed in the final system optimization

one may decrease it further in order to gain more y range.

H.»

Finally, as noted earlier the allowed #.1 wmr of vertical -
divergence in the hyperon beam effectively traenslates curves

of the sort shown in figures 1 and 2 by our amount a, defined

)

¥

in evaticn (3) and associated sketeb., It is easily seen that

{

5 ES evn ] e - [ T . 1 el < Vg 2. 4 - 18 . .
where o ig the angular half-width of the vertical becan divergence

bt

3!
o]
3
©
g!

)

mr, ¢ = 5.710. For the case 1llustrated in figure 2

1t want to exclude segment B3 from the E'set (for the sign
of o which shifts the curves toward negéﬁive values of ) although
C3 would be made cleaner. However, we would probably léave B3 in.

By tounting saquares’and maxing the conservative assumption that

of uniform

intensiiy © a v
for a = for cach tube. I we requlre ¢ doublce colincldoence

Jp AN
(between tubes) Lhis becomss ~ 5 x 1077 probability of CdUiLfn




ven e = I vwe use the v o s an antli thig proba
will be reduced by anuther factor of 100 (as we shzll s

-
L

counter in better efficient at the single photlog

level).

Fal

of #*

at

o W

It th vertical bhoaoy S .1 om

apread

not lead to significant degradation of the counter's perf

. 4 0O .
An arzimuthal () range of 1807 thus appsars to be a conse

timate. we note t

l<al

Bafore leaving is topic

0]

es 1

. . : Y of 276° .
system transmils a to al of 2707 of y range and there is
the CIMA ancde of 4 cm diazmeter to zccomodate this § rang
) < 1bh mr.,
OC s

+
w

[

Som

now ectimate the yleld of photoszlectrons for e

wyey b~ . T
counter., We take
- .\ R 2 . am
L = lengih of g = 6 m
WO
g range = 180
A = parameter of Terence 2 o= 100 cm
< s N S MR W
The paraneter &2 cheraclterizes the
N Vo T (e e mr T Yot NGO T et Vo P pra e e S e} oy
accouns thne Lorenilov .L.J.p_’)ll-b N LGS SR L1 G DAt CIransilesiLon
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stendard optice. The nuner N of photoslectrons is given
L5}
K= AL g~
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h A R R S KN A Ty - PN S R i " X + PN,
HFigh ocuslity ephotomulticiiers wicn fused silica entrance
it : 1
. CEC " ; e gy B - e " N
windows 70 Fuive A ovaluco = 350 on . will hbave
civitioy (Bi-cixsli) ohotocathods and a fuead silicn windo
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Vurthermore tLhe photozlectrons are proximity focussed on the multl

1

array and the cellection cefficlency should ve high {(~ 80%) and
indencndent of wavelength. ALAs an exercise, A Schiz ;0 has calcu-
lated tha & value expected if the photocathode guantur efficiency
wao the same as for the best RCA tube (RCA spectral response
curve #133). seause of the excellent photoelectron collection
ficiency, the resulting A veaiue was 200, Of course the CEMA
tubes are newer devices and the process of manufacture will no
doubt be less than optimum for & while., The A value of 100 cen
be regarded as a specification of an ascceptable tube and as
argued above is a reasonable expectation. Ve then have (at

e, = 14 mr)

e -T2
600 x 100 x ?‘: z (14 x 107°)

~
~
“

4

vhence I = 5,08

The single photoclectron efficlency E, 1s

Ve diccuss now, very briefly, the expected CEMA tube
characﬁariﬁﬁiés; In éréer Lo zmehic cve gainé4oz ~107 - 107 we
reguire either the curved chuanicd plate of Phillips or the
Cheveon (Tandem) désigs such as preduced by Gellileo Electro-

Optics.  Both of these firms indleste thol a




reanonnole oxpectation. in fact, Phillips offers a CUML btube
Iy 33 .oy PR 3 4L B -~ 1 T P T - . P
of 4 ¢m dismeter with 100 anode segments, alithough as far as

is known, the firet model which is being built for MHeunier at

CRET has not yet been delivered. Typical channel diemeters are
15-25 jum. - It sppears that tubes of diameter significantly

grester than 4 cm are possible to build but that, at this point,

the cosl would be very substantially grzater than for a L cm diamete
tube. It thus appears prudent to ascume a 4 cm diameter CﬂMa; if

we wieh to accomodate the patterns shown in the sketch on p. 10,

placing 8.5 mr to 23.5 mr on two tubes,ve reguire an optical
cystom foczl length £ = 118.34 cm. As has no doubt been tediously

evident to my patient colleagues, an opticel system with such a

short focal length and the reguisite angular coverage has been
& major orecccunation of the author since January 1975, A
succesoful sycten has been designed and is discussed in the next

tion., Table V summérizes the choracteristice of the ChHA

w,
;
™

@]

pus

>

tube counter.

o~

Ve conclude this section with & brief enumeration of the
adventoeges which the CEMA type of multiplexcd Cerenkov counter
offers for the B-97, P(¥)-353 research program.

1. The besnm phase space accepltance is an oxder of magnitude

greater for the CHIMA counter than for the DISC., Ve

jllustrate this point by comparison at 180 GeV/c.
3
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1 . B i S e 3 ey e Fal o yes oo ol
Characteriatics of Pronovoed

" N Vo e,
Tube Ceronkov

Counter for

Number of CEMA tubes 2

Microchannel dlameter 15 « 25 pm
Cerenkov angular range detecited”™ 3.5 mr - 23,

Fumber of azimuthal sectors/tube 3, k257, £(2¢

Radial width of anode segments 118,34 pm (0.1 mr

Number of annulsr divisions/tube 150
Number of anode segments/tube 450
Total number of anode segments/counter G300
Optical system focal length 118,34 cm

b ~

RO U P, S L I S YRR
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mr, Gm) 99. 7%

Single photoelectron efficiency (124

Two tube coincidence efficiency (14 mr, 6m) 89.7%

Microprocessor decilgion time 1.2 = 3.9 us
i t 1
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However, as pointed out by A, Rob@rt3;3 the correlation

sh the narrow slit

o~

belwoen momentun and divection togethar wi

needed Tor the DISC leads to an effective reoduction of

b

ANF . - o . -
A =+ by approximately a factor of 2 thus

>
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3 uStexr-%.
DISC

v, ¥
e use

[
]
¢
=
o
e
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he Stefansky design xe
v [t

acceptance which can be achieved with the
Stefansky beam fits well into the CIMA counter as described
here with one small modification., The exit bean is 2 cm wide

whereas the beam hole

We must thus collinmate

e full besn wiath of 1 om

. . . . .o vp gy i = a . N P nn o
we find the transmitted boeon 1s reducced to 3% of ite previous

rf.\

- . A VAN S B CRNUURE N T N S NP . - . 7 -
value, If we further limit the sccepted anguler range to

- ot en e JLT B N Yy A e - yeey e e
4 lar we sce frow Cugure 4b of reference (1) that the trans-

nitted beanm is reduced by another factor of .65. Trom

- s 7 T R
3, 5 and Ga of refercnce (1) ve estimate

q ) 2’
= 1.2 x 2 x f) ¥ 100 = 32 puSter-%.

»

. N g iy 4 R . vy A S s TN - o~
rebimate that o practiecal C:MA be




One olher factor remains in the comparison - the ailowed
length of the hypercen production target in tho beam directlo

/f\l

) L WL -
than 6 cm. The Stefanskgy revort does not specifically
discuss the allowed target length bul since it 1s a much

less tightly focussed beam 1t seems very 1i

c

substantially longer targst uld be used.

5

3 N
oa C

a 10" Be target proved optimun. ince th

Tes

length in Be is 36 cm it seems hi

s facltor of two in hyperons per

obtained thus see

practical as well as theorctical sense the
he used with a factor of ten greatcr yield
incident proton. Finally we note that 1f <

were reexsmined from the polnt of view of 1
gire Lo 1 cm and the angulsr spread to 1 m
efficient clit system than suggested above,
that gome of the .73 x .65 losg factor coul

This substantially increassed sccapltanc
simpler beam design have a numnber o” import

a) Our dependence on the perfection o
decign and construction ls much le

- . o e O el Y '
exomple wo counld afford ©o use a t
rney T Y b larn B lan oyt P I
avnllor bthun the proion posn SLZe
O PR Nyt - PO 1 e .y o e
that our proton opot ig too large.

kely that a

At Brookhaven

nuclear abs
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ronge but chould be very useful

- . ‘ " . . v ~ N B i
In the “search for new particlec

the ability te cover .5 mr to 2
setlting wili enormously specd up
should allow & careful search ov
as well ags mass - a procedure wh
slow with the DISC.
In a two arm experiment the abili

simultaneously tag all beam part

reduce rummning time by a factor of @ to 25 (depending on ths

extensiveness of the combination

desired) in addition to the incr

merntioned in 1, Thas Tor fHwo ar

La ra
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counters offer effective d

1000,

~

factor

The broad angular coverage,

Head” (150 cm), and the

anodes provide a system of great
length can be added or subtracte
the lowe

momentum limit or lowar

microproo oy prograns can be 1
trode —offe between detected macs

.

and besw
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parlt of the exporiment
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m experiments CEMA
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ability to respond rapidly and eacily in a previously
unanticipeted fashion might be of considers

Tne multiplex C

tube counter would; finally, give our
group cxperience with a new technology (the CEMA tubes)
and would continue and deepcen our expertise with the

fast growing microprocessor techneclogy.
& £ N

able importance.




In this section we desc

precision, the optical systen
Eris tubes or with a slit systen

(’\'\
a2

ibe briefly but (hopefully) with
which could be used with the

and normal photomultiplier

tubes as & more or less standard differentisl Cerenkov counter.
In section IV we shall evaluate the performance as a 'normal’
diferential counter.

The basic layout is shown (plan vicw) in figure 3. The
optics arc symmetrical about the beam centerline. Tigure 4 shows
the "Optical Hea of the counter in greater detall. As shown,
the Cerenxov light in the ¢ renge 167.50 is reflected by a two
mirror systom onto a foecal plane Similarlv, a symmetric pair
of mirror on the other side of the beaw line focusses Cersz nKoV
light in the 3y rangc 180° 6?.?0.

The ftwo mirrors on a glven side have the same optical axis
which fg¢ inclined to the beam direction by 16.0 wr.

Thic optical systen is essentially equivalent to the
Swarzschild version of a Cassegrain teleecopa.6’7 In brief, in
a two mirror system it is possible to figure the mirros 0 as
to simultancously eliminate gpherical aberration and coma.
Chromatic effects are of course abgent in reflectling systeﬂs.
The remaining aberrations of astigmaticm and curvature of Tield
are minimized by choosing the direction of the optic axis to be
cnrellel to the average Cerenkov light direction and for the
cmnll "fleld of vieuw'" (in a telescopic sense) of the counter are
guite acceptablea.
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“he counter will operate at pressurces of a few atmospheres e.g.

e
o
X
ot
o
-
T
i
<
>~

180 GevV/c and 6 (1) = 1,000 mr the prossure is 3.05 atmozpheres
of He (absolute). At lowsr momenta one can switeh to Heon

which nes alrmost identlcal chromatic digspersion but hos aboul

2.8 times ag much multiple Coulomb scattering as He for the same
Cerenkov angle. However, the multiple scattering is relati

-y
ome

i1, e.g. ¥ atmospheres of He, 700 cm long, give an rms

transverse momentun of 1 MeV/c, Thus the waximum gsuge oressure
can conservalbively be taken as 5 stmospheres and a relatively thin

.y ] Py by vy 3 N ot - g -3 B o = oy } e > _ ny
window uscd (~6 mm gives a safety facter of 4 and allows for mino:

surface scratches ). For such a thin windos
aberrations are alsmot negligible and can bz compensated in

ihe Tinal design hy a slight

ihe preceding conclusion was depzndently by the suthor
e ~ e g . .

end verified by a profesgional optical congultant” whio reviewod

the voiticeal gegion,  For thnis reasoen, in the analysis which

follows, the window wag not included in order to save time. When
the necessary refliguring will be calcu
The Swarzchild design procedure yields a differential eguation
for each mirrcr surfacce. The solutions of the eguaticns in exact
fors involve inconvenient variables and transcendental functions.

surfaces by vower

It

suriaecs of rovelution TR rewvesents the psrpeadicular

Pt - ey PG DO e e g I e TR T B PR PR 5. - 1
the poine Troer oo oplane which s tongent to the surface at the
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Peb. 24,1975

A NEW HYPERON BEAM CONCEPT
Chuck Ankenbrandt

In previous hyperon beam designs, a large angular dispersion exists at
the exit of the magnet system. While this correlation between momentum
and horizontal angle somewhat simplifies hyperon momentum measurements,

it severely complicates any attempt to trigger on and/or to tag spseific

‘hyperons via a Cerenkov detector.

This note outlines a new beam design which solves this problem with
surprisingly few attendant disadvantages and some accompanying advantages.
Concepts are emphasized because there has been no real attempt to optimize
the design which will be described; I am circulating it in preliminary -
form in order to enlist the superior intuition of those of you who havé
done hyperon experiments before.

The basic new idea is to remove the net angular dispersion by incorporat-
ing a reverse bend downstream of the main channel sweeping magnet. (It will
turn out that a quite short reverse bend will suffice.) The adverse effects
on baékground muon fluxes at the experimemt which might seem at first sight
to result from this modification can be desi avoidgd by designing the second
bending magnet with a horizontally narrow pole tip and marrow coils,so that
most muons will in fact enter the return yoke of this magnet where they
will continue to be swept away from the hyperon beam as in Figure 1.

The second dipole magnet then will add to the background swzeping powe; of
the first; iqeally it would be superconducting to minimize coil cross-section.

A logical place to incorporate this second bend is between the two
quadrupole magnets which are still included in the design; this provides
separation between the quads, thereby allowing their lengths to be reducéd,
Relative to the origiﬁal Fermilab beam design (Stefanski FN-239), the overall
beam length éan ‘then be reduced if we stért from scratch with a new shorter
dipole as the first beam element; or the length will only slightly increase
if we stick with the presently existing magnet. The CEBN design could be

modified to this configuration by merely reversing their second dipole.

Figure 2 illustrates a first attempt at an actual beam design with.’
realistic parameters fit by  TRANSPORT. CSeesme‘forcthex¢0mpleteuTR§NSPGRE
output.) It is worth emphasizing that Figure 2 is to. scale in z, that is,

a guite short reverse bend will make the emerging beam achromatic. The




reason is that the horizontally focusing quadrupole already cancels most of
the momentum dispersion of the beam, particularly when separation is provided
between the quads and when the second quad focuses horizontally. The following
result is most pertinent to the Cerenkov detector design: for an initial

beam phase space of (+}0.5 mm)X(+ 0.5 mr) in both views and dp/p=t 5%, the
output beam has angular spreads of + 0.035 mrad and + 0.14 mrad in the
horizontal and vertical directions respectively. The vertical angular

spread is larger because the effective focal length is shorter in the wvertical.
anliﬁear chromatic effects in the quadrupoles, not included in the TRANSPORT
calculation, would tend to increase these angular divergences; they can
presumably be kept to tolerable levels by limiting the momentum spread of

the beam. ' : )
IMPLICATIONS FOR CERENKOV COUNTER

Thne simplifications which result for the Cerenkov counter are enormous.

Simple circular apertures in the focal plane of a DISC-type counter will
select definite veloecities. (In practice some azimuthal segmenting of apsr-
tures may be desirable as in standard DISC designs; but the essential

point is that all images will be concentric,circles.) In a broad-band
beam,velocity selection will not suffice for particle identification in the
most stringent cases (if dp/p=+5%, then mz/pmin‘g mii/bmax); however a
crude measurement of momentum (as might be provided by say a hprizontal posi-
tion measurement at the quadrupole exit: position and momentum are fairly' )
well correlated there) would suffice for particle identification. One can
‘easily conceive then a ‘two-dimensional matrix of Cerenkov ring radius

versus horizontal = PWC position to select specific hyperons for the trigger.
I need hardly emphasize that DISC-type counters are well-designed, existing,
debugged,pfoven devices. Tne savings in design effort and probably in cost
are large. Detection efficiéncies will also be most likely considerably
larger, not only because the whole Cerenkov ring is usable but because high-
grade commercially available photomultipliers can be used.

IMPLICATIONS FOR HYPERON MOMENTUM DETERMINATION

The beam: momentum can no longar be determined direetly'fromwhorizanial

angleyj however, no essential complication should ensue. That is, a horizon-
tal position measurement at two places, say bebween BL and Qv_and bebween
Qs gng PR (i.e. on either side of the vertically focusing quad), will still

determine the momesntum although the algorithm will be more complicated.




o~

For example, for the specific beam design already described, the horizontal

positions X, and Xd upstream and downstream of the vertically focusing quad

are given by

X =X + .5 xo' - 075 &

u ¢}

and x4 = 1.24 X, o+ 794 x,' 145 J

where xo,xo', and 8 are the position,slope, and momentum offset of the

original ray at the target in units of cm, mrad, and % respectively. Elimi-

-nating xo‘ from these eguations gives

) -
M E, - 5 x = ATk x4 .01288
Using this linear combination to measure momentim and assuming standard

deviations of 60 microns on X, and x. and a horizontal target size of 1 mm,.

we find an uncertainty afg}ﬁ3096%, 3ith approximately equal contributions
from chamber resolution and target size. This is only a little worse than
the accuracy that can be achieved by measuring the horizontal angle in the
Stefanski dssign.

OTHER CONSEQUENCES

There are other real advantages To a highly parallel beam. Beam halo

can easily be eliminated by requiring that the beam be parallel, say by

chambers on either side of the Cerenkov counter. Straight-thrus can similarly

be rejected by looking at the beam angle downstream of thé interaction or

decay region. Beam veto counters can be made smaller. Purther, if it becomes

necessary to deaden the beam region of downstream detectors, fhese dead spots
can also be made smaller. Finally the acceptance will be slightly larger

for a given solid angle subtended by downstream detectors and/or apertures.
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