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ABSTRACT

We propose to continue our study of multiparticie production in
100 GeV/c antiproton-proton interactions using the 30-1inch hydrogen bubble
chamber with one of the downstream hybrid systems and, 1f possible, forward
neutral particle detectors. We request an additional 400,000 pictures with
the existing Cerenkov tagged p/n~ secondary beam. We would propose to take
a bubble chamber picture whenever we have 2 or more p's/pulse or whenever
there is a tagged antiproton interaction. The primary objects of this
experiment are (a) a study of the low cross section processes such as several
exclusive channels and strange particle production and (b) a detailed compa-
rison with existing 100 GeV/c pp data in an attempt to investigate the anni-
hilation contribution to the fp interaction.




I. Introduction

Our collaboration has recently completed (Jan. 27, 1975) the data
taking for Experiment 311' -~ a survey experiment of antiproton-proton inter-
actions at 100 GeV/c using the Fermilab 30-inch bubble chamber-wide gap opti-
cal spark chamber hybrid system. The data analysis is progressing rapidly
and preliminary results have already been presentedz on elastic scattering
and on the charged multiplicity distributions. We expect to have data soon
on neutral particle production and on the inclusive distributions in pp inter-
actions. These papers will be submitted in the near future as appendices to
this proposal.

On the basis of the current analysis of the charged multiplicity dis-
tribution and the scanning results for neutral particle production in E-311,
we are requesting an additional 400,000 pictures of a 100 GeV/c Cerenkov
tagged enriched p beam in the 30-inch bubble chamber filled with hydrogen.
Either the wide-gap optical spark chamber system or the proportional wire
chamber system should be used downstream of the bubble chamber in order to
achieve a more accurate momentum determination for the forward-going charged
particles. A downstream neutral particle detector would also be highly

desirable.

I1. Beam

The results of E-311 have shown that an enriched p beam at 100 GeV/c
1s perfectly adequate for this current bubble chamber proposal. By selecting
a 100 GeV/c negative particle beam from the target “halo" produced3 by the
decays of A, A, and K°, we have obta1ned2 0.2 p's/negative beam particle. By
using (a) a deflection trigger on a tagged p beam particle or (b) the regquire-

ment that there be 2 or more p's/pulse before taking a bubble chamber picture,
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we have taken 98,000 pictures containing 0.32 p's/negative beam particle.
By putting -6 particles/pulse into the 30-1nch bubble chamber we have
obatined ~5,000 pp and 5000 =~p interactions per 34,000 bubble chamber pic-
tures in about 68,000 chamber expansions and 17,000 accelerator cycles.,.
While some beam tests have been made and further tests could be made to in-
vestigate more optimum beam settings, we think that the beam used in E-311
1s acceptable for this current proposal and would expect to take the 400,000

pictures in less than 200,000 accelerator cycles.

I11. Physics Motivation

The primary motivation for requesting further pictures at 100 GeV/c
is based on preliminary analyses of data from E-311:

(1) The pp topological cross sections, shown in Table 1 and Figure 1,
show interesting differences when compared to pp data at
102 GeV/c. The trend seems to be for the lower multiplicity
(1.e., 2 and 4 prong) cross sections to be smaller for Pp than
for pp, while the higher charged multiplicity (i.e., = .14 prongs)
cross sections are significantly larger than the corresponding
pp values. With an increase in statistics by a factor of 5 we
should be able to study this difference in much greater detail
than will be possible in E-311.

(2) Based on scanning results from E-311, we estimate that in
400,000 pictures we would have 10,000 neutral particle events in
which we detect at least one v conversion or strange particle
decay. Based on results from pp experiments?, about one-half of
these will be strange particle decays. With these statistics we

should be able to make a comprehensive search for excited
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states (charm??) which decay into a strange particle (K:. A, R)
and between 1 and = 18 charged plons. It 1s important to note
that a bubble chamber s an excellent 4 detector for studying
excited states decaying into 2 3 particles. The statistical
level of this proposed experiment {s about 60,000 Pp

events/42 mb = 1.5 ev/ub.

We will also determine the single particle inclusive distri-
butions for Pp +» K;, A/K as well as the two particle correlations
between strange and charged particle production.

With the -5000 v conversions we should be able to make a sig-
nificant contribution to the knowledge of »°-x* correlations at
Fermilab energies. In addition, we may be able to study inclusive
£°/T° production by directly observing the Av/AY decay mode.
Similarly, we may be able to set 1imits on the inclusive n° pro-
duction by studying the vy final state. The following topics are
currently being investigated in E-311 and will benefit greatly
from an increased number of events:

(3) Exclusive processes:
(a) Elastic scattering: We estimate? that in 400,000 pictures we

will obtain ~10,000 elastic events with four-momentum transfer,
t, between -0.02 and -0.7 (Ge?/c)z. While this cannot statis-
tically compete with counter experiments investigating elastic
scattering for |t| < 0.1 (GeV/c)2, these data will be a useful
check, We show in Fig. 2 preliminary t distributions for Pp
and «~p elastic scattering from E-311.

(b} Assuming that the cross section for the reaction pp +> pps'n~

1s about 700 ub (as 154 the pp +» pprtn~ cross section) we will
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obtain approximately 1000 4-constraint events. It will be
interesting to study this final state to see if the A% final
state continues to have a large contribution to this reac-
tion at 100 GeV/c as 1s found at lower energiess, or whether
1t is almost completely diffractive in nature as found in the
corresponding pp reaction at Fermilab energies.4

(c) We would hope to be able to obtain a sample of the reaction

pp > Ppenten-
which may have & cross section of -300 ub 1f 1t is similar to
the pp reaction.

(d) For all these exclusive channels, 1t will be important to
have a downstream hybrid system available to provide better
discrimination against single pion production. Furthermore,
use can be made of the charge conjugate symmetry of the Pp
system,

Diffractive processes:

Diffractive excitation has been extensively studied in #p and
pp Interactions between 100 and 400 GeV/c at Fermilab. With the
statistics available inthis experiment we will be able to make a
detailed comparison of both target and projectile fragmention into
o, p/p with similar data in pp and np interactions. While pome-
ron factorization 1s often used to relate these processes, no
detailed check at very high energies has been made other than in
»*p (and pp) + nt + anything at 100 GeV/c. These results® indi-
cated that factorization seems to work in n*p (pp) > »~ + X reac-

tions, but not for the =t production data. It will be of interest
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to compare such data with those obtained from 100 GeV/c pp inter-
actions.

(5) Inclusive distributions:

Because of the interest in pp annihilations, 1t 1s important
to obtain a sample of events which are primarily pp annihilations.
Since 1t will be difficult to do this on an event by event basis
(although we can remove obvious nonannihilation interactions which
have a final state proton, A, %, or anti-proton -- defined as a
negative track with laboratory momentum greater than -80 GeV/c),
we will need high statiﬁﬁics in order to make a more meaningful
separation on a statistical basis. Similarly, high statistics
will be required in order to make a detailed comparison (as func-
tions of x, y, Py, etc.) with inclusive =*, p distributions as
measured 1n pp interactions at 100 GeV/c.

(6) Two Particle correlations

Correlations between two charged particies will be studied as
a function of their rapidity and transverse momentum separation.
It will be of particular interest to compare these data with simi-
lar data in pp for events with high charged particle multiplicity,
i.e., semi-inclusively for nc. 2 14 where one might expect (see
Fig. 1) that the annfhilation contribution 1s particularly enhanced.
Differences between the pp and pp data might shed some 1ight on the

high energy annihilation process.

1v. Summary
(1) Exposure: We request an additional 400,000 pictures of a 100 GeV/c

p/m~ Cerenkov-tagged beam in the 30-inch hydrogen bubble chamber. We
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estimate that with either the interaction trigger or the 2 2 p's/pulse
selection, we will obtain -60,000 Pp and another 60,000 ="p events.

We will measure every pp event and would expect to analyze most of the
n p data as well, although at a Tower priority.

(2) Primary objectives: The basis for requesting a high statistics bubble
chamber exposure 1s (a) to study the low cross section processes such
as pp + pprtn- and neutral strange particle production (and a search
for charmed states?) and (b) to make a detailed comparison, as a
function of various kinematic variables and/or final states, with
similar data from pp interactions. 1In this regard, 1t is worth noting

the extent of existing ~100 GeV/c pp 30-inch bubble chamber data:

102 GeV/c £-252 Michigan-Rochester 33,000 pictures 100% pp

100 GeV/c E-121 U of Calif.-Davis 104,000 " -60% pp,-40% n'p
100 GeV/c E-2B Purdue-Wisconsin 80,000 " -60%pp,~40% 'p
150 GeV/c E-299  MWPC Consortium 158,000 " -50% pp,-50% »'p

Thus our request for 400,000 pictures should permit a detailed
comparison with comparable statistics for final states produced by pp and pp
interactions.

(3) Other experiments: To the best of our knowledge, there are no other
experiments planned to make a comprehensive study of pp interactions
(except for a survey experiment, E-344 between 40-60 GeV/c at Fermilab)
at momenta above 40 GeV/c. Furthermore, the only high statistics pp
bubble chamber exposure above 7 GeV/c is a CERN experiment at 12 GeV/c.
We feel that a large statistics pp experiment at Fermilab would be

extremely useful for comparison with the 12 GeV/c data.
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Table I
Topological Cross Sectfons for 100 GeV/c pp Interactions
Cambridge-Fermilab-MsU
(Experiment #311 - Preliminary Results)

e ME Gme oegee ey
0 6 6 0.053 + .022
2 el. 498 829 7.39 & .31 7.0 + .4
1nel. 431 443 . 3.95 + .36 4.5 + .4
4 856 869 7.75 z .24 7.9 +.3
6 905 906 8.08 + .24 7.5 +.3
8 796 790 7.05 + .23 5.8 + .2
10 468 461 4.11 + .18 3.7 +.2
12 242 235 2.10 + .13 1.6 + .1
14 113 109 0.972 + .090 0.62 + .07
16 51 49 0.437 + .061 0.21 + .04
18 14 13 0.115 + .031 0.05 + .02
20 4 4 0.036 + .018 0.016+ .011
Total '
inelastic 3885 34.65 1 .23 31.9 £ 0.7
Total 4384 4714 42.04 (%).09 8.9+ .8

(1) A. s. carroll et al., Phys. Rev. Lett. 33, 928, 932 (1974).
(2) C. Bromberg et al., Phys. Rev. Lett. 31, 1563 (1973).
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ABSTRACT

We propose to continue our studies of multiparticle production at high
energies by performing two high statistics experiments with 100 GeV/c anti-
proton-proton and proton-proton interactions using the Fermilab 30-inch hydrogen
bubble chamber spectrometer with a downstream external particle identifier for
p/K/w separation. We request 108 pictures with a Cerenkov-tagged p/x secondary
beam and a like number of pictures with a tagged p/x* beam. The primary goals
of these experiments are: (a) a measurement of the pp annihilation cross sec-
tion and a study of the multiparticle production in baryon annihilatién events,
(b) a study of the Kx correlations in both Pp and pp interactions, {c) a study
of the low cross section processes such as exclusive channels and neutral parti-
cle production, and (d) a high statistics comparison between pp and pp
interactions.

Since there will be a large number of »p interactions in this film,
these events will permit a‘high statistics study of many of the above topics
in «ipireactions. A separate proposal which will guarantee that the =p data
will be analyzed will follow shortly.

1. INTRODUCTION

Our collaboration completed data taking for experiment 311 in January

1975. This experiment was a survey experiment of 100 K pictures of antiprotcn-'
proton interactions at 100 GeV/c using the Fermilab 30-inch bubble chamber-wide
gap optical spark chamber hybrid system. The data analysis is progressing
rapfdly with most of the ~15,000 pp events having been measured. Two papers

on the multipliicity distributions in pp and pp interactions are aIready
p&b11shed]’2, and a paper on the annihilation effects in neutral particle

production is nearing comp]etion.a
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On the basis of tﬁe current analysis of E-311 as well as other studies
of high energy interactions at Fermilab, we are requesting 106 pictures of a
100 GeV/c Cerenkov-tagged enriched D beam and 108 pictures of a 100 GeV/¢
Cerenkov-tagged p/w+ beam into the 30-inch bubble chamber filled with hydrogen.
A novel feature of this proposal is the planned use of an External Particle
Identifier (EPI) in order to identify the antiprotons and protons which emerge
from the chamber. With such a device we expect to obtain a highly enriched
sample of baryon annihilation events. Another extremely {important use of the
proposed system would be to identify a large fraction of the central region
kaons. With this information, as well as the neutral kaon detection in the
bubble chamber {tself, one can study interesting topics such as the rapidity
~gap distribution for strangeness exchange and the two particle correlations
between K~v~, K'r" and K¥r* (and KK). Since significant like-particle effects
have been observed in #%r* correlations?, it would be most interesting to study
other combinatians such as K*ni'khich are still exotic but do not consist of

" two 1dentical particles.

2. BEAM AND BUBBLE CHAMBER
The results of E-311 have shown that an enriched p beam at 100 GeV/c

is perfectly adequate for the current proposal. However, recent computer
studies by Neale have shown that with a modification to the N3 beam 1ine signi-
ficant improvements should result in both the p/+~ ratio as well as the flux
at the bubble chamber ofvﬁ;s'per incident primary proton.

During the run of E-311 a negative beam containing 20 per cent p's at
100 GeV/c 5 was obtained from the target "halo" producéd by the decays of A,
4X'and K°. By using {(a) a deflection trigger on a tagged p beam particle or
(b) the requirement that there be 2 or more p's/pulse before taking a bubbie
chamber picture we took 98,000 pictures containing 0.32 p's/negative beam
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particle. With the collimators wide open a flux of 30-40 p's/10" incident protons
Was abtained which was more than adequate for the guadruple pulsing of the
bubble chamber.

The E-311 exposure was carried out with a 300 GeV incident proton beam.
However, 400 GeV protons are now available on a regular basis and should lead to
a factor of 2 increase in both the p flux and the B/« ratic. Several dipole
and quadrupole magnets have been replaced since our run with magnets of signi-
ficantly larger aperture which should lead to a further increase in the p flux.
Simply by running with 400 GeV protons it should be possible to achieve the same
number of p interactions per picture as in the E-311 experiment without triggering
the bubble chamber flash.

Ca?culationsﬁ indicate that by ¢losing down the horizontal aperture of
the beam dump from 25 mm to 10 mm the p/m ratio could be improved by up to a
factor 2 but at the expense of losing a factor 2 in flux. This would lead to a
beam containing equal numbers of p's and =~'’s.

In summary, it seems most likely that we would no longer need to trigger
the bubble chamber flash and we should be able to multipulse the 30-inch chamber.
Hence, the 106 pp/="p pictures could be taken in ~106 chamber expansions and
~-250 K accelerator cycles assuming quadruple pulsing. The currently existing
beam 1ine is quite adequate for the proposed 50% pp/50% n+p exposure and again
multipulsing the chamber will be feasible.

We would plan to use the current upstream system of proportional wire
chambers (PWC) and beam Cerenkov counter to tag each beam track entering the
bubble chamber.

Finally, we should mention that we would request a beam spill of .1 msec
because of the design features of thé proposed EPI. To obtain such a spill

would not appear to present any problems. We think that the proposed experiments
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should be run as soon as possible and that a rapid cycling bubble chamber,
while highly desirable, i; not essential. In this regard, the above consi-
derations show that we would expect ~4-6 B‘s per bubble chamber expansion
assuming 10" protons on target per atee?erator-cycie and 15 bubble chamber

expansfons per accelerator cycle.

3. EXTERNAL PARTICLE IDENTIFIER (EPI)

The primary object of the proposed experiment is to idéntify as many of
the produced particles as possible, i.e. one wants to identify the leading
particles (generally p, p or w) if they exist, as well as those particles pro-
duced in the central region (generally ='s and K's). To do this, two possible
systems could be used: (1) a system of multicell threshold Cevenkov counters,
or (2) a particle identification system based on detecting the relativistic
rise in fonization. Since no such Cerenkov system exists at the present time
{although plans are being made for such a system for the CERN RCBC project)
and since an EPI based on detecting the relativistic rise of the 1{onization
Toss in gaseous detectors does exist at CERN and encouraging tests have been
made, we would propose to use the latter for this experiment. However, should
this sytem}(described below) not become available for use at Fermilab, detailed
plans are currently underway to design a Cerenkov counter system which would
identify leading particles (p/=) with momentum between Zakand 100 GeV/c and
central region particles below 20 GeV/c (K/v}?.

The system we would propose to use is the CERN EPI which was designed
for use behind BEBC with the RF beam and which is currently undér construction.
Details of the system as well as the results of tests made at CERN are des-
cribed in par:»ea'*sg’9 included as Appendix A. Basfca?ly; the system consists of
128 layers (88 presently exist) of 32 (ng 90 ¢m?) individual proportional
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counters (cells) each of which is 6 cm thick {see fig. 1). Ionization deposited

in the detector is sampled by measuring the pulse height from each cell tra-

versed by the charged particles. The circulating gas would be a 95% Ar-5% CHy
mixture which gives a satisfactory relativistic rise. Monte Carlo calculations,
substantiated by the tests, indicate that one can obtain 5.5¢ FWHM ionization
resolution on a track which passes thrcugh all 128 layers.

To examine the suitability of the EPI for the proposed experiment, we
have used ~4200 inelastic pp events (see fig. 2) obtained from E-311. To
investigate the properties of the leading p {or p in pp collisions), we have
identified slow protons and «'s by fonization in the bubble ghamber, trans-
formed their laboratory 3-momenta into the center-of-mass system and reversed
them, and then transformed them back into the laboratory system. Using these
events we find the following:

(a) Typically ~50% of the tracks from a given event make their way int§ the
EPI (see fig. 3). Many slow particles do not traverse the exit aperature
of the bubble chamber magnet.

(b} For a sample of events examined in detail {see fig. 4 for examples), we
estimate that the average resulting resolution on jfonization, after folding
in the probability of more than 1 track entering the same cell, is better
than ~63 FWHM. |

{¢) As can be seen in fig. 4, the efficiency for finding the p alone in a
large number of cells is extremely high.

A few minor modifications have to be made to use the existing system in
the proposed configuration at Fermilab:

(d) Because of the horizontal magnetic field, the ent%re device would be rotated
by 90?. This presents no technical difficulties, although a new support

frame will have to be constructed.
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(e) We would not make use of the existing beam hole, which is an insensitive
area (6 x 36 cm?) made necessary by the tight (-5 usec) time structure
of the RF beam into BEBC. The EPI would be centered on the beam axis and
this insensitive area would then be at the bottom where the Toss of solid
angle would cause only a minimum loss of track information (see fig. 1).

(f) For BEBC the EPI electronics are triggered by a signal at the start of the
RF beam spill. For our application, we will provide an interaction trigger
signal. This trigger will be generated by two small PWC's upstream and
downstream of the bubble chamber when an interaction (deflection) occurs
in the beam.

(g} Minor electronics modifications would have to be made to decrease the
dead time of the system from the present 255 usec t0£75 usec. If we
then have a 1 msec beam spill and 6 tracks, there is a < 27% probability
that a beam track will overlap an event in time. However if we also
require that the 2 tracks (one beam, one produced) are in the same 6 cm
cell, then the probability drops to =13% (see fig. 5). This represents
an upper limit, is unbiased and only causes a possible loss of data con-
cerning identification of very forward p's or p's, with no anticipated
effect on the K/m separation in the central region.

To effectively use the information from the EPI requires that the
momentum of the particle be known to -7% and that one has information on the
position of each track entering and Teaving the EPI. With the proposed use of
the EPI, three sets of PHC's would be required, one immediately behind the |
bubble chambe?, one directly in front of the EPI and one directly behind the

EPI. The latter two would have dimensions of 1 x 2 m2 in order to fully cover




the ERI. Such a set of planes should yield the desirved momentum resolution,
With a straightforward shift of -5 meters for apparatus downstream of the EPI,
the above configuration is consistent with the improved 30-inch BC-Hybrid scheme

of Planc and co*werker§13¢

4. PHYSICS MOTIVATION

The primary cbjectives of this experiment are twofold: to study the
baryon annihiTation process at hich snergy and to investigate the central
region correlations between kaons and pions. These and other tbpics will
now be discussed in more detail,

{1} pp Annihilations

If one estimates that the total annihilation cross section is given by

the difference between Pp and pp total cross sections, then at 160 GeV/é

Gann ~3-5 wh (see fig. 6). It is extremely important to measure the

total annfhilation cross section directly and to compare with the dif-
ference aT(ﬁp} - cf{pp}t Using the EPI we hope to be able to obtain a
ighly enriched sample of annihilation svents because only the final states

with both n and n cannot be found with this system. Estimates of these

events may be made assuming that the 2 vertices can be factorized: 1i.e.

from'ﬁp > np+ X, pp = dn + X and §p > pp + X one can estimate the inclu-

sive distributions for pp + nn + X.

(2} Multiplicities

The pp topological cross sections, shown in the papersxf? from £~311 that
have been included as Appendix B, show interesting differences when compared
t6 pp at 1060 GeV/c. The trend seems to be for the low multiplicity pp

cross sections to ba smaller than the pp ones, while the higher charged

multipiicity {i.e. 2 14 prongs) cross sections are significantly larger
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than the corresponding pp values. This suggests that annihilations occur
mainly in the high multiplicity events. {If this is true, it will be
difficult to study these events in anything but a bubble chamber). With
an increase in statistics by a factor of 10 for both pp and pp, we will
be able to study this difference in much greater detail.

{3} Neutral and strange particle production

The vesultsS from E-311, also included in Appendix B, show that the differ-
ences in single particle production spectra occur mainly in the central
region suggesting that the annihilation process is a more central colli-
sion thah the pp reaction. Clearly, a factor of 10 {again for both pp
and pp) will make such studies more conclusive.

With the identification of K;, k*, & and X in a large number of
events {see summary in table 1} one might expect to study the process of
strangeness exchange in both pp and pp interactions. For example, what
is the rapidity gap distribution between the 2 strange particies? How
locally is strangeness conserved? The answers to these questions {along
with the analogous guestions relating to charge exchange) could be most
revealing.

With such data it will also be possible to estimate how often
annihilations occur which yield K's in the final state and to make a
comprehensive search for excited states which decay into a strange parti-
cle and one or more pions.

{4} Single particle inclusive distributions

With the data that we obtain in this experiment we will be able t{o make
detailed comparisons between pp and pp inelastic interactions and between

pp annihilations and pp interactions. The latter comparison studied as a
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function of X,y,pps etc., should yield information about the annihila-
tion process. It will also be interesting to compare these data with
similar Pp data that already exist at incident momenta below .20 GeV/c.
For example, fig. 7 shows the cm rapidity distribution for pp - n o+
anything,for annihilation and naﬁannihilatisq interactions combined,at
4.6, 9.1, 14.8 and 100 GeV/c. In view of the strong energy dependence
observed at y = 0 1t would be most 1n£erest1ng to study such distributions
separately for annihilations and nonannihilations. ‘

Two-particle correlations

One of the interesting features observed in n"p and pp interactions at
Fermilab energiés is the strong dependence of the two particle correla-
tion function on the azimutha? angular4separat10n for a pair of like
p'lons.4 Figﬁre 8 shows a strong like-particle correlation for 44 ~ 0 and
the absence of a correlation for Ap ~ =, It.would be interesting to
Tearn whether this effect is due‘to the bose statistics of two identical
particles. One may be able to learn more about such effects by studying
Kini correlations in a similar manner. |

Another correlation which has been observed at lower energies is
that between neutral and charged pions. Whereas a positive correlation 1s
obseréed in Ppp interactions at 15 GeV/c where the annihilation-non-
annthilation separatidn was not possible, the correlation for pp annihila-
tions at 4.6 GeV/c has been found to be negative. By identifying events
with a proton and/or antiproton we should be able to study the =° ° corre-
lation separately for annihilation and nonannihilation at 100 GeV/c.

Interesting results have been obtained from those pp events which
have an identified siow proton. With such events, studies have been made

of the charged multiplicity of the recoiliné system as well as single
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particle distributions of w= in the recoiling system. Interpretations
of these data have been made in terms of Pomeron-particle interactions.
By identifying both a slow proton as well as a fast leading proton of
antiproton one may hope to learn about the diffractive excitation of
the Pomeron as well as study the inclusive double Pomeron exchange
process with high statistics. '

(6) Exclusive channels

Figure 9 shows a summary of the 4 and 6 body final states in Pp interac-
tions. By extrapolation to 100 GeV/¢, one can estimate the numbers of
events expected for various annihilation and nonannihilation final states.
These are given in table 1 along with similar values for the pp exposure.
With the expected numbers of ppxt#™ and ppntn~ events one will be able to
make interesting comparisons at 100 GeV/c. The number of annihilation
events expected in the Tow (£ 6) multiplicities will be too small to
permit much analysis, but it could be that the cross sections for annthi-
lations to 8x and up will be large enough to permit some interesting

analysis.

5.‘ SUMMARY !

(1) Exposure: We request 108 pictures of a 100 GeV/c p/x~ and 106
pictures of a 100 GeV/c p/x* Cerenkov-tagged beam in the 30-inch
hydrogen Subble chamber spectrometer. We would hope that a p/="
ratio of about 0.6 could be obtained with minor medifications to

- the present beam 1ine.andvthat a p/:r+ ratio of about 0.6'cou1d
be‘uséd for the positive beam. We request that a beam spill of
~1 msec be provided to the bubble chamber.

(2) Downstream EPI: We would l1ike to use the EPI that is currently

being constructed at CERN. 'Such a system is expected to be able
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to identify both leading particles as well as a large number of
central region particles. With the improved 30-inch BC~Hybrid
system proposed by Plano and co-workerslo (modified somewhat to
allow for the 8m long EPI) one should be able to measure fast
forward secondaries with considerable precision; certainly well
within the requirements for particle identification in the EPI.

}0, with our suggested modifica-

Figure 10a shows the propesed layout
tions to that plan shown in Figure 10b. It is our opinion based on

a detailed study of requirements dictated by physics that additional
space, beyond that allocated in Fig. 10a, is essential for adequate
particle identification. Hence, we have found it necessary to dis-
place the elements beyond the EPI by up to ~5 meters in some
instances. We feel this will not result in any major changes in

the éhysics capabilities of the spectrometer system.

(3) Equipment: The EPI system would come with its own NORD-10 computer and
peripherals. The existing system including the PDP-11 for upstream
and downstream tagging information will be utilized. A support frame
for the EPI must be built upon completion of the design work at CERN.

(4) Time: It is expected that the full 128 layers of the EPI will become

| available in mid-1977.17 We expect therefore that if approved these
two large exposures could begin taking data at that time. We would

also request a few weeks of time in the bubble chamber beam both to

test fluxes for the p beam and for testing of the EPI.
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cost of ~0.9 MSF (~$400,000) (see reference 8). Hence, the above considera-
tions of cost (funds already expended versus funds yet to be’a11bcated),
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the 30-inch bubble chamber spectrometer at Fermilab.
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TABLE I

ESTIMATES OF NUMBER OF EVENTS TO BE OSTAINED(a)

Negative beam

Positive beam

rEvents/ub pp 4.0 pp 4.0
Total events 168,000 154,000
Elastic 30,000 27,700
Inelastic 2 prong 14,400 17,800

" g " 32,200 31,300
o 6 " 33,000 29,700
" g " 27,700 23,000
L [V 16,400 14,600
ot 8,800 6,300
L VI 3,600 2,500
16 " 1,400 830
u 18 480 200
" 20 v 160 63
W gy 40 --
ke | | 7,700(b) 5,600

N - 3,800(t) 4,900

T | gzo(b) 220
v - 12,600(P) 11,500
pprta” > 4,000 3,300
pp2r 2™ > 1,300 1,300
4n/6n/8n ~-10/~40/~40 -
Total Annihilation 14,000 ‘ --

ia; Based on 106 pictures of p/+~ and 106 pictures of p/r’.
b) Based on the data of E-311. , ‘



Fig. 1. Schematic Drawing (not to scale) of CERN EPI.
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HIGH RESOLUTION IONIZATION MEASUREMENTS

IN THE REGION OF THE RELATIVISTIC RISE

M. ADERHOLZ, P. LAZEYRAS, I. LEHRAUS,
R. MATTHEWSON, W. TEJESSY.

CERN, Geneva.

ABSTRACT

Results of a.62 layer gas proportional‘counters test at 9 GeV/c are
given. Thé achieved resolution in the ionization was 9.4% FWHM for 4 cm
layer thickness and Ar + 5% CH4-gas mixture. The ionization ratio of
plons and protons was 1.21 * 0.0l for Argon at atmospheric pressure.
Other gas mixtures were also tested. The results of the experiment were
used for design improvemeﬁts of a 128 layer ionization detector proposea
for identification of fast secondaries emerging from the 3.7 m bubble
chamber working at SPS energies. ‘ B

TL/mk
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INTRODUCTION

This paper repgesgnts another step in the éevelopment of a particle
identification device groposed for the 3.7 m Hydrogen Bubble Chamber to
work' at the 400 GeV CERN SPS energies {[l]. Previous work permitted the
design characteristics of a 128 layer, 4096 = channels multilayer
proportional cqunters system to be determined, which will be able to
identify the fast seconaary particles eﬁergipg from the bubble chamber.
The detection area is aésumed to be about 2 m wide and 0.75 m hiQh. The
détectoi should have a good multiparticle detection efficiency and it
should be able to idéntify protons, pions and‘kaons at momenta corresponding
to the design pérameters of the proposed radio - freﬁuency separated beami
(6 us spill time, maximum unseparated momentum 150 GeV/c). Several half-
scaie prototype modﬁles weré made and the‘equivaleﬁt of a singie 32 -
layer cell was tested at 16 GeV/c. Details of the experimental arrangement

and the results of ionjzation measurements made in Argon in the region of

‘the relativistic rise ﬁave been presented already in ref. [1].

This time, the measurements were extended to 62 layexs and different
gas mixtures. Also, the operational aspects (long =~ term stability etc.)
of the detector were studied in detail and with great care. The results
obtained during these tests, namely the surprising behaviour of the width
of the single.laﬁer'iopization loss distribution as a function of the
layer thickness, wereiﬁsed to optimize the final detector design. A
slightly modified veié;on, therefore, is proposed, giving an improved
resolution and better éerforhance extended towards higher particle

momenta.

GAS MIXTURES

‘ An extensive study has been made in order to find a gas.mixture which A
will give the steepegb?SIOpe of the relativistic rise and narrowest width
of the ionization lossidistribution. The high voltage characteristics of
éi fferent gaé mixturesiarevshown on Fig. 1, where the peak ?;H.A. channel
of the 5.9 kev Fess X-ray source is plotted. ‘The workin§ range was
limited by noise level at the lower end and. by the degradatlon of
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proportionality and resolution at the uéper end of t?e characteristics.
‘The main interest was to determine the influence of ﬂeliumvadmixtuxes
on the'performancé and stabllity of operation. It was also very impqrtan£
to find put if an4expensive heavy gas like Krypton or Xeﬁbn’would improve
the performance when small percentages were added'tovthe Argon. Clearly,
the *good" éas mixture should not have very steep high vbltaée characteristics,
which practically excludes the first 5 gas mixtures (from the left) on Fig. 1.
Fig. 1. alone is not sufficient, without taking into accouht also the
possible degradation of the ibnization resclution, Fig. 2 shows the |
spectra of the Fess source, as measured in different gas mixtures working
near the middle region of the characteristics.All measurements were done
under the same conditioﬁs at aﬁmosgheric pressure, when the gas filling
(supplied from pre-mixed gas bottles) was perfectly stabilized and clean.

Fig. 2a) shows. the "standard" 95% Ar + 5% CH, mixture. Mixtures on

Fig. 2b) and {¢) contain 60% He. Their behaiioux is essentially the
samé'as for the "standard"” mixture buﬁ the gas amplification‘ié higher

‘by a factor of. approximately 14 in casé {b) and by a factor of 5 in case
{c). The explanation for this behaviour is probably the Penning effect.
Further increasé of Helium‘tontent in the mixture to BS%.(Fig.>2d) leads
to a vis@bie degradation of the resoclution and to a considerable reduction
of the detecﬁion efficiency. Another'two gas mixtures containing 95%

-He +.5§ CH, & and S0% He + l0% CKd did not work at ail. Fig. 2e) shows

4
85% Ne + 5% CH, mixture which was very unstable in operation and therefore

not suitable fjr reliable lonization measurements. 95% Kr + 5% CH,
mixture, {(Fig. 2f) was satisfactory and stable, the gas amplification factor
was about seven times lower than for the Ar + 5% éH4 mixture. Adding

75% He (Fig. 2g) spoiled the resolution and the detection efficiepcy.
Finally, Fig. 2h) shows the mixture of 85% He + 5% Xe + 10% CH4 which is
apparently not very satisfactory from the stabilipy point of view. The
comparison of the resolution (width of Fess spectrum) for individual

gas mixtures is presénted in Table 1.
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TABLE 1

Gas mixture S Fesé peak FWHM [%]

- S .
a [95% Ar + 5% Cu, - S 17.7.

| b |60% He + 35% Ar + 5% cH, H - 18.0
¢ [60% He + 30% Ar +,l§% CH4ﬂ 17.7
d |85% He + 10% Ar + é%véﬁé | 23.9(
e [95% Ne + 5% CH, | 40.4

£ Josykr o+ ssoony | 17.6

I
9 75% He + 20% Kr.+”5%‘CH4 20.9 .

h  [85% He + 5% Xe + 10% CH, 22,2

The choice of Methane as a quenching agent was determined mainly
by its compressibilityrwithout condensation, permitting a more efficienﬁ ‘
and economic £filling of pre-mixed bottles, as compared with 002 ot Propane.
It is perhaps worth mentioﬁing nere that the unit volume cdst ratios
-of Ar : He : Kr :-Xe are roughly 1 : 2 : 35 : 170. This inev#tably
demands an installation‘of a closed recirculating gas system, with
continuous pufification and restitution of exact proportion of the
quenching agent, in cases where eithefAKrypton or Xenon (even in rather

small percentages) were used.
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EXPERIMENTAL ARRANGEMENT

The set-up used for the beam tests was similar to the one already
described in detail in the Ref. [1]. Four half-scale prototype modules

of 16 rectangular proportional counters each were placed one behind the

. other so as to form one "slice™ of a 64 layer detector. The individual

proportional counters of 4 x4 cm2 cross section and of 33 cm (frame -
to - frame} length were formed by stretched thin wires with 1 cm spacing.

Windows cut in the frames allowed an unimpeded passage for the beam particles.

ohe 3 ¢om wide scintillation CQunter“was fixed in front ‘and another one

behind and their coincidence was used te trigger the data acquisition
chain.

The detector assembly was electrostatically shielded and thermally
insulated. It wﬁs installed in the U7 high-energy beam in the CERN West
Areé. at a distance of about 150 m (Fig. 3) from the external target.
The beam size in this region was 8 to 16 mm (FWHM) in both'horizontal
and vertical planes, safely within the detection area. -The unseparated
beam of -E' < + 0,25% was tuned for 9 GeV/c. One 10 ns long bunch of’
particles was ejected from the Ps at 22 GeV and the beam intensity was
drastically reduced by closing the acceptance defining collimators, so
as to register ‘one event in ‘about 5 accelerator bursts. This Qas‘ ’
necessary to reduce simultaneous double particle events wzthin tolerable

limits. Under such circumstances the data taking is rather slow (some

200 to 300 events per hour), but corresponds closely to the real working

conditions for which the detector is proposed.

To monitor thé detector performance.and stabllity, a Sr90 collimated
source was fixed to one of the unused edge channels and the 1ower-(§teepe£
edge) half - maximum point of the electrons spectrum was recorded at
regular intervals from a pulse - heith analyser, Minimum loniZing
particles traversing the full layer thicknesé must be used, otherwise the A

monitor would not react to the pressure changes.
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Fig. 4 shows in the middle part the monitor data during the September
1973 run. Above the monitor there is a barometric pressure recording
for the corresponding interval of time. The increase in the barometric
pressure produces a decreaée in.the proportional counter output, as expected.
Roughly, 0.1% of the barometric pressure change gives 1% change in the

recorded output amplitude.

Another component in the monitor behaviour was observed - first an
increasingland then a decreasing general trend - probably caused by a
mechanical settling down of the detector frames and by outgassing inside

the detector.

The lower part of Fig. 4 shbws (as a monitor reliability check) the
time variations of the T - mesons peak as accumulated over aboﬂt 2 to 3
hour intervals during the run. The phase correlation between pressure,
mdnitor and the beam data is correct, the monitor and the ionization peakﬂ
follow almost exactly the same pattern. The very small difference was -
due to the rathér loﬁg accumulation time necessary for collecting a
éignificant statistical sample of thé beam events, compared with about

. : 90
15 minutes of accumulation time for the Sr spectrum.

The electfonic circuitry and the data processing chain was again very
similar to the one used in the Ref. [1]. Each signal wire was connected
to a simple high~impedance low voltage gain amplifier mounted directly
on tﬁe detector frame, The signals were integrated and stretched in
a sample and hold circuit and proceséed in a set of 64 gated 8-bit ADC'S
situated near the detector. The pulse train cutputs from the ADC'S were
sent to a set of 64 scalers in the beam control room. The content of the
scalers was read into an on-line PDP-8 computer and transferred via a fast
data link first onto the BEBC PDP-15 computer disc and then onto the DEC
tape. The event trigger for the conversion and data taking was given by
the scintillation counters fixed on the detector. .The computer on-line
system and the 64 channel analogue and digital electronics were borrowed

from the beam tuning and control equipment.
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‘The DEC tapes were:immediately processed off-line (for guick checks
of the data, verification of all channels etc.). Later they were copied
onto a standard magnetic tape and the data processed on the Cnc‘7600
computer. Real time clock from the original event-by-event data'taking
was used for the monitor time correlation. The monitor data were

introduced via punched cards at the stage of the CDC 7600 processing.

BEAM TESTS AND DETECTOR DESIGN OPTIMIZATION

Two of the 64 amplifiers failed during the run (bad contact inside
the integrated circuit chips) but is was considered best not to effect
reparations bécause-offthe need to remove the detector covers and hence
disturbing the stable thermal conditions during the run. 8o Fig, 5 shows
oniy a 62 layers detector result using Ar +5% CH, gas mixture. 7061 true
single 7 events are plotted. The 1~ contamination was estimated to be
on the level of a few per cent only. The data‘were corrected for all
systematic drifts using the Srgo monitor. The response of the individual
layers was aéjustéd by varying the corresponﬂihg ampiifier gains to be
equal within 10% limits. Further correction was made during the déta
processing, after the run,using the peak positions of each single layer
ionization distribution. For the final result we could therefore
assume that all the 62 layers are essentially identical. Thé histogram
on Fiqg. S presents the result of a single parameter maximum likelihood
fit, using the'corrected Yaverage" single layer ionization losses
distribution as a reference. The parameter mentioned above is simply a
linear shift of the referenée curve along the channel number axis. Black
circles ;how the result of a very simpie and efficdient cut-off method
éf taking a "mean of 40% smallest values” for each evenf. Crosses
connected by a dashed curve indicate a Monte-Carle simulation for then‘
same number of events as taken in the experiment, using the same maximum
likelihood method with the same reference“ curve and assuming all ylayers
identical. The differences between the fake and the experimental
distributiohs are negligible. They are probably due to occasional

delta-electrons and associated intercorrelation effects, p~meson and
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othexr background, electrical noise eéc.

The width of the experimental distribution is 9.4% FWHM for the
maximum likelihood and 9.8% FWHM for the cut~off method. Tﬁe erxors
shown on Fig. 5 are only the‘statistical ones. This result was much better
than expected from the predictions of Ref. [1]. ‘Fig. 6 shows the
resolution as a function of the number of layers for the maximum likelihood

and for the cut-off method. The experimentél polnts for 4 cm layer

4
the 9 GeV/c ™ run (corrected data). Monte-Carlo generated distributions

thickness and Ar + 5% CH, gas mixture at atmospheric pressure are from
<
facilitate reliable and exact predictions of a 128 layer detector

performance.

The reason for the considerable improvement in the present experiment
resuits'as~compared with the results presented in the Ref. [1], is explained
by the much narrower single layer distributions of the ionization losses.
It is very likely due to the fact that during this experiment single particle
events were in the majority, whereas in Ref.[1l] they were a2 minority
{simultaneous particle contamination was very high even in the best data
s&mples). The dashed curve on Fig. 7 was used for optimization of the
number of detector layers and layer thickness in Ref. {1]. It is cleafly
far too pessimistic., Most of the points on this curve weré meastred
eitﬁer by 1.3 MeV electrons or by cosmic ray u-mesons [2-8]. Even with
guard counters used against showers in cosmic rays and in accelerator
" beams it is rather difficult to eliminate¢¢ompletely the double particles.

. Presumed "single particle” events from Ref. [1] are plotted on Fig. 7

in full black circles: The experimantalApoints were produced by summing
up the valueg of a corresponding number.of the individual layers, event
by eveht; The first two layers gave 8 om of detector thicknesg.first
four gaVe l6 cm etc. up to 128 cm. The fesulting distribution widths
are all well below the above mentioned dashed curve. The*present
experimental results (black squares) produce a much better result,
extended to 248 cm of equivalent total detectorx lquth of Rrgon at

atmospheric pressure. This curve, above about ZH0cm of detector length,
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is in reasonable agresement with ;he theoretical Landay predictions'[Q,IO].
Below about 50 cm length, of this detector, corrections for the electron
binding should be applied to the Landau curve according to Blunck [11]
{another dotted curve on Fig. 7). These corrections make the Landau
distribution wider on the side of the lower 1oniza£ion losses, for
relatively th;n detectors. ' Some of the delta-rays responsible for the

big fluctuations in the ionization could escape from the detector, which
-1s only 4 cm wide. This effect is prébnbly responsible for a narrowing

of the distribution width for large detector thicknesses, as compared with
the theoretical predictions on‘Fig. 7. \ |

Using the new results presented on Fig. 6 and Fig. 7 another optim;zation
of the ionization detector was made concerning the number of layers,
layer thicknes$ and total detector length, for a desired resolution. The
result is shown on Fig. 8 for Argon at atmospheric pressure; max;mum
likelihood method and aililayers having identical response. Around 3 cm
of layer thickness gives the shortest total detector length. Obviously,
from economical considerations, it is preferable to choose the smallest
possible number of rather thick layers, which will still lead to a
tolerable total detector length. <Crossing simultaneous, particle tracké
and pérticles passing from one detector "slice" into the adjacent one
will reduce the effective number_of layers. For this‘reaépn, oﬁ the
contrary, it is preferable to keep the number of layers rather high. For
the envisaggd application a reasonable compromise seems to be to increase
the layer thickness from 4 to 6 cm and conserve 128 layers. Such a detector
will attain,‘in the best case, about 5.5% FWﬁM of ionization resolutioh
for a total length of about 8 m. Updated estimation of the costvis'some
220 SFr per channel.for électronics and detector itself. The eléctronics
represents roughly 73% of the total cost. Sacrificing to some extent
the detection efficiehcy for the inclined and crossing tracks, about 20%
saving could be achieved by halving the number of layers to 64. The A
4layer thicknesss should be then about 16 ¢m in that case (see Fig. 8),
which leads to a totai detector length of 10.3 m. In this variant'the
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electronics rep;esent only‘éo% of the total cost. Intermediate variants
with e.g. 90 or 80 layers represent only a marginal savings of the order
of 12% and they are therefore not worth the corresponding loss of detection

efficiency.

The relativistic rise of the ionization was measured in the positive
9 GeV/c beam, containing protons and appropriate proportion of surviving

+ .
T mesons. The results for Ar + 5% CH, gas mixture and 62 layer detector

4
are shown on Fig. 9, together with the 1 distributions plotted on the
séme scale. The data were corrected using the Srgo'mcnitcr and the
indiViaual layers were equalized before the final data processing. The '
uppér part cf'Fig. 9 shows the result of maximum likelihood and the

lower part the “mean of 40% smallest values” cut-off method. 12698 events
are plotted in the p, n+ distributions. Note the exact coincidenée of the
n and T peaks, which is an indication of a very reliable mopitor. Ihe

negative and positive runs took a total time of about 110 hours.

The efficlency of the p/7 separation can be estimated using the i
peak width and a ratic of proton peak to valley between protons and .
Clearly the maximum likelihood method is the most efficient, giving $.4%
FWHM for 'ﬂ-_andAabout 7.4 for the peak to valley ratio. In order to |
establish the best cut-off parameters the proportion of values takeﬁ'
for the mean was varied from 20 to 60%. Other cuts were taken (e.g.
mean of 10 to 50% smallest values, or just 20th value alone after consecutive
ordering of all‘tﬁe 62 values per esvent). Table 2 shows the comparison -

of different methods for a 62 layer detector. The "mean of 40% smallest

TABLE 2
Method : FuaMi %] Peak/valley
{62 layers; Ar + 5% CH4) (7~ run) {(p: run)
: 20% 12.4 ) 4,7
30% 10.9 . 5.3
Mean of smallest |40% 9.8 _ 6.1
‘ 50% 10.1 5.2
60% i 10.5(asymmetrid) 4.4
Mea?lof 10 to S50% 10.4 3.6‘
smallest V L ,
20th value : 12.0 ' 3.2
Maximum likelihood ﬂ 9.4 7.4
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values" seems to be the most efficient &ut-off method, which is in agreement
with the predictions from Ref. {1]. This simple and fast method is only
slightly less efficient than much more elaborate and computer time consuming

- maximum likelihood approach.

The ratio of ionization (peak positions) between protons and " is
1.21 # 0,01 for Ar + 5% CH4 at atmpspheric preséure. The errors emanate
from the uncertainty of determination of the exact peak positions. This
result was plotted on Fig. 10 together with the previously measured
points from Ref. [1]. The solid curve represents a fit to all compiled
proportional counter data (the experimental points are not Shown,for'the
sake of clarity). The dashed curve represents a theoretical prediction
of Steinheimer [12], including the density effect corrections. The
relativistic rise curve seems to be established with a reasonable
precision, ‘The values near the bend towards the Fermi plateau and above
cannot be measured at CERN PS energies. There is still some hope that
future NAL or CERN SPS measurements will show higher absolute values for
the plateau {the data existing at pre#ent in this region were all measured

using 4 few hundred MeV electrons).

In the first half of December 1973 another run was méde,‘using two
more gas mixtures selected frém,thg gfoup presented on Fig. 1 according
to the ¢riterla of good stability of operation. Krypton + 5% Methane
and 60% He + 30% Ar + 10% CH, mixtures were chosen for this test. It is
obviously very intevesting to search for a possibly steeper slope of the
relativistic rise of ionization in a gas heavier thah Argon and in a mixture
containing considerable proportion of light Helium. Cloud chamber data
{13,14,15] show some confusing and difficult to explain phenomena in

,similar gas mixtures. The results of this experiment are shown in

Table 3.
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TABLE 3
Gas Dixture 7/p lonization Proton
‘ ratio peak
FWEM [%]
85% Ar + 5% CH, 1,21 £ 0,01 ~10.7
60% He + 30% Ar + 10% CH || 1.21 * 0.012 11.3
95% XKr + 5% 084 : 1.26 ¥ 0.015 1 14.5

The targetting conditions were not exactly‘the same in the Ar + 5% CH4
run as in the run for the other two gas mixtures, therefore the direct
comparison of peak to valley ratios was not possible. Also, the proton
peak width increased with the second and third mixture by the greater
influence of the binning effect (the peak positions were lower than In
the Ar + 5% Cﬂé.run). Nevertheless, the fellowing general statements can
be safely made:

a} Ar + 5% CH4 mixture shows the best resolution;

b) the mikture containing £0% He + 30% Ar behaves almost exactly

as "pure" Argon;

c) Kr + 5% CH4 mixture gives by about 4% higher iconization ratio
than Argon, but the resolution seems to be worse and might

cancel the gain made by the 4% improvement.

In the light of the presented results it will be certainly interesting
to investigate in more detall the resolution of the Krypton gas mixture
and to measure the relativistic rise in Xenon. Such an experiment running

without closed gas circulation might be, unfortunately, rather expensive.
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A new approximatioﬁ of the expected 128 (6 cm thick) layérs detector
performance was made in the following way: the relativistic rise of the
ionization was taken from Fig., 10 and a 6% FWHM Monte-Carlc maximum
likelihood distribution was used, shifted along the relativistic rise
according to the particle momentum. Egual number of protons, kaons and
pions was assumed. The result for 20 and 50 GeV/c is shown on Fig. 11,
The muons cannot be obviously resolved from pions, but they cannot be
reso}ved by threshold Cerenkov counters either. The overlapping area
of the proton and kaon distributions is about 21% of the integral of the
individual distributions and it remains unchanged to almost 60 Gév/c.
‘The K/ overlap is about 1;7% at 20 GeV/c and it grows steadily to some
15.6% at 50 GeV/c. The p/7 overlap of roughly O.5% at 50 GeV/c does

not present any serious problem.

- Finally, Fig. 12 shows the separation efficiency of the proposed
detector in terms of the non-overlapping parts of the distributions for
p/m, p/K and K/ separation as a function of the particle momentum. .The
separation efficiency is still acceptable up to almgst 100 éev/c. A very :
important feature of partiéle identification by ionization measurements
is that the loss of efficiency is purely statistical in crigin and does
ﬁot introduce‘any kinematical bias in the bu&ble chambey data evaluation.
Note that an absclute limit for K/7 separation by the atmospheric preséure

threshold Cerenkov counters is at 6C GeV/c [18].

CONCLUSIONS

A slightly modified and improved version of a 128 (6 cm thick)
layers 4096 proportional counters detector as proposed in Ref. {1] was
given, using some new results oktained in a 62 layer test run at 9 GeV/ec.
The detectér is designed to identify,by ionization,the fast éecdndary
particles emerging from the 2.7 m bubble chamber (BEBC) operating in SPS
beams of up to about 150 GeV/c momenta. The detector should achieve an
ionization resolution of better than * 3% with acceptable separation

efficiency up to almost 100 GeV/c for p/K/W separation. The up&ated
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cost estimation gives about 220 SFx per each of the 4096 channels,
including both the electronics and the detector itself. 1It has
been proved that a reliable monitor‘enables extremely stable and

reproducible operation over extended periocds of time.

A full-scale prototype of one (32 cells across the beam) double layer
module has been made already (Fig. 13) and is undergoing an extensive
series of tests. A final version of the electronics circuitry is being
prebared, consisting of amplifier, stretcher, ramp ;omparison ADC, B-bit
C-MOS scaler and shift register read-out per channel. K Definite choice
of the gas mixture is still open within certain limits (“"reasonable" gas
amplification factor etc), but very likely Argon + 5% Methane will be
’ used. The detector is totally insensitive to non-uniform magnetic field

of a few hundred gauss, which is to be expected near the bubble chamber.

The non*inierracting beam particles will pass through an insensitive
region of appropriate dimensions. It is possible to form such a dead
zone in the detector by simply covering the necessary few centimeters of.
the corresponding signal wires by thin glass tubes, which very efficiently

prevents the electron avalanche in a region with sharply defined boundaries.

The reconstruction of the inclined and crossing tracks present no
problem, since the individual proportional counters form a well defined

geometrically fixed matrix.

A detailed study of the whole system, including the bubble chamber
and its stray magnetic field, best beam size and position of the detector,
© detection losses due to crossing tracks and simultaneous multiparticle

events ete. are just being finished and will be published soon.

‘The data handling facility will be determined later in connection
‘with other planned equipment (MWPC system for the bubble chamber entry

and exit angle labelling, external muon identifier for neutrino beam etc.).




-41-

CERN/D.Ph.II/BEAM 74-1

We would like to thank all members of the TC beam group who helped
in the preparation and during the experiments. Understanding and active
support from Messrs. M. Demoulin and F.Perricllat {BEBC instrumentation

and computer grbup)*was greatly appreciated.



~d P

CERN/D.Ph.I1/BEAM 74-1

REFERENCES

’/m

D. Jeanne, P. Lazeyras, I. Lehraus, R. Matthewson, W. Tejessy and

M. Aderholz: Nucl. Instr. and Meth. 111 {1973} 287.
[2] D. West: Proc. Phys. Soc. A66 (1953) 306.

{3} B. Eiben, H. Falssner, M. Holder, J. Kénig, K. Krisor and M. Umbach
Nucl. Instr. and Meth. 73 (1969) 83.

[4] J. K, Parry,»H.D. Rathgeber and J.L. Rouse: Proc. Phys. Soc. A66 (1953) 541.
{51 P.V. Ramana-Murthy andAG.D. Démeestér: Nucl. Instr. and Metﬁ. 56 (1967) 93.
[6] P.V.’Ramanawwurthy; Nucl, Instr. and Meth. 63 (1968) 77.
{71 E.D. falmatier,.s.T. Meers and C.M. Askey: Phys. Rev. 97 (1955} 4?6.
fal F. Harris, T. Katsura, S. Parker, V.Z. Peterson, R.W. Ellsworth,
G.B. Yodh, W.W.M, Allison, C.B. Brooks, J.H. Cobb and J.H. Mulvey:
Nucl. Phys. Lab. Report 57/72 (Oxford Univ., 1972).
[9] L. Landau: J. Phys. USSR 8 (1944) 201.
[10] S.M. Seltzer and M.J. Berger: NAS-NRC Nucl. Sci. Report 39 klgéd) 178.
{11} .o. Blunck and K. Westphal: Z. Physik 130 {1951) 641.

{12] R.M. Sternheimer and R.F. Peierls: Phys. Rev. B3 (1971) 368l.

[13]  Rr.G. Keppler, C.A.D'Andlau, W.B. Fretter and L.F. Hansen

Nuove Cim. VII (1938) No.l., 71.



-43-

CERN/D,.Ph,.II/BEAM 74-1

REFERENCES {Cont'd)

f14) A. Rousset, A. Lagarrique, P. Musset, P. Rangon and ¥. Sauteron:
Nuovo Cim. XIV (1959) No.2., 365.

[15] C. Ballario, A. De Marco, R.D. Fortune and C. Verkerk:
Nuovo Clm. XIX {1961) No.6., 1142.

{16] M. Benot, J. Litt and R. Meunier: Nucl. Instr.and Meth. 105 (1972) 431.




wd B

CERN/D.Ph.II/BEAM 74~1

FIGURE CAPTIONS

Fig. 1

' Fig.

Fig,

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

.Fig.

2

10

High voltage characteristics for different gas mixtures.

4

5 :
Fe > spectrum in a)- 95% Ar + 5% CH
~ b) 60% He + 35% Ar + 5% CH

¢} 60% He + 30% Ar + 10% céq
d)  B5% He + 10% Ar + 5% CH,
e) - 95% Ne + 5% CH,

£)  95% Kr + 5% CH,

g)  75% He + 20% Xr + 5% CH,
h) 85% He + 5% Xe + 10% CH

4

Experimental arrangement of a 64-layer detector.
Barometric pressure dependence of the ilonization signal.

9 Gev/c ™ result and Mente~Carlo distributions.

{Axr + 5% CHQJ.
Ionization resolution as a function of number of layers.

Single layer ionization losses distribution width as a.

function of the layer thickness.

Optimum number of layers and layer thickness for a given

resolution and total detector léngth.
9 GeV/c positive run result.

Relativistic rise of the ionization in Argon.
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FIGURE CAPTIONS {Cont'd)

Fig. 11

Fig. 12

Fig, 13

EBxpected separation at 20 and 50 GeV/c assuming ionization

resolution of 6% FWHM,

Expécted'separation efficiehcy {(noh~overlapping parts

of the distributions§ as a function of the particle

momentum.

Full-scale prototype of a double layer module {32 channels

& cm wide per layer).
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APPENDIX A-2

EXTERNAL PARTICLE IDENTIFIER (EPI) FOR THE BIG EUROPEAN
BUBBLE CHAMBER (BEBO)

M. ADERHOLZ, P. LAZEYRAS, I. LEHRAUS, R, MATTHEWSON and W. TEJESSY

CERN, Geneva, Switzorland

Received 19 Sepiember 1974

A description of a mubti-layer proportional counter system being
built to identfy fast charged secondury particles bebind the
3.7 m bubbic chamber is given in demil, The device consists

1. Introduction

In this paper we describe the final version of a
multi-layer proportional counter system’~) designed
for identification of fast charged secondary particles
emerging from the 3.7 m bubble chamber. The Exter-
nal Particle Identifier (EPI) will efficiently distinguish
betweszn pions and kaons up to about 70 GeV/e,
kaons and protons up to about 100 GeV/e and pro-

of 128 layers, each with 32 {6 x 6 em?) cells across. Tt will be able
10 distinguish pions and kaons up te 70 GeV/e by sampling the
ionization in the region of the relativistic rise.

tons and pions up to about 150 GeV/e. This device,
which is now under construction, consists of 128 layers
with 32 (6x 6 cm?) individual proportional counters
{cells) in each layer. fonization deposited in the detec-
tor is sampled by measuring the pulse height from each
eell traversed by the particles. The final ionization-
resolution in the region of the relativistic rise will be
about +3% fwhm according to our measurements,

; e §
£ ; =2 e e PRINTED
L 0100, KT, wiEs LT Jomeuns
A/
LAYER(N) ¢ el ===
B (450, SIGNAL/HT. E=l
4‘ L;!OO,. HY
LAYERINS) B, 150, SRR o
#1004 HIWIRES o S -
s \mm;;zwme&“wm*w
N * SOLDER
STESALIT 234 MYLAR
AY /‘l
. .j \.. g
NS A L € ¥ ¥ ¥ T
ass . CELLAT . :
oL > _ NOTUSEC  CELL © CELL 1
Crzzrrrs ; . . . . . L LAYER (N}
| IMONITOR) -
- S ——— . e a . . . .
I e - ) e :
r N
.\ NOT USED c.0 : c.1 '
e . ; . . . : . L LAYER(NG)
i ‘ ; : :
.‘t-»..... = v‘( s o e A"‘ . ‘; . - - ; » -l
H K, ; 8] H i
b 420 S o4 & + 60 4

Fig. 1. Caonstruction details of the double-fayer module.
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The detector, which has a detection surface of 90 x 192

cm® and a total lengih of aboul 8 m, will be placed at
a distance of Il m from the center of the bubble
chamber. It has been designed 1o identify those se-
condary particles having the same charge as the
primary beam {lgading particle concept). Non-
interacting beam particies pass through an insensitive
region corresponding to the beam dimensions at one
side of the detector {offset heam hole}. The rf separa-
ted beam®) provides for full separation up 1o 70 GeVye,
ihe maximum unseparated beam momentum being
150 GeV/r. The spiil time is 6 us (limited by the C-
band [ modulator pulse duration). Because the EPJ
time resolution is longer than the beam spill time, all
secondary particles for each aceelerator burst must he
registered together. The data from the EP! will be read
into an on-line computer, compacted and written onio
1600 b.p.i. magaetic tape logether with the bubble
chamber roll and frame number. To this will be added
the track coordinaies from multiwire proportional
chambers, in front and at the back of the EPI, to enable
precise track reconstruction and correlation with the
bubble chamber picture in off-line analysis, as weil as
data from further multiwire proportional chambers
which will measure the primary beam particle angles
at the bubble chamber entry. The off-line data anal-

ysis will include maximum likelihood fitting procedurcs
for the measured ilonization values to establish the
particle’s identity. ‘

2. Construction of modules

Construction details of the double layer modules
for the EPI are shown in fig. 1. The assembly has been
simpiified as much as possible. The individual propor-
tional counters of &x6 cm? section and 101.6 cm
length arc formed by stretching stainless steel wires
with 3 cm spacing on laminated frames. The frames
are made of a 12 cm wide sandwich of glass, Stesalit
and printed circuits glued together with Araldite and
closed at each side by 25 um thick Mylar foils, Both
the outer and the median ht planes have @J 100 ym
wires tensioned to 160 g and soldered to the printed
circuits. The alternating signal/ht wires are & 50 pmi.
iensioned te 40 g which is safely below the breaking
point. The electrostatic field of the individual counters
is perfectly symmetrical, therefore no forces are exerted
on the wires. The deformation of the frames due to
the wires and Mylar foils 15 negligible. Glass, as the
principal frame material, was chosen for its surface
quality with low outgassing properties as well as for
ecanomic reasons. We use plass bars 12 cm wide since
narrower ones were not to be obtained, although 8 cm
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would have been adequaie for the frame. The total
weight of a double layer wmodule s about 250 kg
with electronics. The assembly of onc module
takes an average of two weeks (27 different operations)
and is made in a specially climatised and dust-free
-workshop, Three moduies can be assembled simulta-
neousiy.

3. Performance

All important paramelers of the EPI were already
tested on several prototype modules, The useful height
of the detector and the uniformity of the response
along the wires has been measured using the 5.9 keV
X-rays from an **Fe source. The result is shown on the
left part of fig. 2 for a 6x 6 cm? cell. At a distance of
5-6 cm from the {rame edge the response is already
uniform within the acceptable limits of about + 5%,
giving about 90 cm of effective counter length. Effi-
ciency of the separation between adjacent cells could
be estimated from the resuli presenied on the sight
side of fig. 2. When irradiated by a collimated radio-
active source the “uncertain™ region is only about
3-4 mm wide, comparabie with the scurce spot size.

Fig. 3 illustrates how the insensitive beam region is
produced by covering the appropriate part of the
signal wire with a thin insulating tayer. Several differ-
ent materials (e.g. thin metallic tubz, Mylar strip, thin
coating of paint, coating of Araldite ete.) were tried,
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but finally a & 130 pm glass tube was adopted as the
most simple and practical solution. ‘As seen from fig. 3
the tube prevents efficiently the charge collection from
the desired length of the signal wire with very sharply
defined boundaries. With a 4 cm long glass tube the
effective insensifive region extends to about Scm
aiong the wire

The iong-term stability of the module and necessary
gas flushing rate was also tested at constant tempera-
ture. After the gas supply was turaed off and the inter-
nal over-pressure allowed to equalize to the atmos-
pheric pressure, (he pulse-height response started to
decay due to outgassing, diffusion through the Mylar
foils and stratification of the gas filling. As seen in fig.
4, during the first period of about 30 h the decay is
maost rapid with a rate of about 80 h for a drop to {/e
value due, probably, to penetration of humidity
through the Mylar foils, after which it slows lo a rate
of almost 400 h to lje. No corrections were made for
atmospheric pressure variations, The resolution for
S3Fe was not seriously impaired even after almost 200
I; bui because of the pulsc-height decay it is quite
clear that the modules cannot work properly without
continuous gas flow.

The behaviour of the detector with respect to the
atmospheric pressure changes was also investigated
more carefully. Only the reaction to overpressure
inside the module was studied. For that purpose it was
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Taste {

Raelanvistic risc of the jonization in differont pas mixiures,

Gas mixture

atfp ionization ratio
at 9 GeVie

Protan peak fwhm £%)
({max. likelihood)

Ar+5% Clig 9

Ar+ 5% CHy fthis cxp.y

He+30% Ar+10% CHy

Ar4 153%% Xe+ 5% CHuy (thig exp.
Krt 5% CHa %)

i.28 2601 10.7
1.2220.04 1.3
.21 20,002 ’ 13
1232001 120
L8 £6.015 4.9

necessary (o cover the Mylar folls with metalhe plates
in order to protect them from excessive stress and
possible rupture. As shown on fig. 5, at the beginning,
there is a very steep dependence of the output pulse-
height on pressure, which is caused by mechanical
settling of the Mylar foils against the supporting metal
plates. Starting from about 10 mm H,O over-pressure
the detector pulse-height is reduced by about 2% for
a [% pressure increase in the case of a ?%$r source and
by 4.8% in the casc of **Fe. This is explained by the
fact that the exp{£&/p) term in the gas amplification
formula is partially compensated by more ionization
deposited by 0.54 MeV relativistic electrons traversing
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the detector, compared with the 3.9 keV quanta of
*¥Fe converied locally within a few tenths of a milli-
metre. Beeause of that effect, the necessary continuous
monttoring of the detector response should be done
using energetic f sources.

The deformation of the Mylar foils, responsible for
the sireng pressure-dependence in the region of the
atmospheric  pressure  variations, will presumably
become negligible when all the individual modules are
installed inside a pressurized box.

To complement our results using Ar+5%CH, a
further gas mixture containing Ar+15%Xe+5%CH,
was tested during the June 1974 run at 9 GeV/e in a
&4-layer detector set-up as deseribed in ref. 3. For
reference, the Ar+4-5%CH, mixture was first tested
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Fig. 5. Pressure dependence of the output pulse height.
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aguin in order fo verify the reproducibiiity of the
ionization measurements. The summary of the resulis
is given in table | where the ienization ratio for »7
and protons a1 9 GeV/e and the fwhm of the proton
peak is listed, The most practcad mixiuce {Ar+5%
CH ) shows u satisfactory relativistic rise and at the
same time the best resotulion. There is an iadication
of a slightly steeper relativistic rise for the mixtures
containing xenon and for Kr+5%CH . an advantage
which is, unfortunately, offset by werse resolution.
For the runs using the iast two mintures a very limited
amount of gas was available {due to high cost) which
prectuded the attainment of well stabiiized conditions.
This might be partially responsible for the broadening
of the peaks. It is not excluded that, with a closed gas
circulation loop and continuous purifying, the next
stage of development of the EPL will use the more
expensive mixtures. Exaet predictions in this field are
difficult now, because the values of the Fermi plateau
Tor those mixtures are not known. Nevertheless, it
will be certainly atiractive to work with a noble gas
heavier than argon and at reduced pressure in order to
push the onset of the platean towards higher particle
momenta,

4., Eleetrenics

The Data Acquisition (DDA} circuit for sach one of
the 4096 proportional counter cefls is shown ian fig. A
h was designed to accept: simultancous and non.
simultancous particles ap to a maximum of (05
beam spill. At a pas amplification factor of 10* the
mean charge collected by cach eeli for cach particle
is about 3.5x107** C. The high input-impedance
amplifier takes a current from this charge and converts
it to a2 21V output (i, =e,R}. This sizna! then
goes to an integrator and to the summing point i3
added a component of the signal, chosen so that the
composite output waveform is flat-topped to within
2% for 10 s, Provided that the DA gate is apen this
signal is smwmpled by an Operational Transconductance
Amplificr synchronized by the beam ejection triggee
and held when the beam spill ends and the circuils
have settled within 1%. The signal is now a de level
which decays about 1% per ms. It is applied 1o the
comparator, assuring a Jogical “1" at the output,
which opens the scaler input gate. About {0 s after
this, 255 clock pulses are generated synchronously
with & pricision ramp waveform from a digital to
analogue convertor. The scaler counts the clack pulses
until the ramp voltage cquals the acquired signal
voliage at which time the comparator switches and
stops the scaler counting. Since the clock and the ramp
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will be common 10 all channcls, the analogue to

digital conversion of all 4096 ccll signals will be ac-

complished simuliancously with 8-bit resolution in -
250 5. The measured r.mes. error for a single channel,

based on a most probable signal of 1V, is +1.5%.

This comprises the following componenis: beam spill

+ L0%, noise £ 1.0%, sertding time +0.5%, drift

4+ 0.25%, guantization crror +0.4%. Overall non-

finearity was found to be less than the quantizalion

error. It is not proposed to use close tolerance passive

componenis so cach channel will have the facility of
adjusiing gain, puise form and zero-scl. '

At the end of the conversion the Master Contral
will send the Transfer pulse which paraliel loads the
data, in the 4096 scalers, into the corresponding cell
shift registers, thea resets the sealers 1o zero. This will
be followed by eight clock pulses {8 MHz) which op-
erate the cell shift registers which will be arranged
{see fig. 73 so that shce 0 dats is moved to a separute
set of regisiers, the slice shift registers located at the
end of each fayer, slice 1 moves to slice 0, slice 210 1,
ete. The slice shift registers will then be connected serially
so that the compuler may request the Master Control
o shift (at 10 MHz) and transfer slice 0 data via fast
data ltink {as 64 16-bit words) toward the computer.
This process is repeated for slices 1, 2, ... 31, the total
read-out lime constraipt from the hardware being
32 x84 (54 x 16 x 0. 1)} pis, or about 4 ms. During the
shift process, the DA circuiis may accept another beam
pulse hecause the scalers arc already cleared. The
Muaster Control will generate all necessary sample,
ramp, clock, transfer, roset and shift signals on com-
mand from the beam ejection trigger and other hard-
ware or computer timing signals. Extreme care has
been taken in keeping the power dissipation of this
sysiems, which will be mounted directly on top of the
detector modules, (o a strict misimuam, ,

The “slice”™ organised read-out systern was chosen
since i produces o grouptng of cells in the direction of
the particle trayjectorics and thercby cases the pre-
evaluntion by computer, especially for testing purposes.
Furthermore, it lends itself to a direct fast hardware
evaluation of o passing test beam for calibration of the
EPL. The ionizotion losses of a particle passing parallel
1o the detector axis through all 128 lavers could be
micasured with ressonable resolving power using a
rather simple hardware wired for “wmean of the
smultest 40% of 128 walues™3). A single result per
teack can be obiained this way, neplecting differences
in the individoal cell response. The necessary hardware
contains essentially a fast random access memory of
256 words of & bits. The contents of the 128 channels
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will be scanned through and each time a given vaiue
has been found the corresponding address focation in
the RAM array will be incremented by [, When all
128 valucs are processed, the smallest S1 vaiues {i.e.
40%) will be consecutively converted into correspon-
ding pulse trains und summed-up using a modulo-51
scaler. To shift out a full 128 cell slice takes [8 4 (126 x
Bx0.2)] & 215 sis. Writing time into the RAM could
be neglecied, the serislisation  and sunung-up
would lake on the average 650 ps, using a 10 MHz
clock. The final result could be made available in fess
than | ms to be visually displayed. For more elaboraie
testing the on-line computer would be used.

S. On-line data handling facility

The EPE and its associaled meltiwire proportional

chamber system will be serviced by a dedicated com-
puter, which is part of a loosely connecied set of dats-
acquisition and control computers to be wsed in con-
nection with BEBC and the West Area Neutrino
Facility”). :
- The EPI computer (Fg. 8) will consist of & =16
bit machine with 32k words of memory for user
programs  and data, phus added spuce for the
system monitor. The latter will have full multi-tasking
capabilitics to allow casy adaption to the real-time
environment. A moving head disk of at Teast M word
capacity will be incorporated as mass storage for the
multi-tasking monitor,. user progrums, tasks, and
overlays us well as for log-files 1o monitor the long-
term ciliciency of the apparatus. Data from the experi-
ment will be ocutpul via heavy-duty medium specd
1600 b.p.i. 9-track maghnetic tape units. As a user
interface to communicale with the systeny a graphics
display with keyboard of the storage tube type is
forescen. On-line development of real-time programs,
a neeessity due to the very extended running periods
of the cquipment, will be possible from a separate
console typewriter, which will also be used as an
output device for alarm messages, ete., when appro-
priate. For large scale alphanumeric, and graphices,
output we plan to share a line-printer (plotier) between
all involved computers.

Data from the EPI and from the MWPC sysicm
before and behind BEBC will be entered via direct
memory aceess transfers after each burst. For the EPL
the full 4096 tondzaiton values will be transferred to
memaory, where they will be compressed by eliminating
zero-content cells and then formaticd onto the magnetic
tape. A similar packing is foreseen for the MWPC
output, except that here 2 hardware feature, deseribed
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below, will scarch out the hit wires and the corres-
ponding timing information. To this will he added
bubble chamber and beam parameter information as
required. With compazting of daia it should be pos-
sible 1o rua several hours per tape in double expansion
mode of the bubble chamber.

Lurge data regions in memory are forescen 10 histo- -
gram the averall response of the apparatus over
exterdded periods of fime. This is necessary due to the
very low intensity of hits per burst. especially for ihe
outer cells, A versatile set of graphics routines will
afiow operator-requested displays of the efficiencies,
responsc, ete., of numerous subsets of cclis. The printer
witl allow to make hard copies of these displays for
easy logging of the results,

Furthermore, an as vet not fully defined set of tasks
fo control and monitor the important parameaters and
to ailow on-line proceduores during setting-up of the
equipment wiil be incorporated. For this a muli-
plexed digital inputjoutpul interface under program
corstrol wilf be used.

Tracing and fiiting of sample tracks through the
MWPCsund the £EPE and ionization determination are
aimed at to further monitor the correct functioning.
Here again the visual display will play an important
role in giving a {ull piclure of the sampled tracks
passing through the device, However, the idea of full
fittering and reconstruction of all tracks for every
burst on an on-hne basis and their parametrization
s been discarded as unrealistic on a small computer,
This will be done at a later stage off-line in connection
with the data handling for the bubble chamber pic-
s,

The EPU computer will be linked to several other
compuiers In the same conirol area. A paralle! link
will connect to an already instalted PDP-8/e (Disk,
Diectape), which conatrols rhe of separated beam equip-
ment. Busting links to the beam controls, the West
Generators” Siesnens 391 and the BEBC control com-
puter, an extended PDP-15 configuration, will allow
the PDIP-8/e to transfer alf required beam and bubbie
chamber status information to the EPl computer, or
zecept commands from it as needed. To this will be
added a paraliet ink to the computer for the proposed
External Gamma Identificr, deseribed in the next
chapter, and to the experimental area’s computer,
a Morsk Daia NORD-10.

To enlarge the integration a network of serial links
is proposed with the compulers for the External
Muoon Identifier, the Neofrino Flux and the Neutrino
Beam Control, which will be of the same type as for
the EPE and also run under the same version of the
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7. Efficiency of identification from simulation studies

The EPI has been optimized with respect (o a set of
constraints, i.e. the BEBC exit geametry, trapping of
low momenta secondary particles m the magpetic
field, existence of an extra absorber for the EMI which
determines the 11 m minimum distance from the
BEBC center and limited overall length. Those con-
straints have formed the basis for a simulation study
of the EPI performance in regards to its geometry, the
results of which have led 1o the finalized design as
described.

fn the simufation a primary beam of a given width
and height was directed onto the center of the chamber.
The beam, arriving at the shieiding window al the
angle of 110 mr (see fip. 9), was traced through the
stray and main magnetic ficld, thus forming a curved
interaction volume symmetric around the center of the
chamber. Inside this volume (for our calculations the
full length of the chamber was used) & given number
of individual simultaneous secondary tracks of both

MIDDLE PLANE (15 m)
500 ENTRIES (INCL.OVERFLOWS)

10-70 Gt

~74-
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charges were generated. They were followed through
the mugnetic field and the downstream shiclding
window towards the EPL The distribution of the
longitudinal momentum py of these secondaries was
taken to be uniform between 10 GeV/e and the maxi-
mum value (beum momentum). The distribution of the
transverse momentum g, was obtained by using the well
known Cocconi formula. Therefore, the generation
is based on the assumption

LY 2

el - R -xp[-(gf) ]; with a = 0.4 GeV/c.
dpdpy a :

No background from other sources like chamber

windows was taken into account. The EPI was aligned

so that the beam edpe was grazing the outside edge of

stice O of the detector.

Fig. 11 shows the distribution of momentem p
against the lateral distance from the edge of slice 0,
as described above, at the middle plane of the detector
{15 m from the BERC center). The full line shows the
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a distance of 11 m behind the BEBC center are listed
in tahle 2 for several beam momenta. The beam enters
al —6m under 110 mr angle directed at the BEBC
vertical axis. The errors on the listed angle values are
of the order of 1 mr. Note that the vertical beam axis
here is 406 ot above the floor level. Two extreme posi-
tions of the EPI are shown on ig. 9. One is for “heam-
charge secondaries only™ mode of operation at 25
GeVie with the beam passing through the offset hole
and the other is the furthesi displacement necessary
for testing the 32 slices of 128 layers using the beam
tracks with BEBC magnet switched off. The necessary
lacal eleetronics and controls are shown instatled under
the platform. The battery of the pre-mixed pas botiles
must be installed outside the building for safetly rea-
sons. The installation of the EPI in the Hydrogen
danger zone puts severe constraints on the electric
equipment design,

The space occupied by the External Muon Identifier
(EM1) %) for neutrino physics immediaiely behind the
BEBC magnetic shiclding is also shown on fig. 9.
Another part of the hybrid BEBC system will at a
later stage be the Exiernal Gamma Identifier (EGDH ®)
which is localised behind the EP at a distance of about
20 m from the BEBC center. The EGI is designed for
identification of ¥'s from the fast »%'s in the forward
cone when BEBC will be working with a hydrogen

-73=

M. ADERHOLZ ct al,

track senstiive target in a hydrogen-neon mixture, The
proposed detector consists of a sandwich of MWPCs
and lead piates followed by an array of lead-glass
Cherenkov counters (LGC), This detector is aligned on
the neutral axis of the beam. The information from iis
100 LGC and the hits from the total of about 10000
wires will be transferred via small dedicated computer
to the £PI compauter to be added onto the EP! magnetic
tape (see fig. €Y

Fig. 10 shows some details of the arrangement of
the EPI modules inside the pressurized box, as seen
from the back looking towards the bubble chamber.
Shown in the cut are 32 “active™ cells 6 cm wide, with
the grid giving the position of the ht and signal wires.
The extra cells at cach side are not used except for the
“PSr monitors at the four corners of the detector. The
gas enters the modules in the boitom right corners via
a distribution sysiem ensuring uniform pressure in all
modules, The gas muxture is allowed to escape into
the box from the top right corners, the pressure control
and common exhaust valve is mounted on the box.
The beam insensitive region inside the first graup of six
active cells (5 x 36 cm?) is visible on the left side, The
wall of the box on this side will he made as thin and
light as possible in order to reduce the interference
with the EGI in this region of the neutral beam
axis.
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detector in its normal position, the dashed line shows
the double detection surface which would be necded
for bath positive and negative secondaries. The beam
momentum is 70 GeVie and the BEBC magnetic
tield is 35 kG. Beam-charge and opposite charge
secondary particles in the momentum range of 10 to
70 GeVie are plotted. For beam-charge particies, some
5-0% of the generated tracks are lost cutside the
detector. all of them in the 13-20 GeV/e momentum
range.

In fig. 12 the spatial distribution of secondary
particles in the middie piane of the detector is shown
for secondary momenta from 10 to 70 GeV/c and for
full magnetic ficld. The detecior is in its normal po-
sition, ie. aligned for maximum efficiency for secon-
daries having the same charge as the beam particles.
Beam particles and the fust secondaries hitting the
offset beam hole of 6 x 36 cm? are removed. There are
some 13% of fast secondary tracks lost in this beam
hole and aboul 6% are lost outside the detector, niost
of them in the fow momentum range.

We have also studiad a symmetric positioning of the
EPL for cerain experiments. Fig, 13 shows the situa-
tion for 10-140 GeV/e secondaries of both charges for
full magnetic field of BEBC. In this mode of aperation

M. ADERHOLZ ctal

of the EPI a second insensitive beam region would be
of inercst near the detector center. In this position
about 4% of secondary particles are lost in the offset
beam hole. Some 6-7% of the lower momentum par-
ticles are lost ai each side of the detector. If the cen-
tral beam hole has the same dimensions as the offset
hole {i.e. 6% 36 cm?®), about 22% of the fast particles
will be lost there. With no central beam hole, signals
from simultancous beam particles will cover the
signals from the regions above and below the beam,
resuiting in an additional 10% loss.

Since the central hole will cause disadvantages for
experiments, where only beam-like secondaries are of
major mnterest, we feel that the best compromise
would be to suppress the central beam hole and, for
experiments where both charges are of interest, to
reduce the primary beam width to the smallest value
stili acceptable for the bubble chamber. The same
argument is valid for work in the lower momentum
region at 10 to 70 GeV/e where it becomes immediate-
ly apparent that the BEBC magnetic field would have
to be reduced correspondingly to get the same spread.

Two simulated 10-particle events as “seen™ by the
cell matrix of the EPI are shown on fig. 14. The non-
interacling beam tracks and the secondaries within the
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Tante 3
EPI efficicncy Tor muhtiple particles.
Number of Percentaze of clean hits in (28 layers
simultaneous > 100 64
particies

s 65%% 76%

111] 4655 62%

15 0% 445,

pail 20%% 3%
Tants 4

Losses in the beam hole for diiferent dimensions.

Beam size Beam hole Particles tost

dimensions ("5)
1x16cm? EX12em? 4
IXRi3 Gxig™ 6
Ix20 Gx24 10
3Ix30 66X 36 13
Ix40 Ex42 14
I x50 6x54 16

4% 36 9
Ix3 {5x36 1]

6% 36 13

S

beam hole were femoved, no background tracks were
generated. Each square represents one cell hit, the dark
squares contain signals from more than one particie
and must be considered as lost information, The front
layer of the detector is at 11 m from the BEBC, the
magnetic field is 35kG and the secondary particle
momenta are 10-70 GeV/e. Note track 8 on the top
part of fig. 14, emerging from the beam hole near the
middle part of the detector.

The maximum attainable jonization-resolution is
obviously a function of the total number of clean (ie.
one particle only) hits per track in the 128-layer
detector. In table 3, there is a summary of the propor-
tion of clean hits in more than 64 and more than 100
out of 128 layers respectively, for 5, 10, 15 and 20
simultancous particles. The sccondury particle mo-
menta are {0-70 GeV/c beam-like charge only, 35 kG
BEBC mugnetic field. The beam size inside BEBC is
3x 30 em?, the beam hole is 6 x 36 cm?, The result is
practically independent of the beam size and particle
~momentum. This multiple hit effect represents the
most serious part of the loss in identification efficiency
for a given configuration,

Table 4 shows for the front of the detecior, the
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Tanie 5
Losses in the beam hole for severud values of
the beam momentum.

Prnax Particics lost
{(GeV/iey %)
40 b
60 19
(4] -
100 20
120 23
140 26

percentage of (mainly fast) secondary tracks lost in the
beam hole for 10 simultancous particles of 10-70
GeV/e momentum and 35kG magnetic field, for
several different beam hole dimensions in both verti-
cal and horizontal planes. The need for the beam
width to be as small as possible is evident, but the
dimensions of the beam hole in the discussed range
have less influence on the losses than the effects of
multiple hits.

The losses due to the beam hole as a function of
maximum secondary particle momentum are shown in
table S, again for 10 simultaneous particies, 35 kG mag-
netic field, beam-like charge only, beam size 3 x 30 cm?
and beam hole dimensions of 6 x 36 cm?. In the region
of maximum interest the losses are still below 20%.

The combined cffect of all factors meationed above
leads, for an “average™ experiment, to about 60%
identiiication cfficiency. Non-uniform  slice width
across the detector following the population density
of the p, distribution projection (i.e. narrower slices
around the beam region and broader slices at the
jower momentum side) does not improve the situation
considerably, tends to be experiment and momentum
dependent and brings in serious technical difficulties.
The same argument is valid for any paralle! grouping
and wvariable interconnection of a larger number of
narrower slices,

Another specific study of the EPI performance with
respect to K¥ 2% ambiguities in K ¥ p interactions (and
taking into account the background influence) arrived
at a similar result of about 60% identification cfli-
ciency even for a considerable number of simultaneous
tracks in the bubble chamber®). The p/K/n separation
cllicicncics as presented in ref, (3) have not been
folded in. : '

8. Determination of tiie sccondary particle trajectories
The track reconstruction inside the EPI, the trajec-
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tory determination and correlation with the correspon-
ding track on the bubble chamber picture is done using
a set of 3 MWPCs. The first chamber should be placed
as close to BEBC as possible. The ideal position
would be inside the magnetic shiclding ncar the
superconducting coils. The other two chambers are
located just in front and af the back of the EPf module
stack. The horizontal coordinate {(x} has 2 mm wire
spacing and the other coordinates (i +) inclined by
+30° have © 3 mm spacing. The rotal number of
“wires required for the two big EPI chambers of about
200 (B) x 100(V) cm?® of detection area is 4400, The
smaller chamber ncar BEBC would have another
1600 wires arcanged in similar conliguration. The two
big chambers will be permanently fixed to the EPI box.
Extreme care will be taken to prevent the transfer of
heat from the MWPC electronics towards the EPI
modules, At the same lime the strict hydrogen safety
rules concerning the gas filling and the electric instal-
lation must be complicd with.

For the 6 us beam spill time, and practically simul-
taneous secondary particles coming from the inter-
actions, the standard MWPC electronics could be used
with small modifications only. The bistable memory
element and the read-out circuits would be replaced by
a shift repister which is advanced on every clock pulse
by a general clock started by the gjection trigger. Each
time when there is a signal on & particular wirc a “17
will be-strobed into the-carresponding time siot, if not,
a zero is strobed in. After each accelerator burst the
shift register array will be scanned and shifled scross
to the EPI computer in a way giving the arrays of hit
wire addresses for any particular time mterval. As a
first approximation i scems to be reasonable to
envisage a 5 MHz clock raie representing about
+ 200 ns uncertainty in the time tnformation. 32-bit
shift registers will 'be adequate for 6 ps beam spill.
This read-out schome is very straiphiforward and
needs only a very small number of interconnections
between the chimbers and the computer inferface, The
total hardware read-out time for 6000 wires is of the
order of {{32 x0.2) + (6000 x 0.1}] ys = 610 ps, to which

“the switching delays and the computer read-in time
should be added. The ambiguities in space and time
determination should not represent a scrious problem,
and some additional useful information could be
gained from the 32 x 128 cell matrix of the EPL,

9. Determination of the angle of entry to BEBC of

the beam particles '

The last 50 m of the beam line in front of BEBC
will be used for precise delermination of the entry
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angle for cach individual beam track. Atleasi 3 (x,u,v)
MWPC planes will be needed there to keep the
ambiguities in patiern recognition at a tolerable level.
The first chamber, with 10x 10 cm? detection arca,
would be mounted immediately after the last horizon-
tal bend of the beam. The beam, which almost fills
the magnet aperture of 8 cm diameter in this place,. is
then gradually spread horizontally and focused
vertically when approaching BEBC. The middle
chamber wouald thercfore cover some 28{H) x 16(V)’
cm? and the iast one, mounted as close as possible to
the BEBC magnetic shielding, would have a detection -
area about S0(H} x 10{V}em?®. The wire spacing for -
the horizontal (x) coordinate is assumed to be 2mm
and for the +30° {#) and (v} planes ~3Imm. The
total number of wires will be about (110+270+ .
+550) = 930, The clectronics and read-out structure is
similar to the one already mentioned in the previous
paragraph, The total rcad-out time will be about
100 ps without the computer read-in, The timing of
the centrally distributed clock signal must be corrected
for the time-of-flight differcnces between the indivi-
dual chambers. In order to make full use of the spatial

~ resolution of the system, helium bags would be used
_in the beam line to reduce the multiple scattering.

16, Seiting-up procedures

A certain amount of beam running time should be
reserved for essential tests necessary for the deter-
mination of the principal EPI paramecters. These
tests will be performed with or (preferably) without
the BEBC magnetic field. Initiaily the horizontally .
focused beam, with the intensity reduced to | detected
particlc Yor cvery 3-4 SPS bursts, should be directed
ai the detector aligned ‘paraliel to it. It is assumed that
the beam couid be spread vertically enough in order
to pet at least part of the beam particles out of the
beam hole region of the EPI without additional
up/down displacement of the heavy complete assembly.
Then by moving the EPI across in 6 cm steps the
distributions of the ionization losses for each of the
4096 cells would be accumulated in the computer
with suflicient statistics for determination of the
individual channel response corrections,

At a fixed position with this set-up the accessible
part of the relativistic rise of the jonisation would be
established with full 128 layer resolution using posi-
tive pions and protons at about 30-40, 50, 70, 100 and
150 GeVie beam momenta.

Calibration runs, with the BEBC magnel on, for
determination of the correlation between the BEBC
coordipate frame and the MWPC system of the EPI
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should be foreseen. The downstream MWPC's
position should be verified using the beam tracks for
every different beam momentum.

11. Conclusions

The essential technical parameters of the EPI could
be summarized as follows: . :

distance of the front plane from BEBC center || m,

~ inside dimensions of the 1Zem wide frames
{04(V) x 214(H} cm,

~ effective detection surface 90(V) x 192(H) cm?,

"~ number of lavers (6 em thick) 128,

— number of active cells per layer 32,

~ cell size 6 x 6 cm?,

~ overall length of the detector 8 m,

beam insensitive region 5(V) x 36(H) cm?,

- gas filling (at atmospheric pressure} Ar+5% CH ,

- mylar windows 130 pew x 25 jim,

The contradictory demands concérning the infer-
ference of the central part of the EMI's additional
absorber plugs in case of alternating operation of the
if and neutrino ejections within the same SPS cycle
were resolved by finding a resonable compromise. This
consists in a variable width opening in the central part
of the EMI absorber which will affect only a rather
limited fraction of the fast forward-going muons.

“The off-line data handling should not cause any
fundamental problems. Fig. 14 gives a good impres-
sion of the type of procedure, which it will be aecessary
to follow. For a piven event on BEBC film. for which
an ambiuity of hypothesis exists, the ambiguous track,
and any interfering tracks, will be fitted through the
EP1 with the help of the stored information from the
high resolution MWPCs before and behind the device.
This will allow the selection of the ionization mea-
surements along the particie’s trajectory. Special care
must be taken to filter out and eliminate afl double
“hits resulting from crossing or closely parallel tracks
passing through the same cell. In the case of a track
crassing a slice boundary, as displayed in the inset of
fig. 14, addition of the output from both cells will
avoid losing these measurements for the statistical

i
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treztment. For all values corrections will be applied for
differences in channel response, barometric pressure
variations and path length differences of inclined
tracks. .

Using a maximom likelihood method the clean set
of ionization measurements will be fitted by an “ideal™
single channel ionization distribution, the latter having
been established experimentally during a test run,
The momentum of the traversing track would be mea-
sured inside BEBC and its precision improved using
the MWPC data. For this given momentum the like-
lthood for the particle to be cither a:-proton, or a
kaon, or a pion will be established using the experi-

" mentally determined relativistic rise of ionization.

It should be noted here that the ionization mea-
suring devices work most efficicntly in cases of ex-
clusive ambiguites of, e.g., the n/K type, but they have
rather low rejection efficiency in cases when a very
small fraction of wanted particles need to be identified
in the presence of high background level.

Also, a fast trigger for the bubble chamber flash
cannot be provided for. This is not a scrious drawback
if the EPl-type device is considered to be used in
connection with a big conventional (not rapid-cycling)
bubble chamber, which is our case. ‘

The present status of the EPI project should assure
its operation with the start of the SPS secondary
beams in the West Hall.

Refcrences

1§, Lehraus, Int. Report CERN/D.Ph.I/BEAM 72.1 (15.3,
1972) and CERNJECFA/72-4, Val. 1 (July 1972) p. 60.

%) D. Jeanne, P. Lazeyras, 1. Lehraus, R. Matthewson, W, Tejes-
sy and M. Aderholz, Nucl, Insir. and Meth. 111 (1973 287,

3y M. Aderholz. P. Luzeyras, . Lehraus, R. Matthewson and
W. Tejessy, Nocl. Instr. and Mcth. 118 (1974} 45.

4} P. Bernard, A. Grant and P. Lazeyras. CERN/EFCA/72-4,
Vol T (uly 1972) p. 435,

5 M. Aderholz. R. B8ck, H. Burmeister and A, Grant, Int.
Report CERN/D.PhI/BEAM 734 (31.8.1973). .

% N. Elverhaug and A. Grant, Int. Report CERN/D.Ph.IY/
BEAM 74.2 (22.3.1974).

7) A. Ball, G. Cavallari, D. Jacobs and W. Tejessy, Int. Report
CERN/D.PRIGCHa 15.3.1974).

% Int, Report CERN/SPSC/T 73-35 (10.8.1973).



http:CERN/D.Ph.ll

+f,

T -80- ,
APPENDIX B-1

Physics Letters 598, 299 (1975)

Charged’ Particle Multiplicities in 100 GeV/c

§p.Interacticns

R.E. Ansorge, C.P, Bﬁst, J.R. Carter, W.W. Neale
and J.G.Rushbroocke

*
Cavendish Laboratory, Cambridge, England

C. Moore, R. Raja, L. Voyvodic and R.J. Walker
. ’ o ok
Fermi National Accelerator Laboratory, Batavia,Ill 60510,USA

W. Morris, B.Y. Oh, D.L. Parker, G.A. Smith, J. Whitmore
Michigan State University, E.Lansing, Michigan 48824,USAt

ABSTRACT

Results are presented on the topological cross sections obtained for
antiproton-proton interactions from an exposure of the Fermilab 30-inch
bubble chamber to a 100 GeV/c negative beam enriched in p's. The pp

inelastic croess section is found to be Gin

el = 24,6 * 0.4 mb, and the

average inelastic charged particle multiplicity to be <n> = 6.74 = 0.05.
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In this letter we present the First results of an investigation of
antiproton-proton interactions at 100 GeV/c. From a 98,00C picture exposure
of the Fermilab 30-inch hydrogen bublile chamber and wide gap spark chambexr
hybrid system toc a negative beam enriched in p's, we ﬁave mcasured the eslastic
and inelastic topological cross sectiogs in 100 GeV/c pp and n p interactions.
The antiproton data comprise the first detai;ed study of the pp collision
process above 32 Gev/e.

' The enriched beaﬁ.used in this ;xperiment was obtained from 300 GeV/c
primary protons incidenﬁ on a copper target'lkm upstream of the Fermilab
3G-inch bibble chamber. Since a nega;iveiy charged 100 GeV/c secondary particle
beam contains only ~ 0.02 p/v7, we used a new techniquel to achieve.a higher
p/u~ ratio. Downstream of the target a bending magnet defiecteﬂ charged
secondary particles out of the beam line acceptance. However, neutral hyperons
and kaons decaying in the region beyond the bending magnet yielded some
- charged secondaries having the correct trajectorics for transmission to
the Eubble chamber. Antiprctons from RO decay arec selaected preferentially since
the negative pions Qreduééd in Kz decay have an average transverse momentunm
double that of the antiprotons. In this way we obtained a beam with 0.20 B‘s/
negative particle at the bubble chamber. With the xequirement of {(a) more
than one p per pulse or (b} a deflection trigger on a tagged 5 heam particie
bgfore taking a picture, we obtained 98,600 pictsres containiﬁg on average
0. 32 é‘s/negative §axticle, and because of the difference in total cross
sections, 50% of the events observed in the bubble chamber were from Ep‘
interactions.

The results presented here come from a sample of 58,000 piclures scanned
for all interactions. After an event waé found in the bubble chamber, a
measurement of the interacting beam track permitted a ccmparisonz between the
spatial position oflth&t track and the position reconstructed fyom upstream
muitiwire proportional chambers {(MWPC) in coingcidence with a differential gas

Cerenkov counter located 500 m upStrcam from the bubble chamber. This correlation
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between a reconstructed bubble chamber track and a Cerenkov taqgged trajectory
in the ﬁWPC was possible for ~ 80% of the events. The remaining 20% represent
only a loss of data2 and do not bias the results in any way. For the remainder
of this paper we use only those events that have a positive identification
as being due to either a 5 {or w7). We estimate that the background to
identified antiprotons due to inefficiencieé of the Cerenkov counter is <2%.

A portion of the fiilm{»18%} hés heen regcanned in order to determine
the scanniny efficienciaa for vérigus topologies, and these were used to
correct event numbers. All those events (v1/3% of the totalf with an apparent
odd number éf charged particles have been classified as belonging to the next
highest even charged particle topoclegy, on the assumption that a short track
was missed. An undetected charged secondary interaction ocecuring clése to
the primary vertex could also simulate an odd prong topology, but in view of
the very few events in this category a cocrrection for secondary interactions
was deemed unnocessary.

In v 1%% of eventé a Dalitz pair was observeé, but because of ths
uncertainty of identification at the scanning stage the pair was included in
the topological count and & statisticel correction ﬁade*,This correction used
an estimate of the mean number of 79's groduceé‘per event. ag a fugction of
charged multiplicity n, which was determined from measurements of observed
¥ conversions in the bubble chamber. The fipal Dalitz correcition amounted to
a sﬁift of events between topologiés at a’level of 8 3%, A small correction
was also made for unseen VO's and electron pairs frém Y conversions. We f£ind
no evidence for any bias resulting from use of the deflection trigger,

We conclude that the final uncertainty in all these corrections is weli within
statistical errors.

The major correction applied to the raw data cccurs foz‘the.twé prong
topology. All two prong events have been meaéured and kinematic fits to the ép

3

and #"p elastic” hypotheses attempted. Elastic events were corrected for

scanning lossces, determined as a function of t {the square of the Four-momentum
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‘transfer from target Lo outgeing proton), and then the elastic t distribution
ag bt

jot 2 2 -
was fitted , for {t{ * 0.08 GeV™, to an exponential form 37 = #e  to correct

for an apparent loss of oveants below this value of’Zti. We find a slope

38 ]

parameter of b= 13.4 % 0.6 (7.7 & 0.4) iGev/c) © for 100 GeV/c pp (77p)

elastic scattering. Inelastic events were correctaed independently for scanning

logses; we stress that noe correction has been made to the inelastic two -

= : 1o 3
prong cross sectien for a loss at small (i

In Table ¥ we present our measured topological crxoss sections for
10G GeV/c pp interactions, normalized to the total cross-secticn data for

' 4 o . . - :
Carrell et al. . The pp slastic cross section of eel = 7,41 * 0,38 mb would

appear to be in good agreement with an extrapclation from lower energies.
The total inelastic cross section is found to be 34.63 + 0.38 mb. Cuyr 100

— : ’ 5
GeV/c 7 p topological cross sections {not shown) agree with previous data
within qguoted errors.

In Figure 1 we show the variation of the pp topological cross
‘sections with the squere of the cms total snergy s and the beam momentum.
The general features of this plot are similar to those observed, for example,

in #7~p cellisions, In particular, we observe that the O~prong cross section is

~{1.46 * .13}

falling repidly and may be parameterized as 00€mb} = 5B Plab

between Plab = 15 and 100 GeV/c. The Z,4,and B-prong cross sections are
falling at 100 GeV/c while the cress sections for producing 8 or more charged
particles are still increasing at 100 GeV/c.

From inelastic cross sectlons given in Table T, we rcompute various

u

moments of the pp multiplicity distribution (sec Table 1I}. We find an

r

average charged particle multiplicity of <n> = 6.74 % 0.05. In Figure 2(a)
we show <n> as a function of the incident beam momentwn for pp interactions,

compared with the corresponding data obtained from pp interactiens. It is

seen that at any momentum the pp charged multiplicity is greater than the pp

e

value and there is . no real indication that they are converging at higher

momnenta.

P ——
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In ¥Figure 2{b) we show the ratic of the average multiplicity to the

X . 2 2:1/2 _ - R N . NP
digpersicn, D = [<g > o= <n> g / for the pp and pp charged multiplicity

distributions. As is well-known, the high encrgy pp data scem to approach a

censtant value of <n>/D = 2. BRbove v 15 GeV/c the pp data points are
reasonably consistent with th;s value; though pur‘lOO GevV/c measurement
of 2.07 % 0.63 could ba Sﬁggesti&e of an increase with momentum that has
important implications for moﬁelsg.—.
We now make a more detailed comparison betweeﬁ the 100 GeV/c §§ and

pp data. First we note that the pp data 7 have an average ﬁultipiicity
<§> = 6.32 ¢ 0.07, considerably lower than’the Ep value. To investigate this.
difference in more detail, we show in Figure 3 the inelastic topological
cross section for gp and pp at 100 GeV/¢. Thestrongest feature is that the
possibility of producing a nigh multiplicity svent {6 R 2 } is greater in
Ep than in pp collisions. It would appear natural to expect thai the dominant
cause of this difference lies in the effects of the annihilation channels
.available in Ep interactions. This will be examined further inba subsequent
paper.

' Ve tﬁank the staff of the FHNAL Neutrinc Laboratory, M. Johnsonvand
8. Pruss in particular, for helping to obtain the enriched beam used in this

experiment.
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Table I

pp Topological Cross Sections at 100 Gev/c

Prong Raw Corrected Cross sections

number n Bvents Syeats cn(mb} {a)
o i1 13 - 0.061  0.019
2 . 1878 Elast 1635 7.41 %1 0.38
Inel. 794 3.60 % 0.3C
4 1664 1777 B8.05 % 0.20
6 1765 1821 8.25 * 0.2¢
B 1527% 1528 6.63 % 05.18
io a37 507 4.11 & 0.13
12 513 434 2.1% 2 0.10
14 215 ‘ 139 O‘§3 * .06
16 82 80 0.36 * G.04
i8 26 26 ©.i2 * o0.02
20 9 9 0.041 ¥ 0.014
22 v" 2 2 ) 0,009 ¥ 0.006
Total 8626 89275 42,04 * 0.09 (b)

{a} BErrors are statistical only except for 2-prong cross sections,

{b} Input value {ref. 4}
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Table il

Honents of the 100 GeV/c pp Multiplicicy Distribution

Moments All Charges ’ ﬂegative Charges
<n> ’ '(6«74 i 0.05 3.37 * 0.63
<n(n-1)> . 49.25 % 0.68 10.63 ¢ 0.16
<n{n-1l). (n-2j> 389 =+ 8 32.7 * 0.8
<n>/D 2.07 £ 0.03

£, = <n{n—l)>—<n>2 3.85% ¢+ 0.22 ~0.72 .+ 0.06

2

f3= <nin=-1) (n-2)y>

LA
o
+
ot
ot
I+

1.81 + 0.14

—3<n(n“l}>45>+2<n>3
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PIGURE CAPTIONS

Fig.l.

Momentum and s dependence of pp topological cross-sections.

The curves ars to guide the eye.

Momentum and s dependence of {a) the average charged

multiplicity <n>, and (b} the guantity <n>/D, where D

is the dispersion of the multiplicity distribution,
for pp and pp interactions. The curves are to guide

the eyea.

Comparisen of pp and pp topological cross scections at

lata is from ref,[7].

e
[

100 GeV/e. The
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J.G.Rushbroaoke, R.B.Ansorge, C.PaBust,‘JoR;Carter and W.W.Neale
Cavendish Laboratery, Cambridge, England®
C.Moore, R.Raja, L.Yoyvodic and R.J.Walker
Fermi Nationmal Accelerator Laboratory, Batavia, L11.60510,USA%%
W.Morris, B‘Yfﬁh, D.L.Parker, G.A.S5mith and J.Whitiwore

Michigan State University, E. Lansing, Michigan 48824,USAt

#BSTRACT

New 100 GeV/c pp data is used to find moments of the difference

between the pp and pp topological cross sections, The mean multiplicity

stimated ¢o be 9.06 * 0.58, and the

o

for annihilations at 100 GeV/c is

value of the gquantity <a>/D to be 2.75 % 0.33. It is shown that

- . Bt T o
= {g { - / Vi (ond czn be £3i 4 e oy C ‘

Rn = iGA\PP} Gﬁ\py};;sﬁxpp, can be Litred to an expression Rﬂ = g B
in which @ and 8 appear to be reaching asymptotiz values at 100 GeV/c.

* Vork supported by the Science Research Council, U,K.

*%* Operated by the Universities Research Association, Inc. under Contract
with the Energy Research and BDevelopment Adminstration, USA.
t Work supported in part by the National Science Foundation, USA.
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Information on very high energy pp interactions has recently become

available {1] in the form of topological cross—sections and the moments of the

,ni .

st

g

charged muitiplicity d ibution at 100 GeV/c. Great interest centres on the
behaviour with energy of the difference berwesn Bp and pp interactions, &s
this may afford insight iato the high energy bheshaviour of the aunihilation
process, which is known from present data in the 2-10 GeV/c range to possess

*

general properties very different from those of the non~annihilation processes
[2]. In this letter we examine the properties of the inelastic topological

cross section differences cﬁ{pp)— o_(pp}, where n is the prong number, in the
. ‘ . - CE& .

‘momentum range § to 100 GeV/c, compare them with the properties of pp

]

annihilation data below 7 Gev/c, and show that the experimental values of the
quantity Rn = {qn(pp} - sn(pp}}fan(pp} at each momentum can be Fitted to an

. -a 1
expression Rﬁ = s 8 in which a and B appuar to be reaching asymptotiec wvalues
at 100 GeV/c.

In Table 1 we give various moments of the 100 GeV/c cross—-section
differences (%) calculated from our pp data [1] and from the 1G2Z GeV/c pp data
of Bromberg et al [3}, and compare them with the moments found for the 107
GeV/c pp data. We see that the meancharged multiplicity of <n> = 9.06 % 0.56
for (pp - pp) is much grester than the value 6.32 & 0.07 for pp interactions.
The ratio <n>/D, where D is the dispersion, is seen to have a value of 2,75 ¢

- . . . , . . ; ", <

+33 which is greater than the roughly constant value of » 2 found for pp
interactions above v 30 GeVie [4] and for pp interactions above 7 GeVic [1,4].
10 study the enargy dependence cof some of these moments we have

ata [5) on topological cross scctions and

[a )

interpolated the existing

"

p

ubtracted {*} them from those [£} for pp iateractions at beam womenta of

{*#} In the case of the inelagric 2-prong tepology a large error is found in the
difference between pp and pp cross secticns, and above 9 GeV/c this difference
is always consiztent with zero within errors. For this reason at all momenta

> 9 GeV/c we used instead an extrapsiation of the lower momentum (<7 GeV/e)

2-prong apunihilation data. The error on the data points presented in this
paper allow for any uncertainty in this procedure.
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32 GeVjc. In pp experiments up to 9 GeVie [7} the
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nihilation component of cach ropological cross section has itself been

4]
o

o - -

measured; and these values were used to calcu}aL@ the multiplicity moments{({).
In Fig.l{a)we showthcresulting mean negative multiplicity <n-> versus

the square of the cms total cnergy s and we see tba; tﬁe'2"2§ units excess over

the pp value at the same s, preobably due to the 27 GeV extra cnergy from

annihilation of the incident hadron rest masses and the absence of strongly

state, is preserved over the full range of s.

The guantity <n>/D has been shown {9] to have an approximately consiant

%o -

average value of 2.73 ¢ .14 for pp annihilztions balow 7 GeV/e. We find that

the average value from {pp — pp) over the momentum range 9 Lo 100 Ge¥/c has
Encreased siightiy o 3.07 = .07.

The correlation integral f2 fcr negative tracks. is shown as a function
of <n.> , the mean wulriplicity of negative tracks, in Fig.l(d) where it is
compared with'thaé for pp interactions. It has bzen well known for some Uime
;haf the negative values of f;w for pp annihilations can be understoed {2 in

terms of a single cluster {or firehall) formation model. Writing f in the
B8 : 2

form

then b 1s predicted to have values in the range -0.6 te -0.7 depending on the
assumptions made shout the way the fi?ebaii lecays. Values of b in this range
are in good agreement with gp annikilation data up to 7 GeV/c as may be seen
in Fig.1(b). The large positive values of ?~ for pp interactions are then
seen {10} as a cousequence of multiple ciuste

er formation ; each cluster has its

own negative value of i;— {as with the anninilation fiveball) but the effecet

{1} Below 7 GeV/c the O-prong annihilation cross section is available and has
been used in calculating the moments. On the other hand anapparently large
O-prong c¢ross section frowm (pp — pp) at higher energies is almost certainly

mainly composed of pon-amnihilation states {8], and has becn disrcgarded in

caleulating the momenis,
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of averaping over several clusters is to give a positive {2 . As one poes

to suffiéiqntly high energy and more than one cluster is produced, one might
then expect to see E;— for pp annihilations turaing up to pcgitive values;
Miettinen has pradicted {2] that this could happen at a beam momentum of

10 ~ 20 GeV¥/c. The 1060 GeV/c data point for {pp - pp) in Fig.i{b) is
suggestive of the onset of this type of behaviour, though it does imply that

J— ) .. N .
f2 would probably not become positive until % 300 GeV/e.

The existence of KNO sca}kﬂg for pg annihillations below 7 GeV/e has
g

: . . . n
already been demonstrated {8), in the sense that a single function &\/}mvgmm« .
in

where z = n/<n> andraiq is the teotal annihilation cross s¢ctimn,can fit all
t?e data in this energy interval. This fit is shown as the dashed curve in
?ig.?, and ic seen to be quite different from Slattery's f£it {11} to pp data
in the momentum interval 50-300 CeV/c, which is the solid curve. The (3p - pp)
data points up to 100 GeV/e are shown in Fig.2 te be in fair agreement with

the dashed curve, though there is some supgestion of the distribution becoming

narrower at higher energies.
n fur

w3
s

O

,.

o
m

er insight into pp annihilations at high energy we show in
Fig.3{a) experimental values of the guantity

o (o) _

cnép?}

an{pp)

b

plotted against n for n » 4 for data in the momentum interval 6 - 100 GeV/c.

We find that at each value of s, Rr can be fitted to an cxpression of the form

13

R = s 2 g% |

&

The values of o and B are shown plotted apainst Lns in Fig.3(b), and we see

sxgvs of these parameters reaching fairly constant values at 100 GeV/e, where

% - + Z; . " o
we have Rn = {1.24 = O.OQ}L (0.73 £ 0.0 }. Eylon and Harari {[12], with a

duality-diagram nchI and unitarity wonslaorut*cns, have predicted that Rn

should take the form »
n 2aﬂ‘” zaﬁ
R =8 s - =)y - (1
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where o, {a,) is the intercept of the leading exchanged meson{baryon) trajectory,

n { £1 ) is some constant, and R{>1) and y(<l} are constants which, in a simple
1 . .
form of the mwodel, are 3/2 and 1/2 respectively. Our {it is consistent with a
o 3 -1 oo - 4 I . . s A s
contribution from the first term of equ{l} only {(implying n, ~lor yn 0) vhich

{1
il

in the Eylon-Harari model comes from annihilations. Our fit also means th

o, = 0.36 + 0.02, vwhich scems plausible, and that 8 = 1.24 * 0.02, in

Uy T %y

disagreement with the prediction f = 1.5. On the other hand,if the duality diagrams
in the Eylon-Hlarari model are interpreted as leading to the production of ‘
clusters, rather than charged pseudoscalar mesons, then since the mean number
of'charged particles in clusters produced in hadronic interactions is about
éwo {13], we should re—inierpret the first term in eqn(l) to contain the Factor
VBn;E > i.e. (ﬁ%}“‘ This would mean that /1.5 = 1.225 is the correet prediction,
consistent with our findings.
In summar?, this analysis of (Ep -~ np) and Ep annihilation data at
m&menta up fq 100 GeV/c indicates that
(a)b The mean charged multipliicity in pp annihilations maintains a
constant excess over that im pp iﬁteractionsAup to 100 GeV/e.
(b) The ratio <n>/D for pp annihilations is roughly constant from
thresheld to 1060 Ge¥/e and greater than the constant vaiue of 2,2

nteractions abhove v 30 GeVic.

03
o
=
e
o]
<
(‘tf
o
&G
=
"3
k]

fairiy well followed in pp annihilations from 9

[EN
o

{c) KNO scaling

. L IR
{¢) The quantivy Rn defined ahove can be represented as 5~ f  where

2

and fi appear to be reaching asymptotic values at 100 CeV/e.

We are grataful to B. R. Webber for helpful discussions.
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Table 1

(pp - pp) _ - pp
(2} ' {b)

<w> 9.06 + 0.56 6.32 £ 0.07
)] 3.30 * 0.29 3.13  0.04
<n>/D 2.75 4+ 0.33 2.02 2 0.03
f;—= ~-1.81 * 0.62 6.28 + 0.07
£ = | 3.9 +1.6 ~0.50 = 0.16

Moments of muitiplicity distributicns at 100 GeV/c

{a) From data of Ref., 1 and 3

{b) Data of Ref. 3




"IGURE CAPTIONS

ig.l {a)

Fig.2

Fig.3 (a)

(b)

aspnihilation

100 GeV/jc {open circles),

-5G..

mean negative multiplicity <n-> for pp

GeV/c {(dots}, {pp — pp} data up to

and for pp data {crosses). The curves

versus nf<n> {or pp annihilation data below

it inel
GeV/e {dashed curvel9]), and for (pp — pp} data at beam momenta

up to 100 GeV/c

f11) to pp data

‘plotted against n {2 4) for data in the
GeV/c as indicated. The straight lines

o 0
“an expression R = g 8

momentum.

F

Values of

o and B obtaine

s indicated. The solid curve is Slattery’s fit

i

the momentum interval

"
oo}

50~ 100 GeV/e.

values of the guantity R = {cn(ﬁp} - sn(pp}}fcn(pp}
momentum interval 6 — 100

are the results of fitting

. free pavameters, at ecach

the above it plotted against 2as.

=8
petn
jad

The curves are to guide the eye.
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Aonihilation effects in neurral particle production in

100 GeVic pp interactions

D.R.Ward, R.E.Ausorge, C.P.Bust, J.R.Carrer,
Cavendish Laboratory, Cambrid

€. Mooxe, R. Raja, L. Voyvodic and

Fermi Nationsl Acc rator Laboratory,

. I ++ , Y e s
W.Morris , B.Y.0h, D.L.Parker, G.A.Smith and J.Whitmore

Michigan State University, E. Lansing, Michigan 43B24, US4

Hovember 1875

ABSTRACT

. . . - , . . . o 0 .
We derive cross—sections. for the inclusive production of # 7, KS, ond

A°/E°‘of 95.5 * 8.2 mb, 4.4 £ 0.6 mb and 1.9 * 0.3 mb respectively, which ave

all higher than pp cross—sections at this energy. We present evidence that

these differences can be attribured to Yannihilation" processes.

- & Work supported by the Science Research Council, UK.

ko Operated by the Universities Rescarch Asssciation, Inc, under Contract
with the Energy Research and Development Administration, USA.

+ Presently at Generzl Atomic Company, San Dicgo, Ca 92138, USA.

4t Prescntly at Department of Physics, lowa State University, Ames.

Iowa, 30010 USA.
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Work supported in part by the National Science ¥oundation, USA.
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We present results on the production of v, Ks’ A and A in pp interactions

at 100 GeVic. OQur principal iantention here is to look for diffevences between pp
;

and ﬁpyinieréctions, which one hopes might be aseribed to the efiects of )
“annihilation® reactians. We find that cross—sections for production of neutral

particles are in all cases somewhat higher in §p~igteractionﬁ han in pp inter~

actions, though the difference is decreasing with momentum up to 100 GeV/je. In

the casc of v and A° production, the differsvnce appeavs to arise wmainly in the -

neighbourhood of y* = 0, characfaristic of a central collision process.

The data to be described heve come from a 100,000 yicture axposure of the
30”»bubb}e chamber at Fermilab to a tapged beam of negative particles. Information
on the 100 GeV/e pp charged multiplicity distribution {1} and on the difference

‘ -

between pp and pp tepological cross—scetions [2] has alre ddy been published,

R - e , . . X
The eff ic1cufy for scarmning for ¥V 's was about 90% for singly-scanned film, and
after measurcment and remeasurement 93%2 of events had been satisfactorily measured.

, o . ' .. .. . o. L0
1120 V' 's azssociared to events inside our fiducial volume gave fits to A7, KS,

<0 + -~ . .
A7 decays or v + & e conversion. Amb:pvztwas {affecting about 7Z of the events)

(53

ware resoclved by observation of ionizarion where possible; and otherwise by cuts

on the transverse momentum of the decays and on the yx? prcbabilitics of the

h

its.

The data were corvected for scanning and measuring losses, for losses of

o . e o s .
V''s cenverting or decaying cutside the fiducial volume, or closer than 3em
A , a, 5 . . . ‘ :
LK n Lag casa o -G i nroduciion vertex an ‘or interactions of 3t N
(Zem in the ca £ K ) to the prod s d fe nte £ th
strange particles. The pair production cross section was taken from ref |3j, ;

and the strange particle cross—secotions were correczed for branching ratios taken
from ref {4]. A correstion (of 7-3%) was also made for the less of very slow v's,

using the symmetry of the reaction pp =+ vy in the c.m. system.




{2) Cross—seati

’ . ¥ : . v - o
Iy Table 1 we give cross-sections for A, K and = Qlodrf icn, the latter.

of events in the fiim.

vaken to be lo(pp> y¥), normalized to the tota
We have used events in both forward and backward hemisphieres in the ¢.m. system
for the v s since there was no asymmelry obsorved within errors, hul kave only
used events in tho backward hemisphere for the x; data because of
fast Vafs,hui by C~invariannce the cross-sections iIn forward aund backward homis-
pheres are equal. The 2°73%nta are also gnly from the backward bewmisphere, but
by C-invariance f 's in the forward hemisphere egqual 47's in the backward
hemiéphcre, hence we lese né information by using only backward data. Table 1

also pgives cross—sections for different charged multiplicities at the production

vertex {corrected for undetected dalirtz pairve and ¥V ‘s). We also quote mean

"

<
s
?"5
o
£
7~

asseciated charged multiplicities for ¥ tuction, snd the mean numbers of

A%, K: and ?G'?raduced per inclastic coilision. For comparison, the corresponding
quantiﬁies are given for pp interactions. There are pp experiments at 102 GeV/c
(5] and also 100 CeV/c 16}, and rather than simply average their values, we

k

4 O O P .
quote “'smoothed” values for wm and K cross-sections, taking account of pp data
=4

{a~c} shows the cross—scctions with data at other

'u-
ot

at othey encrgics

Wi
4%
[

energics for comparison.

N . - a . .. . . . .
the croess~sccetion for po - 7 1s higher by 9.5 wb than in pp Interactions,

this being due most probably to the effecr of annihilations. However, Fipg 1{d4) ’

a . . . o L .
shows that <n{x }> &s a function of n, is virgually identical to pp int

=
[}
ial
[
o2
-
s
o4
o
0
.

The implication of this iz that the degree of correlation between charged and

£
ncutral pions is and henee hag not been significantly
affected by the s One can alsc see this in the correlation
e R - p
pavametey § = <n n_>-<n_»<n_ >, which has the value of 1.03 % .24 for pp,

compared to 1.12 ¥ .2& in pp interactions.




r
. . . . . Lo o
Yo can make a rough astimote of the “annihilation” component in np -+ v
from the diffcrence {pp — pp). by subiracting the cross-sectioens given in Table = .
1. The errors are larpe, but the mean charged multiplicity, 10.4 % 3.4, is
for which a2 mean charged multiplicity $.086 2 0.56 was obtained.
Pig 1{e) compares the variation of n{l)> with n_, for pp aand pp inter—
N i3
' . s s cen s . L0 e e o,
actions and Fig 1{f) gives the same for A and As with the w 's o
the pp and pp behaviour is wery similar, again indicating that the correlation
between charged particles and neutrals is much the same in pp as in pp inter-
o _ o
getions. <As-wred the {pp ~ vp) nultiplicity distributions for K and for -
(i ¥ b s
L0350 . . etz Y. e .
A7/4 again show mean multiplicities » 10, though with large errors, whi
;w‘
encourages one to idencify with aonihilations. is interpretation

is supported by the ¢ distributions presented in the next section. ¢

(3}

pd

t is of interest to try and lecalisc these differences in cross—-sections
in terms of single particle distributions. We find the most useful of these to
be the centre-of-mass rapidizy, y¥. TFig 2 (a—-c} shows the distributions of

> -

do/dy* for ocur A7, X aad y data, fclided about y* = 0 in the latter cas

™

=3

compared with pp data from refs |5,6!. ¥or the sake of clarity the pp data have

been represented by curves, drawn by oye, and bypically the errors on the curves

are comparable to those on our data poinis,

do ,

The  jdy® distributien for thes vy

s, Fig Z{a), has the best statistics, and

.

the indicaticnﬁ arc that the two poinis nearest to y*¥ = 0 are rather higher than

> . ‘ . .
the pp curves, while for fy*é v 1.0 our data poinls agree very well with pp values.
o =
Buticn for X_, Fig 2{b), suggests that the differcnce betweon

pp and pp ecross—sections iz not concentrated near y* = O, bul spread over the

-~ D e L

wheole ranpe of rapis

in the "annihilation" process, thoupgh i
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do not permit any very clear com ¢ 2{c} shows the

o
4ol
[

. ek C : LTo \
distribution for combined A and A dota, and as feor the y's there scems ©

between < 1, but agreoment

>

ey

elsewherc., This obsgcrvation inv

of processes such
as pp > (AY) + n's , pp o+ {AKE)+ u's ete, (together with interference contributions
with "non~amnihilation' processes in the latter casc), which, insofar as there
“annihilations'”, and would be

IO, fon

a direct subtraction

of the data of refs [5,86] from our pp ¢voss-secticons in the regions §y*§ > 1.0

coneentrateg

and pp experi

these effeoets in any greater detail. =

I ) . . . ) s s Y T .

We have also cxamined the Uransverse womentum distributions of A7, Kg, and
vy, but these display oo significant diffcerences from pp data in theilr shape,
ezsentially differing We derive values fer the mean
trapsverse momenta of & 0.0, 0.45 4 0.03 and 0.50  0.04& CGe¥/co
respectively, which are in agreement with values in pp interactions at similar

&«
energicos.
i

. e . ; . . .
t The unknown pp + A contribution was estimated by taking the cross—section

from vef {6}, and adding this uniformly ia the range {y*{<l. By making this

diffoerence

asswiption we are in eifcct placing a

in this repion.
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{4) Sumnary
- L

- . . - o o, -
We have derived cross—secticns for the preductien of vy, KS and A in pp

interactions at 100 GeV¥/e. In all cases, these cross—sections are higher than

with hipher charged multiplicities on average, which leads us to ideniify the
PR - - e Ty 5 . 5 - o . =
difference with annihilation processes. In the ecase of y and A production
these differences seem confined to the central region, near y* = 0, while for

o] s e o g . e oo .. f o
Ks producticn there are indications of a difference at Jarpger [y¥i.
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/ : o smonth%ﬁ o smoothad ;
- (&N N (S0 - .0 e - - D0,
o (e ) o {pprr ) S {ppyeR ) o {npeR ) fo{oprh /A7) Loipprd /47
nt\ {mls} miy} {mls} (b} {nis} ()
31
Charged
Multiplicity
C G.3+0.3 - - ‘ - C.0320.07 -

0.2230.067 ©.3120.07 0.2320.06 G.17:0.06
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W
.
w3
i+
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’..A
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.
AW
b
ot
»
{52}

4 15.721.8 14.5%1.0 O.8030. 13 O.7710.15 0.43:0.07  0.6220.12
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I.

Summary

1.

2.

3‘

Request:

2.25 x 106 pictures of pp (1.25Vx~106) and pp (106) interactions in
the 30-inch bubble chamber with Downstream Particle Identifier and
Hadron Calorimeter, taken in an untriggered, but tagged, mode. These
data will permit relatively background-free studies of the pp annihi-
Tation process and its relation to bog = aT(ﬁp) - uT(pp). As well,
we should be able to make detailed comparisons of multiparticle
production in pp and pp interactions without annihilation.

Beam: ‘
100 GeV/c p enriched negative beam (30% p/70% = ) and 100 GeV/c positive

“beam (30% p/10% K'/60% =" ) to the 30-inch bubble chamber with the

standard octup1e pulsing tagged by the beam Cerenkov counter(s).

Equipment:
(a) 30-inch bubble chamber with Downstream Particle Identifier

(1SIS/Cerenkov counter).

"(b) Antineutron detector (Neutral Hadron Calorimeter) tc be provided

by the collaboration.
Data Analysis:

(a) Measurements will be done on 4 image plane digitizers (MSU),
3 film plane digitizers and 2 SWEEPNIKS (Cambridge), 2 image
plane digitizers and SAMM (Fermilab), and a Spiral Reader
(Stockholm). '

(b) Analysis will be done on the MSU CDC6500, Cambridge IBM370-165,
Fermilab CDC6600 and Stockholim computers. o

(c) Although this collaboration expects to be able to analyze
only the pp and pp interactions, it is our understanding that

~a proposal to analyze the p, K*p events in the film will
be submitted shortly by a separate group of collaborating
institutions.




I1. Abstract

We propose to continue ocur studies of multiparticle production at high
energies by performing complementary high statistics experiments with 100 GeV/c
antiproton-proton and proton-proton interactions using the Fermilab 30-inch
hydrogen bubble chamber spectrometer with a Downstream Particle Identifier
(DPI) for charged p/K/n separation. We request 1.25 x 106 pictures with a
Cerenkov-tagged p/« secondary beam and 106 pictures with a tagged p/KJ'/n+
beam. The primary goals of these experiments are: (a) a measurement of the
pp annihilation cross section and a study of multiparticle production in
baryon annihilation events; (b) a high statistics comparison between pp and pp
interactions; (c} a study of Kx correlations in both pp and pp interactions;
(d) a study of low cross section processes, such as exclusive channels,
neutral particle production, and central region production of pp and pp pairs;
(e) Resonance {p, f, ¢, K*, etc.) production, and (f} a detailed comparison
of pp annihilation and ete” » hadrons at similar values of /5.

Sihce there will be a large number of n*p and K+p interactions in
this film, these events will permit a high statistics study of many of the
above topics in these interactions. A separate proposal which will guarantee
that these data will be analyzed is being submitted by a separate group of

collaborating institutions.

I11. Introduction

Qur collaboration (Cambridge, Fermilab, MSU)} completed data taking

.
for E-311 in January, 1975. This experiment was a survey experiment of 10”7
pictures of antiproton-proton interactions at 100 GeV/c using the Fermilab

30-inch bubble chamber-wide gap optical spark chamber hybrid system. The
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data analysis has progressed rapidly with all of the m]é,OOO pp events having
been measured. Three papers on the multiplicity distributions and neutral

1-3

particle production in pp and pp interactions are already published ~, and

three additional papers on annihilation and nonannihilation effects have been

4-6 Copies of the three publications may be found in

submitted for publication.
Appendices A1-A3 to this proposal.

On the basis of the current analysis of E-311, as well as other studies
of high energy interactidns at Fermilab (E-2B, E-281), we are requesting
- 1.25 X 106 pictures of a 100 GeV/c Cerenkov-tagged enriched p beam
(30% p/70% »~) and 106 pictures of a 100 GeV/c Cerenkov-tagged p/K+/1r+
(30% p/10% K+/60% n+) beam into the 30-inch bubble chamber filled with hydrogen.
A novel feature of this proposal is the planned use of both the Downstream
Particle Identifier (DPI), in order to identify the antiprotons, protons, and
charged kaons which emerge from.the chamber, as well as a neutral hadron
calorimeter to identify antineutrons and neutrohs. With such a system we
expect to obtaina highly'enriched sample of baryon annihilation events.
Another extremely important use of the DPI would be to identify a large
fraction of the central region protons and kaons, produced either in annihi-
lation or nonannihilation interactions. With this information, as well as
with the neutral kaon detection in the bubble chamber itself, one can study
such topics as central region p/p production, the rapidity gap distribution
for strangeness exchange, and two particle correlations between K n~, K+1ri
(and KK). Since significant Tike-particle effects have been observed in
row corre]ations,7 it would be most interesting to study other combinations
such as K*x* which are still exotic bup do not consist of two identical

particles.
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Because of the u*, K+ content of the beams, there will be approxi-
mately 105 n+p and 1.25 x 105 « p events in this film. A collaboration
consisting of several other yroups is submitting a separate proposal to

ensure that all of the interactions photographed will be analyzed.

IV. Beam and Bubble Chamber

The results of E-311 have shown that the enriched “halo" p beam8 at
100 GeV/c is perfectly adequate for the current proposal. During that
experiment a negative beam containing 20% p's at 100 GeV/c was obtained from
the target "halo" produced by the decays of A's. By requiring that there be
2 or more p's/pulse before taking a bubble chamber picture we took 98,000
pictures containing 0.32 p's/negative beam particle. With the collimators
wide open a flux of 30-40 ﬁ's/]O]] incident protons was obtained, which was
more than adequate for the quadruple pulsing mode which was standard for the
bubble chamber at that time.

The E-311 exposure was carried out with a 300 GeV incident proton
beam. However, 400 GeV protons are now available on a reqular basis. In
fact, recent pp experiments at the 30-inch bubble chamber (E-345, 100 GeV/c
pd; and E-344, 50 GeV/c pp) and recent beam tests have shown that one can
casily obtain a 100 GeV/c 30% p/70% » beam at the 30-inch bubble chamber
without triggering the bubble chamber flash with sufficient flux to octuple

" protons on target per accelerator

pulse the chamber with less than 2.5 x 10
cycle,

The currently existing beam line without any filtering is quite

adequate for the proposed positive beam (30% p/10% K*/GOX n+), although a few
shifts of beam time may be necessary to tune the beam for optimal k' content.

Again, octuple pulsing of the chamber is planned.




We would plan to use the current upstream system of proportional
wire chambers and beam Cerenkov counters in Enclosures 106 and 108 to tag
each beam track entering the bubble chamber.

In sumary, we will no longer need to trigger the bubble chamber
flash. Hence the 2.25 x 106 pictures could be taken in ~2.25 x 106 chamber
expansions and +281 K accelerator cycles, assuming 100% efficient octuple

pulsing of the beam line and bubble chanber.

V. Downstream Particle ldentifier (DPI)

The primary object of the proposed experiment is to identify as
many of the produced particles as possible, i.e., one wants to identify the
leading particles (generally p, p or n') if they exist, as well as those
particles produced in the central region (generally «'s and K's).

The systom we propose to use is the Downstream Particle Identifier
(BPI) (see Fig. 1) which is currently under construction by the PHSC (ISIS)
and by the Michigan State University group (Cerenkov counter). At the
current time, $40,000 to start the project have already been allocated by
Fermilab. 1t is expected the project will be concluded in FY78 at a total
cost of ~$130,000, with substantial additional support coming from the
resources of the PHSC and MSU. Details of Lhis system are described in the
July 1976 issue of NALREP, which is included as Appendix B. Basically, the
system consists of two clements behind the 30-inch bubble chamber: (a} an

9 consisting of a TxIxTm’ section followed by a %xlx2m3 section

ISIS device
interspersed with drift chambers, and (b) a 2x2x5m3 8-cell atmospheric
pressure N2—He Cerenkov detector. In the ISIS device, ionization deposited
in the detector is sampled by measuring the pulse height from each “cell™"

hit by the charged particles and, utilizing the relativistic rise effect,
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mass identification of particles traversing the device is possible. The

circulating gas would be a 80% Ar - 20% CO2 mixture, which gives a satisfac-

tory relativistic rise. Monte Carlo calculations, substantiated by tests,
indicate that one cén obtain 7.8% FWHM ionization resolution on a track which
passes through the entire device (3m.). With this resolution, it is antici-
pated that useful particle separation can be achieved up to ~30-40 GeV/c.

To examine the acceptance of the ISIS detector for the proposed
experiment, we have used ~4200 inelastic pp events {sce Fig. 2) obtained from
E-311. To investigate the properties of the leading p {or p in pp collisions),
we have identified slow protons and o's by ionization in the bubble chamber,
transformed their laboratory 3-mowmenta into the center-of-mass system and
reversed them, and then transformed them back into the laboratory system.
Using these events we find the following:

(a) The acceptance as a function of the laboratory mowentum of the produced
pions is shown in Table 1. Typically ~89% of the forward hemisphere pions
from a given event make their way into the 1SIS {(see Table 11). Many slow
(backward hemisphere) particles do not traverse the exit aperture of
the bubble chamber magnet (see Table I). Typically ~50% of the forward
hemisphere particles traverse the entire ISIS device. The acceptance as
a function of CM rapidity is shown in Fig. 3.

{b) For a sample of events examined in detail {see Fig. 4 for examples), we
estimate that the average resulting resolution on ionization, after
folding in the (neyligible) probability of more than 1 track entering
the same cell, for tracks that traverse the full 3 meters of ISIS is
n7.8% FWHM. For tracks that do not traverse the full 3 meters, the

resolution is estimated to be ~11.7% FWHM.
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To effectively use the information from ISIS {and the Cerenkov counter)
requires that the momentum of the particle be known to ~7% and that one has
information on the position of each track entering and leaving the DPI. The
proposed use of the drift chambers and the PWC's (Fig. 1) should yield the
desired momentum resolution.

The second element of the DPI is the 2x2x5m3 atmospheric pressure
Cerenkov counter. The thresholds and photoelectron response for different
He-N2 mixtures ranging from 100% He to 100% N2 are shown in Table IIT. It
should be noted that because of the ability to vary the proton (kaon)
threshold from 39 (21} to 116 (61) GeV/c, such a detector provides an
extremely flexible system to identify the faster particles with momenta above
the effective range of ISIS (~30-40 GeV/c)} as well as the ability to identify
some of the particles that are also identified by ISIS. Thus the Cerenkov

counter is complementary to the ISIS system and by using the information from

both systems, the range of mass identification will be increased as will be
the confidence one has of unique particle mass identification. In particular,
for this proposal the Cerenkov counter plays an essential role in identifying
(in a passive veto mode) the fast p's with momenta typically above 50 GeV/c
from the nonannihilation events.

At the current time the plans are for this Cerenkov counter to have
8 cells, consisting of 2 vertical sets each of four mirrors of size 50, 20,
20, and 50 cm (high) x 70 cm (wide), respectively (see Fig. 5). Acceptance
calculations, again using events from E-311, show that the overall acceptance
for p's, is % 99% based on the inversion {in the CM system) of protons with
plab ~ 1.4 GeV/c which are identified by ionization. Furthermore, 36% of the
forward CM hemisphere n's and K's will also hit the Cerenkov mirrors at 11 m.

The acceptance as a function of the CM rapidity is also shown in Fig. 3.
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Again, this plot shows the complementarity of the C and ISIS systems. We
have also studied the likelihood of two or more particles striking the same
mirror (overlap) and find the following: (a)} only 3.6% of the p's have at
least one other track in the same mirror, and (b) only 12% of all w's or K's
have at least one other track striking the same mirror. This calculation
has taken into account the radius of the cone of the Cerenkov light. For
each track we have taken this radius to be the maximum possible radius
given the momentum of the track and assuming that the Cerenkov light is
produced at the front of the counter (5m from the mirrors) and that the
proton threshold is set at 100 GeV/c (see Table III). A track is then con-
sidered to have no overlap (i.e. to be unique) if the Cerenkov Tight from
that track strikes a mirror which does not receive light from any other
track.

The ranges of particle separation are shown in Fig. 6(a) for the
bubble chamber (ionization), ISIS and for two settings of the Cerenkov
counter (C] has p threshold at 70 GeV/c; C2 has proton threshold at 100 GeV/c).
Fig. 6(b) shows how particles would be identified for each range of momentum.
The dotted lines indicate no identification at all and the percentages indi-
cate the % of each type of particle expected in a given momentum range.

With such a system one should be able to identify almost all of the anti-

protons in addition to X70% of the slow protons.
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VI. Neutral Hadron Calorimeter (Antincutron Detector)

One of the primary considerations of these high statistics exposures
is to identify a “clean" sample of annihilation events. To do this, it is
necessary to identify as many as possible of the events which have a leading
baryon or antibaryon. The slow protons can be identified by ionization in
the bubble chamber. The fast antiprotons, whose laboratory momentum spectra
is shown in Fig. 7, can only be identified by the Cerenkov counter, since
p/K/« separation in ISIS is available for ~30-40 GeV/c. Since slow neutrons
are difffcult to identify, to find all the nonannihilation final states {ppX,
pnX, npX and nnX), a necessary ingredient in rejecting nonannihilation events
is the detection of forward n's. As will be discussed in detail in the next
section, a device of cross section 31" x 31" placed immediately behind the
Cerenkov counter at 12m will "see" ~90% of the n's produced at 100 GeV/c.

The expected laboratory angular and womentum distributions of n's (total) and
those "seen" by the detector (shaded) are shown in Fig. 8.

Since we intend to (passively) veto n events, the n detector must
have high efficiency. Our considerations indicate that a steel-scintillator
sandwich neutron counter similar to that discussed by Marshak and Schmuserm
will do an adequate job. A schematic drawing of our proposed device is
shown in Fiqure 9. Over a large part of the counter's sensitive area, its

efficiency is given by‘o

LR, = (0.95)(1-e /8- 4y(ey/23),
where x is the total length of steel (inches) and y is the amount of steel
between any two scintillators (inches). The coefficienl 0.95 reflects the
probability that the ncutron interacted to produce only neutrals that were

never detected. With x = 36" and y = 2", we expect an efficiency of -88%
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(since the hn-Fe total cross section is probably 30-507 larger than that for
n-Fe, we have stated a lower 1imit for this value).

As you are aware, the DPI Workshop of May 7-8, 1976 recognized the
possibility that other detectors such as a neutral hadron calorimeter might
be considered for use behind the Cerenkov counter (sce NALREP, July, 1976,
Appendix B). The Cambridge-MSU group has been approved for a 9 GeV/c pp
experiment (BC-64) at the SLAC 40-inch hybrid bubble chamber facility. One
of the aims of that experiment is to measure the pp annihilation cross section
at 9 GeV/c and to aid in that measurement we are currently building a
31" x 31" x 88" antineutron detector. It is our intention to place a similar
antineutron detector behind the Cerenkov counter in the 30-inch bubble chamber
DPI.

Since the possible presence of y-rays could simulate antineutrons
through electromagnetic showers in Lhe detector, we have made estimates of
the y/n ratio resulting from nonannihilation interactions in the bubble
chamber. Using acceptance calculations based on the simultaneous production
of a forward p and «  in E-311 events, we estimate that ="/f ~ 7% for f's
and n°'s "aimed" at the n detector. We have not done a detailed calculation
of the +° decay; however, it is highly unlikely that both y's from »° decay
will enter the n detector. Our best estimate is that ~7% of the n's in the
detector will be accompanied by a y. For annihilations, we again estimate
that ~7% of the events will yield a v in the n detector. We would eonsider
at least three methods for reducing this background: (1) place a lead filter
before the counter, (2) cut on the longitudinal development of the shower
(v showers are preferentially in the front end of the detector), or (3} cut
on pulse height (y's are typically lower in enerqgy). A1l these have the

effect of lowering the n efficiency somewhat, however.




-11-

In a manner similar to that for estimating the n°/n ratio, the ratio
n /R is estimated to be ~14% for nonannihilation (this follows from =»°/n = 7%
and % ~ 1/2 n*). Hence, in about 14% of the cases an n signal may be accom-
panied by a - interacting in the n detector. For this recason we have placed
J scintillator hodoscopes (5x5 elements, eaﬁh 6" wide) at depths of ~one
radtation length, ~one interaction length and vthree tnteraction lengths,
respectively, in the n detector in order to discriminate between nify and n
interactions.

As we will sce later, the importance of the n detector in providing a
"clean" sample of annihilation cvents is dependent upon Lhe ratio of p's to
n's produced in nonannihilation events. Hence, one consequence of having this
detector will be a measurement of the ratio of inclusive p/n (p/n) production

in 100 GeV/c pp (pp) interactions.

Acceptances and Detection Efficiencies for n's:

An acceptance calculation has been performed for n's. For this
purpose, we assume a 31" x 31" detector placed immediately behind the Cerenkov
counter. Since pp » n data are not readily available, we have used neutron
production data for pp » n(0.2 - Pr < 0.8 GeV/c)H at ISR energies (invariant
cross sections £ d3u/d3p have been assumed to scale to 100 GeV/c) as an
approximation to the pp » n distribution. Our calculations show that 907 of

the n’s will be "seen" by a 31" x 31" n detector (see Fig. 8).

VIT. Physics Justification
In our considerations to date of a high statistics experiment yielding

"clean" annihilation events, we have established in our minds a considerable
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number of exciting and topical studies based on such data. The second
primary objective of this experiment is to study central region production
of K" and pk in events with or without annihilation. We have enumerated in
the following sections several examples of why we believe Lthis proposed
research should be carried out and emphasize that these are just examples of

the full range of physics possible in this experiment.

a) pp Annihilation and the Difference of
pp_and pp Total Cross Sections —

We are interested in carrying out a detailed study of the baryon
annihilation component in antiproton-proton interactions at 100 GeV/c inci-
dent antiproton momentium. One of the long-standing problems in pp annihila-
tion is the possible relationship of o{ann) to Asq = uT(ﬁp) - uT(pp).
Recently we have published2 an analysis of the difference between pp and pp
topological cross sections up to 100 GeV/c, including 100 GeV/c data from
our £-311 pp experiment. The analysis indicates that good fits may be

»

obtained to the model of Eylon and Harari‘é, where the quantity

Co(Bp) = o, (on)

) T ()
n

is predicted to be of the form

n ZUB—Zu

R = f's M

- (1~n])Yn , (2)

and s is the square of the pp C.M. energy, n is the charge multiplicity,
uM(uB) is the intercept of the leading exchanged meson (baryon) trajectory,
q](f1) is a constant, and g(>1} and y(<1) are constants which, in a simple form
of Lthe wmodel, are 3/2 and 1/2 respectively. Our fits (shown in Figures 1

and 2 of our paper2 {included as Appendix AZ2] with the further definition
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o = ZaM-ZHB) are consistent with a contribution from the first term of Eq. (2)
only (implying hy * 1 ory = 0). 1In the Eylon-Harari model the first term
of Eq. (2) represents annihilations due to the Pomeron exchange term in the
total cross section, whereas the second term represents nonannihilations due
to Pomeron and meson exchange terms. Thus, the data support the conjecture
that the annihilation component in pp interactions is due to the Poweron and
not weson exchange contributions tu the total cross section.
The Eylon-Harari model is very much in contradiction with the "classical”
approach to the difference in the total cross sections. That is, in Reyge

terminology one usually writes

”T(ﬁp) = Ilﬂ(P tpt o+ f+ ﬂz)tzo (3)
UT(DD) = Im(P -p -+ f+ Az)tfﬂ (4)

and hence,
(5)

Aoy = 2Im(p + m)t:O s

indicating the difference is due to the vector meson exchange part of the

total cross section. In fact, the energy dependence of Aoy from bq. (5} is

uv(O)—] ~3.5
5 LS , which is a good representation of the data (see Fig. 10).

In both the "classical® and Eylon-Harari models as well as related phenome-

nologieslz‘ld

it is argued that o(ann) may equal Aop. To a certain extent
this is obviously false, since (1) the pp system is an equal mixture of
isospin one and zero states, whereas pp is pure isospin one and (2) there
are nonannihilation states (A°A° for example) which are available to pp but
which are not open to pp. Obviously, if the various models discussed above

which claim to address the question of annihilations via Aog are to be proven

valid, the experimental relationship of Aoy to s{ann) must be established.



-14-

We propose to do this with a high statistics sample (.12 K events) of

Yclean" annihilations.

Somewhat surprisingly, no clean event-by-event identification of
annihilation events has been made above ~1-2 GeV/c incident antiproton
momentum. This is the result of several factors: (1) the high multiplicity
final states in both annihilation and nonannihilation interactions belong
to the dowain of the bubble chamber technique with its well known high multi-
track efficiency; (2) annihilation cross sections are relatively large
(~3.5 nb at 100 GeV/c, see Fig. 10), further lending their study to bubble
chambers; (3) ambiguities among p and » (K™} tracks cannot be resolved in
the bubble chamber above ~1.%5 GeV/c and (4) neutrons and antineutrons cannot
be identified in the bubble chamber. Attempts have been made up to 12 GeV/c

14-15 These are

to statistically separate the annihilation cowmponent.
interesting first steps in isolating annihilations and have been extremely
illuminating in their own right. However, they require assumptions which
might bias the final result. Clearly better measurements free of possible
systematic errors are required.

As mentioned earlier, the Cambridge-MSU collaboration has been
approved for a similar pp and pp experiment (BC-64) at 9 GeV/c at the SLAC
40-inch hybrid bubble chamber facility. Because of the similarities between
these two experiments, we expect to be able to study the energy dependence

of many of the annihilation properties by comparing our 9 GeV/c data with

the results we would obtain at 100 GeV/c from this proposed experiment,

b) Similarities Between e'e” and pp Annihilations

Muirm-}ad]6 has pointed out a number of intriquing similarilics between

the annihilation processes



http:l3~_~~.e~n_~_~_~~~2_'l<L.PF

e'e” » hadrons (6)
and pp - hadrons, (7)
where for these purposes "hadrons"” is limited to pions or kaons. For

example, Figures 11-14 directly compare the <n >, fz , ‘Eneutral>/<Enegative>
and inclusive cross sections for the two processes. In some cases off-shell
(below threshold) low mass pp data are obtained by examining virtlual pp
interactions in the u-channel for the reaction K'p -+ A® + pions. The simi-
larities in the data are indeed remarkable. With the exception of the lowest
energies the pp points must be viewed as only approximate since "clean"
samples of annihilation events have not been identified in the "bare" bubble
chamber experiments. For example, taken at face value the pp data of Fig. 13
do not exhibit the "energy crisis" observed in e'e” data. On the other hand,

a measurement of -E at 100 GeV/c (s = 189 Gevz) with

neutra1>/<Enegative)

“clean" events free of nonannihilation contamination and comparisons with

new data from high energy ete” experiments could be most revealing.
l~1u1rh(»2«:nd‘6 has pointed out that the processes most likely responsible

for pp and ete” annihilation are multiperipheral baryon exchange and one

photon exchange respectively, as illustrated in Figures 15(a) and 15(b).

Go1dberg]7

has shown that the multiperipheral baryon exchange model for pp
annihilation is, in general, equivalent to vector meson exchange in the
t-channel, but on theoretical grounds alone there is no apparent way to
connect this process to vector exchange in the s-channel for pp annihilation
(Figure 15{(c)). Hence, it is not clear at the woment what we can learn of
fundamental importance (other than what wmay follow from phase space consi-

derations) from these comparisons. Nevertheless, the potential of a high

e - + - -
statistics, "clean" comparison of pp and e e annihilations seems
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intriguing to us and could be extended to the details of topological
features, specific exclusive channels, resonance production, etc., with

the added feature of kaon identification as will be discussed later. It
appears to us that thé ~ 12,000 annihilation events (based en Sann ™ 3.5 mb,
see Fig. 10) should be adequate for a preliminary e'e, pp annihilation

comparison.

c) Muitip]icities

1-2 ¢rom E-311 that

The pp topological cross sections, shown in papers
have been included as Appendices Al and A2, shdw interesting differences when
compared to pp results at 100 GeV/c. The trend seems to be for the low multi-
plicity pp cross sections to be smaller than the pp ones; while the higher
charged multiplicity (i.e., ~ 14 prongs) cross sections are significantly
larger than the corresponding pp values. This suggests that annihilations
occur mainly in the high multiplicity events. (If this is true, it will be.
difficult to study these events in anything but a bubble chamber.) With an
increase‘in statiStics by a factor of 16 for both pp and pp, we will be able

to study this difference in much greater detail.

d) Neutral and Strange Particle Production

3:4 from E-311, also included in Appendix A3,

The results
show that the differences in single particle production spectra occur
mainly in the central region suggesting that the annihilation process is a
more central collision than the pp reaction. (learly, a factor of 10
(again for both ﬁp and pb) will make such studies more conclusive.

With the jdentification of K:, KX, A and & in a large number of

events (see summary in Téb]e IV) cne might expect to study the process of
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strangeness exchange in both pp and pp interactions. For example, what is
the rapidity gap distribution between the two strange particles? How locally
is strangeness conserved? The answers to these questions (along with the
analogous questions relating to charge exchange) could be most revealiny.

With such data it will also be possible to estimate how often
annihilations occur which yield K's in the final state and to make a com-
prehensive search for excited states which decay into a strange particle
and one or more pions.

With the additional information of kaon production, it will be
possible to attempt a test of Zweig's Rule in 100 GeV/c pp and pp interactions

following the technique used at 24 GeV/c}B.

Using the identification of at
least one charged kaon, one tries all mass combinations with particles of the
opposite sign to search for a ¢ » K+K‘ signal. This is quite a reliable
method for locating relatively clean ¢ events due to Lhe mass and width of
the ¢. Then one studies the production of extra kaons {charged or neutral).

18

This is particularly interesting in that Blobel et al. ™ find no evidence for

a preponderance of K production with ¢'s, in contradiction to Zweig's Rule.

With the data that we obtain in this experiment we will be able to
make detailed comparisons between pp and pp inelastic interactions and between
pp annihilations and pp interactions. The latter comparison studied as a
function of XsYsPys eltc., should yield detailed information about the anni-
hilation process. It will also be interesting to compare these data with
similar pp data that already exist at incident momenta below 20 GeV/c. For
example, Fig. 16 shows the CM rapidity distribution for pp » n+ + anything,

for annihilation and nonannihilation interactions combined, at 4.6, 9.1,
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14.8 and 100 GeV/c. In view of the strong energy dependence observed at
y=0 it would be most interesting to study such distributions separately for

5,6

annihilations and nonannihilations. Some preliminary studies aleng these

lines using E-311 data have been made.

f) Two-particie Correlations

One o the interesting features observed in 5 p and pp interactions
at Fermilab energies is the strong dependence of the two particle correla-
.tion function on the azimuthal angular separation for a pair of like picns7.
Figure 17 shows a strong like-particie correlation for a¢ ~ 0 and the absence
of a correlation for A¢ ~ w. It would be interesting to learn whether this
effect is due to the Bose statistics of two identical particles. One may
be able to learn more about such effects by studying *xf correlations in
a similar manner.

- Another correlation which has been observed at Tower energiés is
that between neutral and‘charged pions, Whereas a positive correlation is
observed in pp interactions at 15 GeV/c whare the annihilation-nonannihilation
separation was not possibie, the correlation for pp annihilations at 4.6 GeV/c
has been found to be negative. By idéntifying events with a proton, anti-
proton or antineutron, we should be able to study the « ¥ correlation
separately for annihilation and nonannihilation at 100 GeV/c.

Interesting results have been obtained from those pp events which
have an identified slow proton. With such events, studies have been made
of the charged multiplicity of the recoiling system as well as single
particle distributions of nifin the recoiling system. Interpretations of
these data have been made~in terms of Pomeron-particle interactions. By
identifying both a slow proton as well as a fast leading proton or anti-

proton one may hope to learn about the diffractive excitation of the Pomércn
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as well as to study the inclusive double Pomeron exchanye process with high

statistics.

g) Exclusive Channels

Figurc 18 shows a summary of the 4 and 6 body final states in pp
interactions. By extrapolation to 100 GeV/c, one can estimate the numbers
of events expected for various annihilation and nonannihilation final states.
These are given in Table 1V along with the analogous values for the pp expo-
sure. With the expected numbers of ppn «” and ppn 1™ events one will be able
to make interesting comparisons at 100 GeV/c. The number of annihilation
events expected in the Tow (16) multiplicities will be too small to permit

much analysis, but it could be that the cross sections for annihilations to

8n and up will be larye encugh to permit some interesting studies.

VITI. Study of the Efficiency for Separating
Annihilation from Nonannihilation

The efficiencies determined in the previous sections are summarized
in Table V. In Table VI we show the separate efficiencies for detecting the
four nonannihilation final states: (1) ppX; (2) puX; (3) npX and (4) nnX.
An important input into these considerations is the anticipated relative
abundance of these four states. Assuming pp and pp (nonannihilation) reac-
tions are factorizable, the results of Bgggild g},aj,Ig for pp at 19 GeV/c
suggest the above reactions should scale in accordance with the ratio
pin = 0.7:0.3. We conclude_that 977 of the nonannihilations will be
identified. Note that a value of «(n) = 1.0 would raise the efficiency to
99%, a relatively small gain to be made at the expense of a considerably
larger and more cxpensive n detector. On the other hand, (n) = 0 (no n
detector) gives an efficiency of 85%%, demonstrating the important role played

by the n detector.
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Table |

Acceptance as_a Function of Momentum for 100 GeV/c pp

n'sg Escapina Magnet and

Momentum  No. of Pions ~u's Lscaping Magnet Thru 1xIx3m° ISIS
(GeV/c) ~ Produced  No. % of 1's Produced No. % of #'s Produced
0-5 16135 8389 2.0 691 4.3
5-10 3752 3734 99.5 2034 h4.2
10-15 1697 1678 99.2 1522 90.0
15-20 916 910 99.3 887 96.8
20-30 919 913 99.3 910 99.0
30-40 393 390 99.2 389 98.9
40-50 164 159 97.0 159 97.0
50-60 63 61 96.8 61 96.8
60-70 33 30 90.9 30 90.9
70-100 12 10 83.3 10 83.3

Totals 24079 16274 67.6 6693 27.8



Overall Acceptance for 100 GeV/c pp > Pions

Total produced

Leave magnet

Enter lmxIm ISIS at 2.1m

Exit TImxlm ISIS at 5.3m

-4~

Table 11

No. of
Pions
Produced

24079
16274

12664
6693

% of Pions
Produced

100.0
67.6

52.6
27.8

. _C.M. Hemisphere

Backward ~ Forward
No. % No. %
12043 100 12036 100
4310 35.8 11964 99.4
1987  16.5 10677  88.7
37 3.1 6318 52.5



Table 111

Thresholds and Photoelectron Response

Assuming: 1 atmosphere, Sm length, and N = 2A (n~1)[7-{VT/p)2]L
with A = 100 cm™'.

Photoelectrons
ThreShOJd§M£QEYK§) # Photoelectrons

roK ey (n-1)x10®  p(sevse) N"t ﬂ“K_‘,’-M N 1;}?,-.- '{',]_u@_&_@_m),
116 61.0 17.3 100 - 0 32.7 100 3.2 2.1 0 4.0
50 2.9
20 0.8
100 52.6 14.9 95.5-4.5 44.02 100 4.4 3.7 0 4.7
50 4.0
25 2.8
20 2.0
0 36.8 10.4 77.5-22.5  89.83 100 8.9 7.8 4.6 6.7
50 8.6 4.1
X 75 7.4
1h 4.7
55 29.0 8.3 b5.3-44.7  145.5 100 14.5 13.4 10.2 8.5
50 4.2 9.7
35 13.8 4.6
20 12.1
10 4.5
39.3 ?20.7 5.9 0-100 285 100 28.4 27.3 241 11.9
50 28.1 23.6  10.9
25 27.0 9.0
15 24.2
10 18.8

7 8.6
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Table 1V
Estimates of Number of Lvents to be Obtained
Negative bean'®) Positive bean!”
Pictures 1,250,000 1,000,000
Events/ub pp  3.38 pp 2.7
Total events 142,150 103,950
Elastic 25,060 18,700
Inelastic 2 prong 12,180 12,020
" 4 27,220 21,130
" 6 " 27,900 20,050
" g " 23,440 1h,530
! o " 13,900 9,860
" | 7,400 4,250
" 14 3,040 1,640
" 16 " 1,210 560
" 18 v 400 135
" 20 " 140 43
" 22 " 30 -
K; 2,880 1,820
M A 1,960 1,180
¥ 7,850 h,950
ppn 0 ~3,380 2,228
pp2at e 1,100 B8
dn/6w/ 8w <9734/ 34 -~
Total Annihilation 11,880 --

(a) Biased on the data of £-311.
(b) Based on Ref. 20.




27~

Table V

Detection Lfficiencies for Individual Particles

Particle Efficiency Detector Value

ppX
pnX
npX

nn¥X

Reaction Relative Abundance* Efficiency X Rel

e (p) DPI (Cercenkov) 9}
{n) n Detector 907 x BBYL = 80%

t{n) oP1 (ISIS and 36% (of forward
Cerenkov) hemisphere)

e o{1s158) 53% (of forward
hemisphere)

c(p) 30-inch B.C. 707

Table VI

Overall Lfficiency for Tagging Nonannihilation Lvents

1. Abundance

0.49 (1-0.03x0.30)0.49 = 0.49

.21 0.97x0.21 = (.21

il

0.21 {1-0.30x.20)0.21 0.20

0.07

it

0.09 0. 80x0.09

TOTAL 1.00 (4.97

*Assuming p:n = 0.7:0.3.
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Estimzted Laboratory Distributions for pp > n X at 100 GeV/c
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CHARGED PARTICLE MULTIPLICITIES IN 100 GeV/c
Pp INTERACTIONS

R.E. ANSORGE, C.P. BUST, J.R. CARTER, W.W, NEALE and 1.G. RUSHBROOKE
Cowndish Laboratory |, Cambridge, England

C. MOORE, R. RAJA, L. VOYVODIC and RJ. WALKER
Formi National Accelerator Laboratory 2, Batavia, 1Hl. 60510, USA

W.MORRIS, B.Y. OH, D.L. PARKER, G.A. SMITH. J. WHITMORE
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Resulty are presented on the topological cross sections obtained for antiproton-proton interactions from un cxpo-
sare of the Fermilab 30-inch bubble chamber to a 100 GeV/c negative beam cnriched in p's. The Pp Inelastic cross
section it found to be oy * 34.6 2 0.4 mb, and the average inelastic charged pa rticle muliiplicity tobe (#)=6.74 £0.05.

In this letter we present the first results of an in-
vestigation of antiproton-proton interactions at 100
GeV/e. From a 98 000 picture exposure of the Fermi-
lab 30-inch hydrogen bubble chamber and wide gap
spark chamber hybeid systein to a negative beam en-
riched in P's, we have measurcd the clastic and in-
elastic topolagical cross sections in 100 GeV/e pp and
n~ p interactions. The antiproton data comprise the
first detailed study of the pp collision process above
32 GeVl/e.

The enriched beam used in this experiment was ob-
tained from 300 GeV/e primary protons incident on
a copper target 1 km upstream of the Fermilab 30-
inch bubble chamber, Since a negatively charged 100
GeV/c secondary particle beam contains only
~0.02 p/x~, we used a new technique [1] to achicve
a higher p/n™ ratio. Downstream of the target a bend-
ing magnet deflected charged secondary particles out
of the beam line acceptance. However, ncutral hyper-
ons and kaons decaying in the region beyond the
bending magnet yielded some charged secondaries

! Work supported in part by the Science Research Council,
UK

? Operated by the Universitics Rescarch Association, Ing,
under Contract with the Energy Rescarch and Development
Adminlstration, U.S.A.

3 Work supported in part by the National Science Foundation,
U.S.A.

having the correct trajectories for transinission to the
bubble chamber. Antiprotons from A® decay are se-
lected preferentially since the negative pions produced
in K decay have an average transverse momentum
doublc that of the antiprotons. In this way we obtained
a beam with 0.20 §’s/negative particle at the bubble
chamber. With the requirement of (a) more than one
p per pulse or (b) a deflection trigger on a tagged p
beam particle before taking a picture, we obtained
98 000 pictures containing on average 0.32 p’s/negative
particle, and because of the difference in total cross
sections, 50% of the events observed in the bubble
chamber were from pp interactions.
The results presented here come from a s.xmp!c of
58 000 pictures scanned for ail interactions. After an
event was found in the bubble chamber, a measure-
ment of the interacting beams track permitted a com-
parison [2] betwecn the spatial position of that track
and the position reconstructed from upstream muiti-
wire proportional chambers (MWPC) in coincidence
with a differential gas Cerenkov counter located 500 m
upstream from the bubble chamber. This correlation
between a reconstructed bubble chamber track and a
Cerenkov tagged trajectory in the MWPC was possible
for ~ 80% of the events. The remaining 20% represent
only a loss of data [2] and do not bias the results in
‘any way. For the remainder of this paper we use only
those events that have a positive identification as being
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due to either a p (or #7). We estimate that the back-
ground to identified antiprotons due to inefficiencies
of the Cerenkov counter is < 2%.

A portion of the film (~ 18%) has been rescanned
in order to determine the scanning efficiencies for var-
ious topologies, and these were used to correct event
numbers. AH those events (~ 1/3% of the total) with
an apparent odd number of charged particles have
been classified as belonging to the next highest even
charged particle topology, on the assumption that a
short track was missed. An undctected charged secon.
dary Interaction occuring close to the primary vertex
could also simulate an odd prong topology, but in view
of the very few events in this category a correction for
secondary interactions was deemed unnecessary.

In ~ 1.5% of events a Dalit pair was observed, but
because of the uncertainty of identification at the
scanning stage the pair was included in the topological
count and a statistical correction made. This correction
used an estimate of the mean number of 29's produced
per event as a function of charged multiplicity n, which
was determined from measurements of abserved ¥ con-
versions in the bubble chamber. The final Dalitz cor-
rection amounted to a shift of events between topolo-
gies at a level of S 3%. A sinall correction was also
made for unseen VO's and electron pairs from 7y con-
versions. We find no evidence for any bias resulting

Table 1 .
pp topological aross sections at 100 GeV/e
Prong - Raw Corrceted Crow scctions (@)
numbern  cvents  cvents anp{mb)
0 i1 13 0.061  0.019
2 1876 Elast. 163 741 $0.38
Inel. 794 3.60 20.30
4 1664 1mm 8.05 20,20
6 1765 1821 8.25 2020
8 1527 1528 693 :£0.18
114] 937 907 411 £0.13
i2 513 484 .19 20.10
14 218 199 .90 =0.06
i6 82 80 0.36 £0.04
18 26 26 0.12 £0.02
20 9 9 0.041 £ 0.014
2 p 2 0.009 £ 0.006
Total 8626 9215

42.04 £0.09 M)

(8) Errors are statistical only except for 2-prong woss sections.
(5) tnput vaive (rcf. [4]).
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from use of the deflection trigger. We conclude that
the final uncertainty in all these corrections is well
within statistical errors.

The major correction applied to the raw data occurs
for the two prong tapology . All two prong cvents have
been measured and kinematic fits to the ppand n™p
elastic [3] hypotheses attempted. Elastic events were
corrected for scanning losses, determined as a function
of ¢ (the square of the four-momentum transfer from
target to outgoing proton), and then the clastic ¢ dis-
tribution was fitted, for |1 < 0.08 (GeV/c)?, to an ex-
ponential form da/dt = 4 exp(bt) to correct for an ap-
parent loss of events below this value of |f|. We find a
slope parameter of b = 11.4 + 0.6 (7.7 £ 0.4)(GeV/c)~2
for 100 GeV/e pp (7™ p) elastic scattering. Inelastic
events were corrected independently for scanning los-
ses; we stress that no correction has been made to the
inelastic two prong cross section for a loss at small j¢]
{3].

1n table 1 we present our measured topological
cross sections for 100 GeV/c pp interactions, normal-

y? 10?
tlc L 1(c Lo I X .
Bp TOPOLOGKAL CROSS SECTIONS
2
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fig. 1. Mommentum and s dependence of pp topological cross-
sections. The curves arc to guide the eye.
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Tabie 2

Moments of the 100 GeV/e pp multiplicity distzibution
Moments All charges Negative
e “dzarges

o) 6.74 £ 0.05 3.3720.03
ni{n- 1 49.252:0.68 10.6320,18
n(--1)(~-2) 389 8 327 =08
m/o 207003
[z = (n(n-1n-(my? 3854022 -0.72:0.06
[3= n(A1)n-2)n 58 ¢1d 1.81 £ 0.14

“da-ipone2en®

ized to the total cross-section data for Carroll et al.
[4]. The pp elastic cross section of 04 = 7.41 £0.38
mb would appear to be in good agreement with an
extrapoiation from lower encrgios. The total inefastic
cross section is found to be 34.63 £ 0.38 mb, Our

100 GeV/ec n~ p topological cross sections (not shown)
agree with previous data [S] within quoted esrors.

10 Py {Gavic) o2

o v v (,) —r
<

dpp

18 i Pp

this experimant

L 2 -y ] .

e

1.9L 4 [ | I PR W | J'
» (Gev?]) 10° 1o’

Fig. 2. Momentum and § dependence of (a) the average charged
muitiplicity (1), and (b} the quantity (m)/D, wllcre Dis trfe
dispersion of the multiplicity distribution, for pp aud pp inter-
sctions. The curves are to guide the cye.
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In fig. 1 we show the variation of the pp topologi-
cal cross sections with the square of the cins total
energy s and the beam momentum. The gencral fea-
tures of this plot are similar to those observed, for
example, in 7 collisions. In particular, we observe
that the O-prong cross section is falling rapidl§ and
may be parameterized as o (mb) = 58 pg{l-#61 013
between Py, = 15 and 100 GeV/c. The 2,4 and 6
prong cross sections are falling at 100 GeV/e while
the cross sections for producing 8 ur more charged
particles are still increasing at 100 GeV/e.

From inelastic cross sections given in table 1, we
compute various moments of the pp multiplicity dis-
tribution (see table 2). We find an average charged par-
ticle multiplicity of {n) = 6.74 £ 0.005. In fig. 2(a)
we show {11} as a function of the incident beam mo-
mentum for pp interactions, comparcd with the cor-
responding data obtained from pp interactions, ftis
scen that at any momentum the Pp charged multi-
plicity is greater than the pp value and there is no real
indication that they are converging at higher momenta.

In fig. 2(b) we show the ratio of the average multi-
plicity to the dispersion, D= [{n®)—(n)2} 42 for the
pp and pp charged multiplicity distributions. As is

1oF .
- EY 3 .
o N 100 GGVJC
Lt t
* thp
5 ¢ i pp
L
i - ]
{ J
a b ' .
£
St f ‘
ol ' ]
] .
0.01 b

T T

-

T

Fig. 3. Comparison of pp and pp topological ross sectione
100 GeV/c. The pp data are from ref. [7].
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wetl-known, the high encrgy pp data seem to approach
a constant value of (n)/D = 2. Above ~ 15 GeV/c the
Pp data points are reasonably consistent with this val-
ue, though our 100 GeV/c measurement of 2.07 £ 0.03
could be suggestive of an increase with momentum
that has important implications for models [6].

We now make a more detailed comparison between
the 100 GeV/c pp and pp data. First we note that the
pp data [7] have an average multiplicity (n)=
6.32 £ 0.07, considerably lower than the fp value. To
investigate this difference in more detail, we show in
fig. 3 the inclastic topological cross sections for pp
and pp at 100 GeV/c. The strongest feature is that the
probability of producing a high multiplicity event
{n 2 8) is greater in Pp than in pp collisions. It would
appear natural to expect that the dominant cause of
this difference lies in the effects of the annihilation
channels available in pp interactions. This will be
examined further in a subsequent paper.
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UP TO 100 GeV/c
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New 100 GeV/c pp data are used (o find moments of the difference between the pp and pp topological cross
sectjons. The mean multiplicity for annihilations at 100 GeV/c is estimated to be 9.06 £ 0.56, and the value of
the quantity (m)/D to'be 2.75 + 0.33. It is shown that R, = {0, (Fp) - 0,(PP)}/o, (PP} appears at 100 GeV/e to have
acquired an asymptotic form, R, = s~ with « and g constant,

Information on very high encrgy pp interactions has
recently become available 1] in the form of topolog-
ical cross-sections and the moments of the charged
multiplicity distribution at 100 GeV/e, Great interest
centres on the behaviour with energy of the difference
between pp and pp interactions, as this may afford -
insight into the high energy behaviour of the annihila-
tion process, which is known from present data in the
2—-10 GeV/c range to possess general properties very
different from thosc of the non-annihilation processes
[2]. In this letter we examine the properties of the
Inelastic topological cross-section differences
0,(PP) — 0,(pp), where n is the prong number, in
the momentum range 9 to 100 GeV/c, compare them
with the properties of pp annihilation dats below 7
GeV/e, and show that the cxperimental values of the

1 Work supported by the Science Research Council, UK.

2 Operated by thie Universities Research Association, Inc.
under Contract with the Energy Rescarch and Development
Administration, USA.

3 presently at Gencral Atomic Company, San Diego, CA
92138,

4 Presently at Departinent of Physics, lowa State University,
Ames, lowa 50010,

$ Work supported in part by the Nationai Sclence Foundation,
USA. -

quantity R, = {0,(pp) - 0,(pp)}a,(pp), forn >4,
appear to have acquired by 100 GeV/c an aymptotic
form R, = s~*@", with a and f§ constant.

We firstly estimate various moinents of the charged
multiplicity distribution for annihilations at 100 GeV/c.
For this we have used the cross-section differences
0,(pp) ~ 6,(pp) calculated from our pp data [1] and
from the 102 GeV/c pp data of Bromberg et al. [3] 7",
except for the case # = 2, where the procedure of
renoving elastic events weuld unavoidably lead to a
farge error in this cross-section difference, even though
its value is certainly small. In the case of 2-prongs
we have therefore used an extrapolation of the 2-prong
annihilation cross section itself, for which measure-
ments [4] have been made up to 7 GeV/e, and which
can be represented to sufficient accuracy by the empir-
ical formula 07 ;o (mb) = 1540 5-248. 1n calculating
annihilation moments we have also disregarded the
contribution of 0-prongs, since an apparently large
O-prong cross-section from (Pp ~ pp) is almost cer-
tainly composed of non-annihilation states [S].

#1 1t was found necessary to smooth some of these 102 GeVe
cross-sections by refcrence to other pp data (see ref, [7])
at neighbouring momenta; the adjustments werc in no
case greater than 0.2 mb.
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f; “=hn_d+e, (1)

then b is predicted to have values in the range —0.6 to
—0.7 depending on the assumptions made about the
way the firehall decays, Values of b in this range are
in good agreement with pp annihilation data up to

7 GeV/c as may be secn in fig. 1(b). The large positive
values of f37~ for pp interactions are then seen [10]
as a consequence of multiple cluster formation; each
cluster has its own negative value of f37 ™ (as with the
annihilation fireball) but the effect of averaging over
several clusters is to give a positive f3' ~. As one goes
to sufficiently high energy and more than one cluster

is produced, one might then expect to see f3 ~ forpp

annihilations turning up to positive values: Miettinen
has predicted [2] that this could happen at a beam
momentum of 10-20 GeV/e, The 100 GeV/c data
point for (pp ~ pp) in fig. 1(b) is suggestive of the
onset of this type of behaviour, though it does imply
that f37 = would probably not become positive until
< 300 GeVle.

The existence of KNO scaling for pp annihilations
below 7 GeV/e has already been demonstrated 9], in
the sense that a single function ¥(2) = {(nde, /o4,
where z = nfun and o,,, is the total annihilation cross-
section, can fit all the data in this energy interval. This
fit is shown as the dashed curve in fig. 2, and is seen to
be quite differcnt from Slattery’s fit [11] to pp data
in the momentum interval 50—300 GeV/e, which is
the solid curve. The (pp — pp) data points up to
100 GeV/e are shown in fig. 2 to be in fair agreement
with the dashed curve, though there is some sugges-
tion of the distribution becoming narrower at higher
energies.

To gain further insight into pp annijhilations at
high energy we show in fig. 3(a) experimental values
of the quantity

_%a(PP) - 9,(vp)

" o,(pp) @

plotted against n for n 2 4 {or data in the momentum
interval 6100 GeV/e, We find phenomenologicatly
that at each value of 5, R, can be fitted to an expres-
sion of the form

R, =Af". ©)
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Fig. 2. Plots of o{n)/agnq versus a/tm for pp annihitation
data below 7 GeVie (dashed curve 19]), and for (Pp - pp)
data at beam momenta up to 100 GeV/e as indicated. The
solid curve is Siattery's fit {11] to pp data in the momentum
interval 30100 GeV/e.

The values of @ =1nd/Ins and § arc shown plotted
against Ins in fig. 3(b), and we sce signs of these para-
meters reaching faitly constant values at 100 GeV/e,
which implies the cxistence of an asymptotic form

R, 5" 4
witha=0,73 2004 and $= 1.24 £ 0,02,

It is interesting to compare this finding with the
work of Eylon and Harari [12], who with a duality

diagram model and unitarity considerations, have pre-
dicted that R,, should take the form

R, =50 M~ (1~ ", (5)

where ay (arg) is the intercept of the leading exchanged
meson (baryon) trajectory, my(< 1) is some constant,
and (> 1) and v < 1) are constants which, in a sinple
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Fig. 3(a). Experimental valucs of the quantity

R, * {04(Pp) - aa(pp)You(pp) plotted against n(> 4) for
data in the momentum interval 6 - 100 GeV/c as indicated,
The straight lines are the results of fitting an expression

R, = Aph, with A and g free parameters, at each momentium,

form of the model, are 3/2 and 1/2 respectively. Our
fit is consistent with a contribution from the first
term of eq. (§) only (implying m; = t or y = 0) which
in the Eylon~-Harari model comes from annihilations.
Qur fit also gives oy ~ ay = 0.36 £ 0.02, which seemis
plausible, and 8 = 1,24 3 0.02, in disagreement with
the prediction g = 1.5*3,

In summary, this analysis of (pp — pp) and pp

43 On the other hand it is perhaps interesting to observe that
if the duality diagrams in the Eylon—Tlarari model are
interpreted Jeading to the production of cfusters, rather
than charge pscudoscalar mesons, then since the mean

number of charged particles in clusters produced in hadronic

interactions is about two [13), we should re-interpret the
first term in eg. (5) to contain the factor @2, Le. (V.
This would mean that /1.5 = 1.225 is the correct predic-
tion, consistent with our findings.
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Fig. 3(b). Values of o = —~1nA4/1ns and § plotted against Ins,
The curves are to guide the eye.

annihilation data at momenta up to 100 GeV/e indi- i
cates that

(a) The mean charged multiplicity in pp annihila-
tions niaintains a constant excess over that in pp inter-
actions up to 100 GeV/c.

(b) The ratio (/D for pp annihilations is roughly
consiant from threshold to 100 GeV/e and greater than
the constant value of = 2 achieved by pp interactions
above ~ 50 GeV/e.

(c) KNO scaling is fairly well followed in pp annihil-
ations from 9 to 100 GeV/c. ,

{d) The quantity R,, defined above appears to be
acquiring an asymiptotic form s—@gn at 100 GeVi/e,
with a and 8 constant.

We are grateful to B.R. Webber for helpful discus-
sions.
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COMPARISON OF NEUTRAL PARTICLE PRODUCTION IN 100 GeV/c
: pp AND pp INTERACTIONS
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We derive crosssections for the inclusive production in pp interactions at 100 GeV/e of »° K and A%/A° of
91.825.7 mb, 5.2:0.4 mb and 4.8:0.4 mb respectively, which are all higher thun pp cross-sections at this energy. We
find indications that these diiferences can be attributed to “annihilation™ processes.

Introduction. We present results on the preduction
of v, K¢, A® and A? in Pp interactions at 100 GeV/c.
We also look for differences between pp and pp inter-
actions, which could be ascribed to the effects of *an-
nihllation™ processes. Both'the present experiment and
pp experiments at this energy suffer from limited sta-
tistlcs, but we find that cross-sections for the produc-
tion of neutral particles are in all cases somewhat
higher in Bp interactions than in pp interactions. In
the case of A°/A° productien (and possibly 7's) the
difference appears to arise mainly in the neighbour-
hood of y* = 0, characteristic of a central production
process.

The data to be described are the first on pp - neu-
trals above 14.75 GeV/c, and come from a 100000
picture exposure of the 30" hydrogen bubbie chamber
at Fermilab to a tagged beam of negative particles.
Informatien on the Pp charged multiplicity distribution

! Work supported by the Science Research Council, UK.

2 Operated by the Universities Research Association, Inc.,
under Contract with the Energy Research and Development
Administration, USA,

3 Presently at General Atomic Company, San Diego, CA
92138, USA.

4 Prezently at Department of Physics, lowa State University,
Ames, lows, 50010, USA.

$ Work supported in part by the National Science Foundation,
USA.’ .

at 100 GeV/c [1} and on the difference between pp
and pp topological cross-sections [2] has already been
published. The efficiency for scanning for V*’s was
about 90% for singly scanned film, and after measure-
ment and remeasurement 93% of events had been satis-
factorily measured. After all cuts we have 1015V %'s
associated to events inside our fiducial volume giving
fits to A®, KS and A° decays, or y ~ ¢*e™ conversion.
Ambiguities (affecting about 9% of the events) were
resolved by observing ionizations where possible, and
otherwise by cuts un the transverse momentum of
the decays and on the x? probabilities of the fits.

The data were corrected for scanning and measuring
losses, for losses of V©'s decaying or converting outside
the fiducial volume, or closer than 3 cm (2 cm in the
case of K¥) to the production vertex, and for inter-
actions o? the strange particles. The pair production
cross-section was taken from ref. [3], and the strange
particle cross-sections were corrected for branching
ratios taken from ref. [4]. A correction (~ 2-3%) was
made for the loss of 7’s below 40 MeV/c using the sym-
metry of the reaction Pp - 7 in the c.mi. system.

Cross-sections and multiplicities. In table 1 we give
cross-sections for A°/A°, K and #n° production, the
latter taken to be § o(pp - 7). We have used events in
both forward and backward hemispheres in the c.m.
system for the ¥’s, since, apart from the loss of very
slow 7’s, no forward/backward asymmetry was found
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Table t
Comparison of neutral particle cross-sections in pp and pp interactions at 100 GeV/¢.
Charged ~ Smoothed Smoothed
Multiplicity o(pp=n®)  a{pp—x0) o(pp—K$)  ol(pp—~KD o(Pp=A%/AS)  o(pp—A%AH*
fch mb mb mb mb mb mb
0 0.65:0.32 - - - 0.02£0.02 - :
2 4.8 £0.8 7.2:1.8 0.26:0.11 0.31:0.07. 0.4810.12 0.36:0.14
4 154 +16 14.5:10 0.9720.15 0.77:0.15 1.14:0.18 1.32:0.24
6 22.8 £2.8 22.8:4.0 1.27:0.17 1.1 +0.18 1.24:0.20 0.80:0.18
8 23.0 20 20.322.2 1.39:0.18 0.8 0.1 1.00:0.20 0.64+0.18
10 116 ¢1.5 10.9£1.0 0.71:0.14 0.65:6.1 0.62:0.14 0.4620.16
12 £69 :1.0 6.3:1.0 046:0.11 0.3 :007 0.14:0.06 0.042:0.04
14 54 212 2.5¢1.5 0.50£0.05 0.07:0.07 0.16:0.08 -
16 0.2 £0.2 1.0:04 0.03:0.03 0.04+0.04 - -
18 06 104 0.5:0.5 - 0.02:0.02 - -
Totai? 915 £5.7 86 6 52 104 41 =03 4.8 204 3.6 +04
L W) 7.45:0.15 7.17+0.19 7.2520.22 7.05:0.24 6.4840.24 5.79+0.29
(Vo) 2.64:0.16 2.70:0.19 0.1520.01 0.1310.01 0.14:0.01 0.11:0.0t
Raw no. of 628 230 157
pp events (backward only) {backward only)
Average weight® 52.5 1.50 1.80

2 The errors on the pp crossdections here include g $% systematic ungertainty in normalization.

Excluding scanning snd ieasuring losses, and branching ratios.

within errors. For the K‘,’ data, however, we have only
used events in the backward hemisphere because of the
fow detection efficiency for fast V's, but by Ciinvari-
ance the cross-section in the two hemispheres must

be equal. The A®/A° cross-section likewise uses only
events in the backward hemisphere, but again C-inva-
riance implies that A® and A° distributions are related
by a simple reflection about y* = 0 in the c.m. Hence -
we lose no information on A°/A° by using only the
backward hemisphere, and § a(Pp—~ A%JA°) =

o(pp-* A°) = o(Pp = A°). Table 1 gives cross-sections
for different charged multiplicities at the primary
vertex (corrected for undetected dalitz pairs and V°©’s).
We zalso quote mean associated charged multiplicities
for V© production and mean numbers of A°/A°, K$
and 7° produced per inelastic collision. For comparison,
the corresponding quantitics are given for pp inter-
actions. There are pp experiments at 102 GeV/c [5]
and 100 GeV/c [6], and rather than simply averaging
their values, we quote “smoothed” values for 7° and
K§ cross-sections, taking account of pp data at other

energies [7]. There are no data on the topological cross-
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€ Unsmoothed values from ref. {$], scaled up to allow for A®’s,

sections for pp—~ A°, but this is a small contribution,
50 we have taken the same topologica! dependence as
for pp - A®. Fig. 1 (a -c) shows the cross-sections with
data at lower energies [8], and we also shew the energy
dependence of the pp channels, for comparison.

The crosssection for pp~ 7° is higher by ~5.5mb
than in pp interactions, though this is less than one
standard deviation. Fig. 1{d) shows that (n(n°)) as a
function of n, is virtually identical to pp interactions,
implying that the degree of correlation between charged
and neutral pions is the same in both cases, and has not
been significantly affected by any annihilation compo-
neut, in contrast to the behaviour found at 14.75 GeV/e
[8]. This is also indicated by the correlation parameters
f3°={ngn_)—{n ) {n_) which has the value at
100 GeV/c of 0.9420.24 for Pp, compared to 1.1020.26
for pp interactions.

Fig. 1(e} shows the variation of (1(K{)) with n,
for pp and pp interactions, and likewise fig. 1(f) for
A®/A°, Again there is no clear difference between pp

and pp, indicating that correlations between charged
particles and neutrals are similar in the two cases. We
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Fig. 2. (2) do/dy* vs v* for Pp - v at 100 GeV/c, with pp data (averaged

. using data of refs. |5, 6 |) for comparison. Data from both hemispheres are
averaged. (b)do/dv* for Pp—K{, compared with pp data at 100 GeV/c. Only
backward hemisphere data is used. (¢} do/dj * for pp—~A%/A%at 100 GeV/e
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the full A% distriwution. (¢} Diagram which could contribute an excess of
AS/A%in the central region in Pp interactions.
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can make an estimate of the “annihilation” component
in pp—~ K¢ and pp - A°/A° from the differences

(Pp — pp), subtracting the cross-sections given in table 1
The mean charged multiplicities calculated from these
differences are 8.0¢1.3 and 8.411.6 respectively which
are probably both somewhat higher than for the overall
samples of KT and A®/A° events. Such an effect was also
seen in the (pp — pp) multiplicity distribution of all
events [2], where a mean charged multiplicity 9.06+
0.56 was found; hence we are encouraged to associate
the difference in cross-sections with “annihilations”,

an interpretation which receives some support from

the single particle distributions presented in the next
secuon The mean charged multiplicity for (pp — pp)

= 1 is also high, ~ 10, though with large errors.

Single particle distributions. We now try to localise
these cross-section differences in terms of single par-
ticle distributions. We find the most useful of thess to
be the centre-of-mass rapidity, y*. Fig. 2(a—c) shows
do/dy* for our v, K and A%/A° data, folded about

»*=0and halved in the former case, compared with

p data from refs. [5,6]. Fig. 2(d) shows the pp -+ A°
and Pp - A° data separately (the latter reflected into
the forward hemisphere). ,

The do/dy* distribution for the ¥, fig. 2(a), has
the best statistics, and indicates that any difference
between pp and pp cross-sections is mostly coming
from the region {y*| € 1.0. For |y*| > 1 the agreement
is really rather close. For the K7, fig. 2(b), the diffe-
rence in cross-sections appears to be spread fairly uni-
formly over the range of y*, though our statistics do
not permit us to say whether the K's are really behaving
differently from the ¥'s. Fig. 2(c) shows the rapidity
distribution for combined A°/A° production (the small
pp -+ A° contribution was estimated by scaling the dis-
tribution at 200 GeV/e [9] to the 100 GeV/r cross-sec-
tion). Here there is good sgreement between Pp and PP
in the proton fragmentation region, »*< -1, but a sub-
stantial excess in Pp in the central region, ¥* > ~1, This
observation invites mterpretanon in terms of processes
like pp - (AA) + n’s, which cannot occur in pp inter-
actions, and insofar as there are no leading baryons, may
be akin to annihilation processes, (see fig. 2(e)), and
yield central hyperons and antihyperons'!.

The statistical significance of these effects is shown
by making a direct subtraction of the data of refs. [5,6]
from our Pp cross-sections. In the regions 1¥*1>1 and
*1<1 we obtain for o(pp-pp—+ 7): ~1.1£7.5mb
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and 12.1211.2 mb respectively, for o(pp — pp ~ KO):
0.5010.28 mb and 0.6010.37 mb, and for o(Pp—pp

- A°/A®): 0.16£0.36 mb and 1.160.42 mb. It is clear
that both pp and pp experiments with much better
statistics are required in order to observe these effects
in any greater detail.

The transverse momentum distributions of A%/A°,
K{ and y have been examined, and show no convincing
differences from pp data in their shape, essentially just
differing in normalization. The mean transverse mo-
menta of v, K and A®/A° are 0.16£0.01, 0.46+0.03
and 0.52+£0.04 GeV/c respectively, compared to mean
values in pp interactions at 102 GeV/e [5): 0.175+
0.020,0.4240.04 and 0.5410.06 GeV/c*?.

Summary. We have derived cross-sections for the
production of v, K and A°/A® in Pp interactions at
100 GeV/e. In all cases the cross-sections are higher
than in pp experiments at this energy. The difference
in cross-sections tends to be associated with higher
charged multiplicities, which inclines us to identify the
differences with annihilation processes. In ¥ and A%/A°
production the differences are probably concentrated
near y*=0, while for K{ there may be a difference at
larger |y*{ as well.

*1 {n this conacction it may be worth noting that we have five
evenis containing both AD and AY, corresponding to a cross-
section ~0.6 mb, compared with the inclusive pp- A? cross-
section, ~0.2 mb. Furthet, in four out of these five events
the AA effective mass is small; tess than 3.5 GeV/c?.

*2 This value is (p1) for A" alone, and could be shg,ht!y affected
by the inclusion of A%,
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PARTICLE IDENTIFIERS FOR HADRON PHYSICS

Vera Kistiakowsky, Massachusetts Institute of Tcchnology

A works};op was held at Fermilab on May 7-8, 1976, to discuss what
gystem of particle identifiers would be optimaum for further siudies of hadron
collisions with the Fermilab hybrid bubble chamber proportional wire
chamber system, The mceting was attended by about;‘is physicists from

various institutions.

What Can Be Learned?

The bare bubble-chamber experiments and the experiments with the two
hybrid systems have already ﬁelde&{ many ihteresting results concerning
hadron pliysics at Fermilab energies. For example, lcading-particle studies
have demonstrated the factorization of the Pomeron. Inclusive rr*p studies
have shown that the leading particles and clusiers refain the charge of the
given incoming particle {o low Feynman x and studies of the distribution of
charge as a function of rapidity have indicated the abscnce of a central neutral
plateau. Studies of two-particle correlations have shown a strong dependence
of this correlation on the respective charges and on the azimuthal and

- rapidity separations of the two particlas. The new results on pp charged
multiplicities and a comparison with pp data have Ayielded hints of some of thé
interesting propertics of high energy pp annihilations,

T, Ludlam (Yale) discussed some of the physics questions pertaining to
particles produced in the central region of rapidity. The graph on the next page gives
the differential cross sections for various pa?ticles {rom« p int.eradicma at 147

~GeV/c and it can be seen that, except for elastic scattering and beam and
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ﬁrget fragmentation, most of uu rarticle production is between y » -2 and
y = +2. Investigatiens alresdy baing carried out on the emgé structure of
the particles in the central region of rapidity indicate the presence of short-

~ range correlations and of local conservation of charge and raise the question .
of whether neutral clusters exist. An obviousz extension of charge-transfer
studieg lies in similay invesugali(;ns of strangeness. With charged-particle l
identification it should be possible to study strangeness transfer and it would

be very imeresuné to determine whether the Quigg prediction of local strange- ;

ness conservation is verified. Turning 'ﬂ'”‘P - 7 ‘Gtv'/e N :
LA
5] od . ey .
. [ 38 B
tc two-body resonances, charged- N4 LA '
. N Il "/ ] . e ‘
- i
particle identification would permit in- '. 1
. i
vestigation of K*, ¢, and Y” production 5 1 . :
& . :
and, together with previous results on /,-._‘\“ ‘
o r ; < N !
¢ and & production, this would again ' :
1
%
permii an enlightening comparison aol ‘ \ -
; S WS SV SOV TSN VOO MU RO S S |
between charge« and strangeness~ 4 & o 2 4

Yom
The fractional differential czoes
section as a function of c. m. rapid-
ity for p, v*, n, and K2 produced
in 147 GeV/c v"p interactions.

hybrid system, this will permit »© {dentification and thus studics of ¢* and «

dependent effects. Since a photon

detector will shortly be part of the

production., Finally, the recent observation at the ISR that in pp interactiona i
there is apparently a sizable cross section {(* 1 mb) for eventa where both pro-
tons come almost to rest in the cetnter-nﬁmaps system raiscs the question
whether the pions assaciated with such events are produced in jets or dis-

tributed isoiropically. In conclusion, a rich source of information would be

g S

openad up if clean w/K/p separation were possible over most of the central
region and if programmatic studies with several incide'nt beams and reason~
ably good statistics wers carried oat.

J. Whitmore (Michigan St;te) emphasgized the physics guestion which
could be studicd in Pp and pp interactions, but also mentioged the interest in
the central-region physics from the = interactions which could be obtainéd
in the same exposures. One topic of considerable interest is a measurement
of the relative contributionsy of annihilation and nonannihilation final stavea in
Pp interactions and the study of baryon amnihilations at high energy. The study
of the umﬁhﬂatto;z channels is of particular importance since this process hag
not baen studied at all above approximately 12 GeV/c and bas not heen studied
in any Jdetail above approu:inmfely ? GeV/c., It is estimaled that {or pp at 400
GeV/ c {P-1394) about 97% of the nonannihilation events could be identified by
a sultable combination of particle identifiers, and the conseguent identiﬁcaﬁa‘;
of annihilation events would permit 2 compurison of the annihilation cross
section with the difference botween the pp and m; total cross sections, as well
a2 a study of the annihilation multiplicity distributions and related topica,
we correlations and single particle inclusive studies would also be possible
and would contribute to a much bettér understanding cf the 5muhiiation chan-
nels at high energles. With reapect to the central~region physics, in addition
to the topics already mentioned, it would be interesting to determine the cross
sections for production of KX and NN pairs in Pp, pp, and sp interactions and
to determine the properties of such events. Studies of this variety would
recuire x/K/p sepﬁratim both for leading particles and in the central region,

& neutral-hadron detector, and high-statistics experiments.

leu
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W. Walker {Duke} reviewed the results of hadron-nucleus interaction
studies, which have shown that the multiplicity, momentum and rapidity dis-
trih;ltim are very similar to those for hadron-nucleon collisions, The dif-
fervences, which are relatively small, indicate that the characteristic time
for particle production is considerably longer than the collision time for
hadron-nucleus collisions. It is necessary to measure the production spectra

for K's, v's and nucleons separately to further illuminate this result,

Fermilab Hybrid System

R. Plano {Rutgers) presented some possible confligurations of the
Fermilab hybrid system with downstream particle identifiers and described
acceptance studieg for these systems. The next phase of the hybrid system
will include dri!t chamberes and 2 photon detector, as well aa proportional
wire chambers. A dovymstream charged'-particlé identifier would be the next
addition. desired, and two possibilities have been considered by the
Proportional Hybrid System Congortium (PHSC). The first consists o{ three
1 m¥4imX1mscctions of a relativistic vise detector {ISIS) and the second
of 2 3 m diarn ¥ 3 m tall Cercnkov detector (CANUTE). Both detectors can
only gseparute n/K/p sbove 5 GeV/c and this cor}espmds kinematically to s
Hmitation on the rcgion of rapidity for which particle identification is possible.
This liroitation is less severe at higher incident-particle momenta and thus
acceptance studies have been carried out at 3;00 GeV/c as well as 150 GeVle,
both &sﬁ on data from the 147-GeV/e x p (E-154) exposure. The graph
at the top of the next page shows the 300 GeV/c distributien of particles u;ith
p> 5GeV/casa fuxu‘:uan of rapidity which traverae & 3m ISIS located 2.25m

{rom the bubble chamber center.
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The number of particiss from simulated 300 GeV/e v p interactionsg as a
function of rapidity: A} all particles, B) particles which leave bubble chamber
magnet, C) particles with p > 5 GeV/c which leave bubble chamber mognet
and D) which pase through ISIS.

R. Yamamoto (MI'T) described the photon detector and the resuits of

recent tests of this device in the N-%5 beam. This detector consists of two
T T 1 H H ¥ H 1

lead-glass photon converter detectors, ‘ 75 Gav
each containing flve counters, and four o} -

shower-energy absorber detectors. A

an accurate location of the shower ver~

Number of Evenrs

tex. The total energy of the shower is

absorber pulse heights, permitting very

o 20 40 &0 80
C* Energy (Gav)

‘ Tha number of events in the pho-
ton detector as a function of energy
with 75-CGeV electrons incident on
the detector. -

good energy resoluilon (AE =0.15
where E is in GeV). Tests with elec~

trons of various energies have verified
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this prediction. The figure at the bottom of page 417 shows the pulse-height

* digtributions of shmgq generated by T.S-Gw;} ¢ particlea tagged as electrons
by a Cerenkov couhter. The evente observed at low energies arg probably
from pions which produce knock on electrons in the Cerenkov counter. This
detect@r is currently being instalted and will be ugsed in Experiment 299 ag

soon as the schedule permita, ’

Charged-Particle Identifiers

R. Lewis (SLAC) described the Cerenkov counter operating in the SLAC
hybri§ fecility and showed some experimental results on Kfn eraration
obtained in a c+p - K*Y* experiment at about 12 GeV/c. The figure below
zhowa the experimental layout a;'xd the 3m di:a;metcr by 3m high ¢cylindrical

Cerevkov counter {(CANUTE). This is a segmented device with two rows of -
Coreminy Cowm (G}

Hadoecope (¥}

i

Wwrery Proportioegt Thambecs

Seam Vete {3}

49" mygeagen
Dadtia Lhem3ser

Bri-
er MW PG
By
The layout of the SLAC 40-in. bubble chamber hybrid system including
the Cererhov dotector (CANUTE).

. ‘Michigan State eollaboration {BC-64) and

T

five 75 cm wide by 50 cm high black lucite mirmri focusing the light on photo-
tubes on cither side of the beam line. CANUTQ has been designed both
mechanically and optically to operate with freon at pressures from slightly
;.bOVe atmospheric up to 4 atmospheres. \;'nth & filling of 45 psia of freon

{00 photoelectrons are produced by particles with B of order 1 a’nd thue K/=
geparation by pulse-height analysis is possible. It can be seen {rom the

1LE GV PULSE HEIGHT SPTCTRA
figure at the right that a good separation T T T

et K' from ' is achieved at 14.6 GeV/c,  za0}- &

G. Smith (Michigan State) dis-
cuesed the particle~-identilication con-
piderations necessary to a 9 GeV/e Fp
experiment to be carried out &t the SLAC

40-in, hybrid facility by a Cambridge-

EVENTS /5 ADC CHANNELS
8

considercd the samea questions for the

400 GeV/c Pp experiment proposed for

the Fermilab hybrid spectromater {P-

CatpITE PSE HEGHT (ADC chonrmis}

The mumber of events as a func-
tion of pulse height for 11,6 GeV/e
v mesons and K mesonsinCANUTE.

354). The two egsential components of
thé ELAC experiment are CANUTE
and the UCLA neutron detector, suitably modified, usad for antineutrons.

Thie device will contain 26 layers of iron alternated with scintillator and

three hodoscopes for accurate location of the T interaction. This device will
have an «fficiency of approximately 88% for fi. A possible particte~
jdentification scheme for the Fermilab 100 CeV/¢ Dp experiment would involve

- CAﬂUTE-type Cerenkov counter to separete »/K/p for central-region

-Eg-
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physics followed by & multi~cell 2 m X 2m X Sm atmospheric pressure
Cerenkov counter (CZ) similar to that constructed at Michigan State for E-
366, ';rhich whex;: filled with approximately 95% helium and 5% nitrogen would
permit a »/K/p separation between 53 GeV/c (K tareshold) and 100 GeV/c

{p thrashold). Aecceptance calculations yield a 979 overall detection efficiency
for p by Cz. An antineutron detector similar to that planned for SLAC would
follow the Cerenkov counters and would have about 90% acceptance., This,
togeiher with the conversion efficfency, would yield an overall detection
eiliciency of about 80% for antineutrons. These estimates, together with
cruss-section information, yield a 73% estimated purity of the annihilalion
gample. The cost for building C 4 would be apﬁroximately $440,000 (based

on the construction cost of CANUTE) and for (.':z approximately $30,000
{dased on the Michigan State E-364 Cerenkov cost). ’

V. Kistiakowsky (MiT} discussed the problems associated with using
Cererkov deteciors for central-region physics and presentcd some estimutes
of the separation expected from a CANUTE-~type detector at 150 GeV/c and
300 GeV/c. The graph on the following page gives the laboratory momentum
P as a fuuctic,rﬂof laboratory angle & for K-mesons and protons produced
with very low c.‘m. momenta p' by 300 GeV/c interactions. It is seen that
the region w}‘xe:e particle separation would be depired stretches from p
approximately 3 to §6 Gevlc; For lower incident momenta, these curves
are shifted downward in laboratory momentum, Currently attainable X
thresholds are 2 5.3 GeV/c {4 atmospheres freon) due to safety considerations.

Using the experizaental results for the number of photoelectrons in CANUTE,

PPN

K-megons. Ancther problem which

24-

the efficiency for distinguishing «/K/p

- 300 Gevre .
. K's

has been estimated. From about 5.5
. P03 Gevse
Ge¥/c to 11 GeV/c K's can be identified.
by pulse-height analysis, but there is an
overlap between the pulse-height distri-

butions for ¥, K and p which results in

FiGevie)
L]
-

the misidentification of up to 30% of the

0.3 5evse
aeriocusly affects the detection efficiency

2
0.
of such a detector is the overlap of “":‘D\'\
:o’)
*—‘“T/:/
=

Cerenkov light spots from different par- [

ticles, This cannot be improved by

s EQ g
decreaging the CANUTE mirror size, The laboratory momentum | a8
a function of laboratory angle & for
protons and K mesons produced at
varicus c.m. momenta p' closeto
zero in 300 GeV/c interactions,

aince at 4 atmospheres of freon the size
of the spots ig comparable to that cf the
mirrors. At 300 GeV/e, the acceptance of a CANUTE-type detector located

6 m {vom the bubble chainber would be 46% for particles with momenta 5.5

‘€ p< 41 GeV/c, However, only 43% of the particles accepted would have

sufficient separation to permit identification. The advantages of such a device
are that it is guaranteed to work and that engineering costs could be minimized
by copying CANUTE {estimated cost about $420,000). The disadvantages are

the limited region of w/K/p separation, the limited particle spatial resolution,

- and the incompatibility of such a device and the photon detector.

J. Whitmore (Michigan State) described the CERN External Particle

ldentifier {EPI) snd discussed the pros snd cons of constructing such a devics

-bg-.
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for the n'cr:;:ﬂnb hybrid system. This device is being built {75% completed)
for use at BEBC and extensive tests which have been made with prototypes
are ve;y promising. This device measures the lonization of the particles in
the region (3 te $00 CeV/c) where dE/dx for », K, and p is different due to

the rise at relativistic velocities {see figure below). Since an individual

T - Y - T
5 S ERTE Ty T PP -
ANt o @ -
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O 9 Buva (v.0) TS IRPEAVENT
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. ARGON LMT#} 1
f/ .
- s
< b 23
vt 2, '}
. P 1
FRY '/! -
B tt sorusizanian
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1 L] pratens ©Q wee
5 (G2

_ The relative ionization ag a function of momentum for » mesons, K
mesons, and protons. The dashed line is that calculated by Sternheimer,
the solid line is hand drawn through the poluts which are the results of ex
experiments carried out by the gzroup developing the BEBC EPL

ionization measurement can yield 2 wide range of values for dE/dx with &
probability zi\.ren by the Landau dis’trlbuticn. the iuniz#tion of a given particle
must be sampled a large number of times and an sverage of these measure-
ments {or an equivalent quantity} used to typify the particle. With a large
encugh number of samples, good resolution can be nchievgd for the distri-
bution of the average values for s given particle type at & given momentum.

The CERN EPI will consist of 128 layers of 32 individual proportional

»
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counters, each of which is &6 cm X é cm X 90 cm {see figure below). The

active volume of each proportional counter is defined by eight high-voltage

wireg and the device ig filled with 95% Qr e o @ Too Vot of

Preporrmnot Counter Qv
A Stme o« o
A-5% CH 4 Basged on experimental ¢ v sgaot wee
Teo S ® o Bgh voge wee
studies, 5.5% FWHM resolution {s

hssembly of Proporhons! Counter Cets

anticipated for 128 6 em {onization
samples suitably analyzed. The
acceptance of an EPI located 2.5m

from the bubble chamber center has

been estimated using data from a 100

GeV/ec Pp experiment {E-311), and
Schematic representation of the
BEBC EPIL

53.1% of all particles and 97.3% of
all forward-hemisphere particles vr?uld enter the device. A consideration of
the track-overlap problem indicates that in 4-prong events, typically, the
information from approxin;ately 31% of the cells must be discarded becausa
of particles passing through the same 'cell. with a corrcsp;mding reduction ia
resolution to 6,6% FWIIM {for 128 layers). In 12-prong events, the loss is
approximately 4% with useﬁﬂauy no decrease in Fesolution. A recent
estimate made at CERN for the cost of a 64-iayer EPI was SQBB,QOG plus
ealaries,

W. Bugg (Tennessee) deacribed anather relativistic-rise detector and
preserted some estimates of its anticipated performance with the Fermilab
l.aybrid system. This device iz a smaller version of ISIS, Lhé device being
developed at Oxford for use with the CERN rapid-cycling bubble-chamber
hybrid system, ISIS consists of & 4m X 4 m X Sm drift chamber which

i
(2]
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containg 330 signal wires with a 1.5 cm spacing (see the lllustration below).
: 0
% K's Misidentified
” -
[ — K from 7 K/ =0
20 j
i
Schematic representation of the Oxford ISIS. : %
40 ‘
The puise-beight regolution predicted for the mean of the 330 4.5 cm samples - Ktromp K/pr'h
" 15 6.2% FWHM, The time resolution of the pignal collection 15 250 nsec and so0b-
thus, with 2 Z em/usec drift velocity, measurements on tracks within roughly
% em of each other cannot be used. A full-scale ISIS has not yot been test‘gd. 8o
but exiensive studies of both its drift chamber and relativistic-rise aspects : y i i "y

11 2ty

2 5 10 20 - 90
P {GeV/¢)

The percentage of X mesons which are misidentified in & relativistic rise

detector with 8% FWHM rosolution at @ function of momentum for »/K/
appear i the drift-space dimension is decreased to 50 cm, Such a device = 4074/ J’ ® ° P

bave been carried out. There are some siringent constrzints on gas purity

1
(=]
and feld uniformity for operation with a full Z m drift gpace, but these dig- ?z

could be pperzted with commercial bottled gas (purity 2 ppm) and a~ off-the-
which both pasa through ISIS and have momentum, 5 <p < 40 GeV/c. At 300
shelf power supply, Thus it is proposed that three sections ofa i m X im
GeV/ie, 18%of ell particles and .30% of those escaping the magnet satisfy
¢ X 4m ISIS-type device be constructed, each containing 66 wires ata 1,5 cm .
’ ) these criteria, One topic of importance to all varieties of particle identifiers
spacing, permitting a total of 198 4.5 cm samples of *he ionization and a cor-
s the question of charged-particle background, since s background particie
responding 7.8% FWHM resolution. The figure at the top of the next page
. passing through the same ccll as a particle from the event renders the infor-
glves the percentage of misidentified K-mesons as & function of particle ’ .
‘ mation from that cell not useable. A background study has been carried out
momentum corresponding to this resolution and this device is aeen to give,
. using the proporiional wire counter deta for seversl hundred events chogsen
better than 70% K identification from S to 30 GeV/c. The figure at the top . . +
' ) at random frem E-154 (¥ p at 147 GeV/c} and E-299 (v p at 156 GeV/cel.
of page 26 gives the rapidity distribution both for all particles and for those
The percentage of cells which must be digcarded is esilmated to be 25% for
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The number of particles as a function of rapidity from simulsted 300
GeV/e »"p intaractions: A) all particles, B) those particles with 5 < p < 40

GeV’ec eiich pans through 13 in the flgure on page 27,

29 I35 (1 ¢m celle) and 51% for an EFI (6 cm ;eus’. oth loczted 2 meters
ﬁom the bubble chariber :enter,‘ wilh the current bubble chamber configura-
tion, ’Im;;x-cwcmenta in the background could be made by reducﬁom.in the
amount of ruatte- downstream of the hubble chamber, 'l"he cost estimated by
the Oxford ‘gmup fora 1 m X4 m X { m ISIS module is $17,200; thus, includ-
ing provision for contingencies, & conservative estirnate would be $30,000
per module. The first module could be constructed in 6-9 months and the
remaining modules could be completed within a year at a total cost of

$100,000 plus salayies.

2=

1. Pless (MIT) preu;mted a proposal agreed upon by the workshop for a
syatem which would wﬁn both “central-region' physlca (550 GeV/c) and
"leading-particle” physica (50-100 GeV/c). This system is shown in the
figure below and would consist of three e!:ements: an ISIS consisting of ;
three $ mX 4 mX i m sections interspersed with drift chambers (5-5¢ GeV/e},
2a2mX2mX5m mnniocen.atmoapheric presgsure Nz-ue Cerenkov detector

{50-100 GeV/c), and the photon detector. The photon and Cerenkov detectors

LPre“nf High Bay Wolt
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Lo ter
@ 1 21 13 ‘ / % ' : iorime erE
] H
. . ! * €
} | S | ¢
' N, — I
i =
i i _ )
1 1 1 1 1 ! ] 1 { | i L,
0 ! 2 3 4 % 6 7 8 -4 © ] iz X

Meters

The particle idontification system proposed in the recommendations of the
workshop for the Fermileh 30-in. bubble chamber hybrid system. 41, 12, and
13areimX1mX im ISIS-type modules; Cisa 2mX 2mX 5m multi-cell
Cerenkov detector; Py i8 a proportional wire ccunter; and Dy, Dy, Dy ere

drift chambers. The location of the photon detector {PD) and possible iocation

of a future hadron calorimeter are also shown.

couid not be used simultanecusly and would be mounted on ralls for casy
tnterchange. This arrangement would necessitate an additioﬁ to the present -
high-bay area Awhich wauld accommodate either the Cerenkov or the photon
detector when not in use, At a {uture date, this oﬁduld be expanded to include
& neutral-badron calorimeter for n/fi detection. The workshop had been

asked to consider 12 aspects of particle identifier systems (NALREP, p. 19,
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March, 1976). The proposed system has (1) operating parémeters of v/K/p
separation from 5-100 GeV/c and {2) ;in acceptance that is reasonably well
matched to the geomelric profile of the particles leaving the bubble chamber.
(3) The background sensitivity is acceptable and (4) the problems of gas
handling and purity are minimized since commercially available bottled gas
{2 ppm impurity) is satisfactory. (5) The readout electronics can use ele-
ments already available and this problem and (6) that of off-line computing
are already solved in principle. {7) The system-is compatible with photon
detection and high-resolutic;n momentum measurements and (B} requires no
drift chambers or proportional wire counters other than those already in
existence or under construction for the hybrid system. (9) A modest exten-
sion of the building wiil be necessary, but not a crane. (10) The maintenance
requirements will be aboﬁt the same as those of the present éystem. and (ii)
the system poses no safety problems.“ {12) The construction and testing of
ISIS would be carried out by the PISC and that of the Cerenk;)v detector, by
Michigan State University. Congervative cstimates of the costs are respec-
tively $100,000 and $30,000. The construétion, initial iest and installation
schedule would involve 6 to 9 months for construction, 1 to 2 months for
testing and 3 months for installation, for a total of 12 to 15 months. The
PHSC would assume overall responsibility for the ir;tegration of these

detectors with the proportional hybrid system.
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