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ABSTRACT 

We propose to continue our study of multiparticle productfon in 

100 GeYlc antiproton-proton interactions using the 30-inch hydrogen bubble 

chamber with one of the downstream hybrid systems and, if possible, forward 

neutral particle detectors. We request an additional 400,000 pictures with 

the existing Cerenkov tagged pItt- secondary beam. We would propose to take 

a bubble chamber picture whenever we have 2 or more plslpulse 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 

exclus1ve channels and strange particle production and (b) a ~etailed compa­

rison with existing 100 GeV/c pp data in an attempt to investigate the anni­

hilation contribution to the pp interaction. 
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I. 	Introduction 

Our collaboration has recently completed (Jan. 27. 1975) the data 

taking for Experiment 311 1 -- a survey experiment of antiproton-proton inter­

actions at 100 GeY/c using the Fermilab 30-inch bubble chamber-wide gap opti­

cal spark chamber hybrid system. The data analysis is progressing raptdly 

and preliminary results have already been presented2 on elastic scattering 

and on the charged multiplicity distributions. We expect to have data soon 

on neutral particle production Ind on the inclusive distributions in pp inter­

actions. These papers will be submitted in the near future as appendices to 

this proposa1 • 

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 GeY/c Cerenkov 

tagged enriched p beam in the 30-1nch 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. Adownstream neutral particle detector would also be highly 

desirable. 

II. Beam 

The results of E-3l1 have shown that an enriched p beam at 100 GeV/c 

is perfectly adequate for this current bubble chamber proposal. By selecting 

a 100 GeY/c negative particle beam from the target "halo" produced3 by the 

decays of A. A, and KO. we have obta1ned2 0.2 pls/negative beam particle. By 

using (a) a deflection trigger on a tagged p beam particle or (b) the require­

ment that there be 2 or more plslpulse 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 fnto the 3D-inch bubble chamber we have 

Obatfned -5.000 pp and 5000 w·p fnteractfons per 34,000 bubble chamber p1c. 

tures fn about 68.000 chamber expans10ns and 17,000 accelerator cycles •. 

While some beam tests have been made and further tests could be made to in­

vestigate more optfmum beam settings, we think that the beam used in E-311 

fs acceptable for th1s current proposal and would expect to take the 400.000 

pictures in less than 200.000 accelerator cycles. 

Ill. Physics Motivation 

The prfmary motfvatfon for requestfng further pictures at 100 GeY/c 

is based on pre11mfnary analyses of data from E-311: 

(1) 	The pp topological cross sections. shown 1n Table 1 and Figure 1. 

show fnteresting differences when compared to pp data at 

102 GeY/c. The trend seems to be for the lower multfplicity 

(f.e., 2 and 4 prong) cross sect10ns to be smaller for pp than 

for PP. while the higher charged multiplicfty (f.e•• ~ .14 prongs) 

cross sectfons are significantly larger than the corresponding 

pp values. With an fncrease in statfstics by a factor of 5 we 

should be able to study this dffference in much greater detafl 

than wfll be possfble in E-311. 

(2) 	Based on scanning results from E-311. we estimate that in 

400,000 pfctures we would have 10.000 neutral particle events in 

which we detect at least one y conversion or strange particle 

decay. Based on results from pp exper1ments4• about one-half of 

these wfll be strange particle decays. With these stat1stics we 

should be able to make a comprehensive search for excited 
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states (charm??) which decay into a strange particle (K;. At A) 

and between 1 and ~ 18 charged pions. It is important to note 

that a bubble chamber is an excellent 4w detector for studying 

excited states decaying into ~ 3 particles. The statistical 

level of this proposed experiment is about 60.000 ~p 

events/42 mb a 1.5 ev/~b. 

We will also determine the single particle inclusive distri ­

butions for pp ~ K;, A/r as well as the two particle correlations 

between strange and charged particle production. 

With the ~5000 y conversions we should be able to make a sig­

nificant contribution to the knowledge of wO-w± correlations at 

Fermilab energies. In addition. we may be able to study inclusive 

EO/~ production by directly observing the AY/AY decay mode. 

Similarly. we may be able to set limits on the inclusive nO pro­

duction by studying the yy 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 estimate2 that in 400.000 pictures we 

will obtain -10,000 elastic events with four-momentum transfer. 

t. between -0.02 and -0.7 (GeY/c)2. While this cannot statis­

tically compete with counter experiments investigating elastic 

scattering for ItI < 0.1 (GeY/cl 2, these data will be a useful 

check. We show in Fig. 2 preliminary t distributions for pp 

and tt-P elastic scattering from £-311. 

(b) 	Assuming that the cross section for the reaction pp + ppw+tt­

is about 700 pb (as is4 the pp + PPtt+tt- 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 ~6 f1n.l 

state continues to have a large contribution to this reac­

tion at 100 GeV/c as is found at lower energies5, or whether 

it is almost completely d1ffractive in nature as found in the 

corresponding pp reaction at Ferm11ab energies. 4 

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

pp + pp2~+2~-

which may have a cross section of -300 ~b if it is similar to 

the pp reaction. 

(d) 	For all these exclusive channels. it 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. 

(4) 	D1ffractive processes: 

D1ffract1ve excitation has been extensively studied in ~p and 

pp interactions between 100 and 400 GeV/c at Ferm11ab. With the 

statistics available inthis experiment we will be able to make a 

detailed comparison of both target and projectile fragmention into 
+ ­

~-. 	pIp with similar data in pp and ~p interactions. While pome­

ron 	factorization is often used to relate these processes. no 

detailed check at very h1gh energies has been made other than in 

~+p 	(and pp) + ~± + anything at 100 GeV/c. These results6 indi­

cated that factorization seems to work in ~+p (pp) + ~- + X reac­

tions, but not for the ~+ production data. It will be of interest 
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to compare such data with those obtained from 100 GeV/c pp fnter­

actions. 

(5) 	 Inclusfve d1str1bu~10n!: 

Because of the interest in pp ann1h11at10ns, 1t is important 

to obta1n a sample of events wh1ch are primarily pp annihflations. 

Since 1t w1ll be d1ff1cult to do this on an event by event basfs 

(although we can remove obvious nonannih1lat10n 1nteract1ons which 

have a final state proton, A, At or ant1-proton -- deffned as a 

negat1ve track w1th laboratory momentum greater than -80 GeV/c). 

we w11l need hfgh stat1st1cs 1n order to make a more meaningful 

separation on a statist1cal basis. S1m1larly. h1gh stat1st1cs 

will be required in order to make a detailed comparison (as func­
+t10ns of x, y, PT, etc.) w1th 1nclus1ve w~. p d1str1butions as 

measured 1n pp interactions at 100 GeV/c. 

(6) 	Two Particle correlations 

Correlations between two charged particles will be studied as 

a function of their rapidity and transverse momentum separat10n. 

It will be of particular 1nterest to compare these data with simi­

lar data in pp for events w1th high charged particle mult1p11cfty, 

i.e., semi-inclusively for ne ~ 14 where one might expect (see 

Fig. 1) that the ann1hilat10n contr1bution is particularly enhanced. 

Differences between the pp and pp data might shed some light on the 

high energy annihilation process. 

IV. 	 Summary 

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

p/u- Cerenkov-tagged beam 1n the 30-inch hydrqgen bubble chamber. We 
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estimate that with either the interaction tri!ger or the ~ Z pIs/pulse 

selection, we will obtain -60,000 pp and another 60,000 n-p events. 

We will measure every pp event and would expect to analyze most of the 

n-p data as well, although at a lower priority. 

(2) 	Primary objectives: The basis for requesting a high statistics bubble 

chamber exposure is (a) to study the low cross section processes such 

8S pp ~ ppw+n- 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 andlor final states. with 

similar data from pp interactions. In this regard, it is worth noting 

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

102 	GeV/e £-252 Michigan-Rochester 33,000 pictures 100% pp 
+100 	GeVle E-121 U of Calif.-Davis 104,000 ~60% pp,-40% w p " 

100 	GeVle £-28 Purdue-Wisconsin 00.000 ~60%pp,-40% n+p" 
150 	GeV/e £-299 MWPC Consortium 158.000 -50% pp,-50% w+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 eorrlprehensive study of pp interactions 

(except for a survey experiment. E-344 between 40-60 GeVle at Fermilab) 

at momenta above 40 GeV/c. Furthermore, the only high statistics PP 
bubble chamber exposure above 7 GeYlc 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 GeYlc data. 
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Table I 

Topological Cross Sections for 100 GeYlc pp Interactions 

Cambr1dge-Fenm11ab-MSU 

(Experiment #311 - Preliminary Results) 

Prong
number 

Number 
observed 

Corrected 
number 

Cross-sect1on 
(mb) 

102 GeV/c pp
(2) 

0 6 6 0.053 t .022 

2 el. 498 
ine1. 431 

829 
443 

7.39 
3.95 

f 
± 

.31 

.36 
7.0 
4.5 

± 
± 

.4 

.4 

4 856 869 7.75 ± .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 Sl 49 0.437 ± .061 0.21 ± .04 

18 14 13 O.l1S ± .031 0.05 ± .02 

20 4 4 0.036 ± .018 O.016± .011 

Total 
inelastic 3885 34.65 ± .23 31.9 ± 0.7 

Total 4384 4714 42.04 ± .09 38.9 ± .8 
Pl 

(1) A. S. Carroll et !l.• Phys. Rev. Lett. 33, 928, 932 (1974). 

(2) C. Bromberg et !l.• Phys. Rev. Lett. !L. 1563 (1973). 
'\ 
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ABSTRACT 

We propose to continue our studies of multi particle production at high 

energies by performing two high statistics experiments with 100 GeV/c anti­

proton-proton and proton-proton interactions using the Fermilab 3D-inch hydrogen 

bubble chamber spectrometer with a downstream external particle identifier for 

p/K/. separation. We request 106 pictures with a .Cerenkov-tlgged p/.- secondary 

beam and a like number of pictures with a tagged p/.+ beam. The primary goals 

of these experiments are: (a) a measurement of the pp annihilation cross sec­

tion and a study of the multi particle production in baryon annihilation events. 

(b) a study of the Kn correlations in both pp and pp interactions. (c) a study 

of the low cross section processes such as exclusive channels and neutral parti­

cle produc~iont and (d) a high statistics comparison between pp and pp 

interactions. 

Since there will be a large number of n±p interactions in this film. 

these events will permit a high statistics study of many of the above topics 

in .±P reactions. Aseparate proposal which will guarantee that the .p data 

will be analyzed will follQW shortly. 

1 • INTRODUCTI ON 

Our collaboration completed data taking for experiment 311 in January 

1975. This experiment was a survey experiment of 100 K pictures of antiproton­

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 

rapidly with most of the ~15tOOO pp events having been measured. Two papers 

on the multiplicity distributions in pp and pp interactions are already 

publishedl ,2, and a paper on the annihilation effects in neutral particle 

production is nearing completion.3 

------------.---.--.-..~.~.---. 
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On the basis of the current analys1s of E-311 as well as other studies 

of high energy 1nteractions at Fermilab, we are requesting 106 pictures of a 

100 GeV/c Cerenkov-tagged enriched p beam and 106 pictures of a 100 GeV/c 

Cerenkov-tagged p/~+ beam into the 30-inch bubble chamber filled with hydrogen. 

A novel feature of this proposal is the planned ~se of an External Part1cle 

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 1nformation, as well as the neutral kaon detection 1n the 

bubble chamber itself. one can study interest1ng topics such as the rapidity 

, gap d1stribution for strangeness exchange and the two particle correlat10ns 

between K-~-, K+~+ and K;~± (and KK). Since significant like-particle effects 

have been observed in 'It±'It± correlations4• it would be most interesting to study 

other combinations such as K±~±'which are still exotic but d~ not consist of 

. two identical particles. 

2. BEAM AND BUBBLE CHAMBER 
I 

The results' of E-311 have shown that an enriched p beam at 100 GeVle 

is perfectly adequate for the current proposal. However. recent computer 

studies by Neale have shown that with a modification to the N3 beam line signi­

ficant 1mprovements should result 1n both the p/~- rat10 as well as t~e flux 

at the bubble chamber of pIS pe~ incident primary proton. 

During the run of £-311 a negative beam containing 20 per cent pIS at 

100 GeV/c 5 was obtained from the target IIha1o" produced by the decays of A, 

Aand KO. By using (a) a deflection trigger on a tagged p beam particle or 

(b) the requirement that there be 2 or more pIs/pulse before taking a bubble 


chamber picture we took 98.000 pictures containing 0.32 pIs/negative beam 
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particle. With the collimators wide open a flux of 30-40 p's/10" incident protons 

was obtained which was more than adequate for the quadruple pulsing of the 

bubble chamber. 

The E-311 exposure was carried out with a 300 GeV incident proton beam. 

However. 400 GaV protons are now available on a r~gular basis and should lead to 

a factor of 2 increase in both the p flux and the ~/rr- ratio. 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 shou1d be possible to achieve the same 

number of p interactions per picture as 1n the E-311 experiment without triggering 

the bubble chamber flash. 

Calculations6 indicate that by closing down the horizontal aperture of 

the beam dump from 25 mm to 10 mm the p/rr- 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 pIS and rr-'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/v·p pictures could be taken in _106 chamber expansions and 

-250 K accelerator cycles assuming quadruple pulsing. The currently existing 

beam line is quite adequate for the proposed 50% pp/50% v+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 the 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, is not essential. In this regard, the aboye consi­

derations show that we would expect -4-6 pIS per bubble chamber expansion 

assuming 10" protons on target per accelerator cycle and 15 bubble chamber 

expansions per accelerator cycle. 

3. f:XTERNAL PARTICLE IDENTIFIER (EPI,) 

The primary object of the proposed experiment ;s to identify 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 ~IS and K's). To do this, two possible 

systems could be used: (1) a system of mult1ce1l threshold Cerenkov counters, 

or (2) a particle identification system based on detecting the relativistic 

rise in ionization. Since no such Cerenk.oy system exists at the present tinte 

(although plans are being made for such a system for the CERN RCSC project) 

and sinee an EPI based on detecting the relativistic rise of the ionization 

loss in gaseous detectors does exist at CERN cs.nd 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 Cerenkoy counter system which would 

identify leading particles (phI') with momentum between 20 and 100 GeV/e and 

central region particles below 20 GeV/c (K/Tt)7. 

The system we would propose to use is the CERN EPI which was designed 

for use behind BEBe with the RF beam and which is currently under construction. 

Details of the system as well as the results of tests made at CERN are des­
8.9

cribed in papers included as Appendix A. Basically. the system consists of 

128 layers (88 presently exist) of 32 (6"x 90 cm2) individual proportional 

.-.......~.- ----_._._------'-----------­

http:Cerenk.oy
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counters (cells) each, of which is 6 em 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% CH4 

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 through 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 n'S by ionization in the bubble chamber. trans­

fanned 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 into 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 ionization, after folding 

in the probability of more than 1 tracK entering the same cell. is better 

than - 6% FWHM. 

(c) 	 As can be seen in fig. 4. the efficiency for finding the p alone in a 

la.rge 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 entire 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 cm2) made necessary by thectight (-5 ilsec) 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 loss of solid 

angle would cause only a minimum loss of tra~k information (see fig. 1). 

(f) 	 For BESC 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. 

(9) 	 Minor electronics modifications would have to be made to decrease the 

dead time of the system from the present 255 jJsec to ~ 75 ).lsec. 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 probabj11ty drops to s13% (see fig. 5). This represents 

an upper limit. is unbiased and only causes a possible loss of data con­

cerning 1dentjfication of very forward piS or p'S, with no anticipated 

effect on the K/w 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 leaving the EPI. With the proposed use of 

the EPI. three sets of PWC's would be required. one immediately behind the 

bubble chamber* 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 



-7­

the EPI. Such a set of planes should yield the desired 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 Plano and co-workers 10. 

4. 	 PHYSICS MOTIVATIO,N. 

The primary objectives of this experiment are twofold: to study the 

ben'yon annihilation process at high energy and to investigate the central 

region correlations betWeen kaons and pions. These and other topics will 

now be discussed in more detail. 

(1) ~p Annihilations 

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

the difference between pp and pp total cross sections~ then at 100 GeV/c 

cram) -3.5mb (see fig. 6). It is extremely important to measure the 

total annihilation cross section dil~ectly and to compare with the dif­

ference crr05p) - O"r{PP). Using the EPI we hope to be able to obtain a 

highly enriched sample of annihilation events because only the final states 

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

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

from pp ~ np + X, pp ~pn + X and pp ~ pp + X one can estimate the fnclu~ 

sive distributions for ~p + fin + X. 

(2) 	 Multie1icities 

The pp topological cross sections. shown in the papers 1 -~ '" from E-311 that 

have been included as Appendix B. show interesting differences when compared 

to pp at 100 GeV/c. The trend seems to be for the low multiplicity pp 

cross sections to be smal1et' than the pp ones, while the higher charged 

multiplicity (1 .e. ~ 14 prongs) o~oss sections are significantly iarger 
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than the corresponding pp values. This suggests that annihiiations 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 results3 from E-311. also included in Appendix B, show that the differ­

ences 1n single particle production spectra occur mainly in the central 

region suggesting that the annihiiation process is a more central colli ­

sion than the pp reaction. Clearly, a factor of 10 (again for both pp 
and pp) will make such studies more conc1uslve. 

With the identification of K;, K±, A and A in a large number of 

events (see summary in table 1) one might expect to study the process of 

strangeness exchange 1n both pp and pp interactions. For example, what 

is the rapidity gap distribution between the 2 strange particles? How 

locally is strangeness conserved? The answers to these questions (along 

with the analogous questions 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 to 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'Prt 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 em rapidity distribution for pp + W + 

anything.for annihilation and nonannihl1ation. interactions combined.at 

4.6, 9.1, 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 

separate1y for anni hil at; ons and nonanni hl1 It,; ons. 

(5) 	 Two-particle· correlations, 

One of the interesting features observed in w-p and pp 1nteractions at 

Fermilab energies is the strong dependence of the two particle correla­

tion function on the azimuthal angular separation for a pair of like 

Pfons. 4 Figure 8 shows a strong like-particle correlation for.!. ~ 0 and 

the absence of a correlation for A. - w. It.would be interestfng to 

learn whether this effect is due to the bose statistics of two identical 

particles. One may be able to It!arn more about such effects by studying 
± ±

K w 	correlations in a similar manner. 

Another correlation which has been observed at lower energies is 

that between neutral and charged, piens. Whereas a positive correlation is 

observed in pp fnteractionsat 15 GeV/c where the annihilation-non­

annihilation separation was not possible. the correlation for pp annihila­

tions at 4.6 GeYle has been found to be negative. By identifying events 

with a protonandlor antiproton we should be able to study the wowc corre­

lation separately for annihilation and nonannih11ation 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 fecoil1ng system as well as single 

http:combined.at
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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 or 

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) 	 Exc1~sive channels 

Figure 9 shows a summary of the 4 and 6 body final states in pp interac­

tions. By extrapolation to lOP GeV/c. one can estimate the numbers of 

events expected for various annihilation and nonannih11~tion final states. 

These are given in table 1 along with similar values for the pp exposure. 

With the expected numbers of ppw+n- and ppw+w· events one will be able to 

make interesting comparisons at 100 GeV/c. The number of annihilation 

events expected in the low ($ 6) multiplicities will be too small to 

permit much analysis, but it could be that the cross sections for annihi­

lations to 8w and up will be large enough to permit some interesting 

analysis. 

5. 	 SUMMARY. 

(1) 	 Exeosure: We request 106 pictures of a 100 GeV/e p/w· and 106 

pictures of a 100 GeV/c p/w+ Cerenkov-tagged beam in the 30-inch 

hydrogen bubble chamber spectrometer. We would hope that a p/w· 

ratio of about 0.6 could be obtained with minor modifications to 

'the 	present beam line. and that a p/w+ ratio of about 0.6 could 

be used for the positive beam. We request that a beam spill of 

~1 msec be provided to the bubble chamber. 

(2) 	 Downstream ~PI: We would like 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 3D-inch Be-Hybrid 

system proposed by Plano and co-workers lO (modified somewhat to 

allow for the 8m long EPI) one should be able to measure fast 

forward secondaries with considerable p~ecision, certainly well 

within the requirements for particle identification in the EPI. 

Figure lOa shows the proposed layout10• with our suggested modifica­

tions to that plan shown in Figure lOb. It is our opinion based on 

a detailed study of requirements dictated by physics that additional 

space, beyond that allocated in fig. lOa, 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 physics capabilities of the spectrometer system. 

(3) 	 Equ1Bment: The EPI system would come w1th its own NORD-10 computer and 

peripherals. The existing system including the PDP-ll 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. 11 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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TABLE I 

ESTIMATES OF NUMBER OF EVENTS TO BE OBTAINEO(a) 

Negative beam Positive beam 

Events/pb PP 4.0 pp 4.0 

Total events 168,000 154.000 

Elastic 30.000 27,700 

Inelastic 2 prong 14,400 17,800 

II II4 	 32,200 31.300 

II II6 	 33,000 29,700 

II II8 27,700 23,000 

II 10 " 16,400 14,600 

II 12 	 8,800 6,300" 
II II14 	 3,600 2,500 

II" 16 	 1.400 830 

II" 18 	 480 200 

II 20 	 160 63" 
II \I22 , 40 

KO 7,700(b) 5.600 
s 

A 
3,800(b) 4,900 

820(b) 	 220A 

y 	 12,600(b} 11,500 

pp'll'+'11'- :> 4,000 	 3,300 

1,300pp211'+211'- > 1,300 

~ 1 0/" 4O/ N 404'11'/6'11'/8'11' 

14,000Total Annihilation 

~a~ Based on 106 pictures of p/'II'- and 106 pictures of p/1I'+.

b Based on the data of E-311. . 
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Fig. ,2. 	 pp Multiplicity distrtbution of events at 100 GeV/c 
tlsedfor study of the EPI. 





Fig. 4 (a) 	A typical four-prong event as 
useen" by the EPI after the 
tracks have been swum through
the fringe field. 
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Fig. 6. Difference in total cross section forpp and pp 
interactions as a function of the incident beam 
momentum. Also shown as the measured annihilation 
cross section at low energies (see J. Whitmore, 
proceedings of the APS/DPF Meeting, Seattle, 1975). 
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anything at 4.6,9.1.14.8 and 100 GeV/c. 
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Fig. 8. 	 The two-particle correlation function for various charge combi­
nations. from '1tp and pp coll isions as a function of )the rapidity
separatton ana azimuthal angular separation (Ref. 4 • 
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HIGH RESOLt1l'ION IONIZATION MEASUREMENTS 

IN THE REGION OF THE RELATIVISTIC RISE 

M. ADERHOLZ, P. LAZEYRAS, I. LEHRAUS, 

R. MATTHEWSON, W. TEJESSY. 

CERN I Geneva. 

ABSTRACT 

Results of a 62 layer gas proportional counters test at 9 GeV/c are 

9iven. The achieved resolution in the ionization was 9.4\ FWHM for 4 cm 

layer thickness and Ar + Sit CH ga~ mixture. The ionization rat~o of
4 

pions and protons was 1.21 to.01 for Argon at atmospheric pressure. # 

Other gas mixtures were also tested. The results of the experiment were 

used for design improvements of a 129 layer ionization detector proposed 

for identification of fast secondaries emerging from the 3.7 m bubble 

chamber working at SPSenergies. 

·IL/mk 
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1 • INTRODUCI'ION 

This paper represents another step in the developm~nt of a particle 
j . 

id.ntification device proposed for the 3.7 m Hydrogen Bubble thamber·to 

work'at the 400 GeV CERN SPS energies [1]. Previous work permitted the 

design characteristic:" of a 128 layer, 4096 - channels multilayer 

proportional counters system to be determined, which will be able to 

identify the fast secondary particles emerging from the bubble chamber. 
, ' 

The detection area is assumed to be about 2 m wide and 0.75 m high. The 

d~tector should have a good multiparticle detection efficiency and it 

should be able to identify protons, pions and kaons at momenta corresponding 

to the design parameters of the proposed radio - frequency separatedbe·am 

(6 ~s spill time, maximum unseparated momentum ISO GeV/c). Several half­

scale prototype modules were made and the equivalent of a single 32 ­

layer cell was tested at 16 GeV/c. Details of the experimental arrangement 

and the results of ion~zation measurements made in Argon in the region of 
! . . 

. the relativistic rise have been presented already i1'l. ref. [1]. 

This time, the measurements were extended to 62 layers 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 thes'e tests I namely the surprising behaviour of the width 

of the single .layer ionization loss distribution as a function of the 

layer thickness, were: used to optimize the final detector design. A 

slightly modified version, therefore, is proposed, giving an improved 

~esolution and better performance extended towards higher particle 

momenta. ' 

2 • GAS HI XTURES 

An extensive study has been made in order to find a gas mixture which 

w:ill give the steepe~t.~'slope of the relativistic rise and nar:!::'owest width 

of the ionization loss distribution. The high voltage characteristics of 

different gas mixtures: are shown on Fig. 1, where the peak P.H.A. channel 
5S . 

of the ~.9 kev Fe X-ray source is plotted. The working range was 

limited by noise level at the lower end and.by the degradation of 
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proportionality and resolution at the upper end of t~e characteristics. 

,The main interest was to determine the influence of fl-elium admixtures 


on the performance and stability of operation. It was also very im~rtant 


to find out if anexpensi ve heavy gas like Krypton or Xenon would improve 


the performance when small percentages were added to the Argon. Clearly, 


the "good
l
' gas mixture should not have very steep high voltage characteristics, 


which practically excludes the first 5 gas mixtures (from the left) on Fig_ 1. 


Fiq. 1. alone is not sufficient, without taking into account also the 


pOssible degradation of the ionization resolution. Fig- 2 shows' the 

55 

spectra of the Fe source, as measured in different gas mixtures working 

near the middle region of ,the characteristics. All measur.ements were done 

under the same ,. conditions at atmospheric pressure, when the gas filling 

(supplied from pre-mixed gas bottles) 'was perfectly stabilized and clean. 


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

4 

Fig. -2b) and (c) contain 60% He. Their behaviour is essentially the 

same as for the "standard" mixture but the gas amplification is higher 

'by is factor of. approximately 14 in caSe (b) and by a factor of 5 in case 

(c) • The explanation for this behaviour is probably the Penning effe.ct. 

Further increase of Helium content in the mixture to 85\ (Fig. 2d) leads 

to a visible degradation of the resolution and to a considerable reduction 

of the detection efficiency. Another ~wo gas mixtures containing 95% 

He + S\ CH and 90'. He + 10\ CH did not work at all. Fig. 2e) shows
4 4 


95% Ne + 5\ CH mixture which was very unstable in operation and therefore

4 


not s~table for reliable ionization measurements. 95% Kr + 5\ CH
4 
mixture, (Fig. 2£) was satisfactory and stable" the gas amplif'ication factor 

. . 
was about seven times lower than for the Ar + 5% CH mixture. Adding'

4 
75\ He. (Fig. 2g) spoiled the resolution and the detection efficiency. 

Finally, Fig. 2h) shows the mixture of 85\ He + 5% Xe + 10\ CH4 which is 

apparently not very satisfactory from the stability point of view. The 

comparison of the resolution (width of Fe
55 spect~um) for individual 

gas mixtures is presented in Table 1. 
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TABLE 1 

a 

b 

c 

d 

e 

f 

9 

h 

Gas mixture 
55

Fe peak FWHM [%] 

195% Ar + 5% CH
4 

17.7. 

60% He+ 35% Ar + 5\ CH
4 

18.0 

60\ He + 30\ Ar + 10% CH
4 

17.7 

85% He + 10% Ar + S\CH
4 

, 

23.9 

95\ Ne + 5% CH
4 I 

40.4 

95%Kr + 5% CH
4 

17.6 

7S% He + 20\ Kr + 5\ CH4 20.9 

85% He + 5% Xe + 10\ CH
4 

22.2 

The choice of Methane as a quenching agent was determined mainly 

by its compressibility,without condensation, permitting a more efficient 

and economic filling of pre-mixed bottles, as compared wi th CO or Propane.
2 

It is perhaps worth mentioning here that the unit volume cost ratios 

. of Ar He ! Kr :xe are roughly 1 : 2 : 35 : 170. This inevitably 

demands an installation of a closed recirculating gas system, with 

continuous purification and restitution of exact proportion of the 

quenching agent, in cases where either Krypton or Xenon (even in rather 

small percentages) were used. 
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3. EXPERlMEN'liAL ARRANGEMENT 

The set-up used for the beam tests was similar to the one already 

described in detail in the Ref. [lIe Four half-scale proto~ype modules 

of 16 rectangular proportional counters, each were placed one behind the 

, Qther so as to form one "slice" of a 64 layer detector. The individual 
, 2 

proportional counters of 4 x 4 cm cross section and of 33 cm (frame ­

to - frame) length were formed by stretched thin wires with 1 em spacing_ 


Windows cut in the frames allowed an un1mp~ded passage for the beam'particles. 


One 3 em wide scintillation counter' was fixed in front, and another one 


behind and their coincidence was used to trigger the data acquisition 


chain. 


The detector assembly was electrostatically'shielded and thermally 

insulated. It was installed in the U7 high-energy beam in the CERN West 

Area, at a distance of about 150 m (Fig. 3) from the exter~al. target. 

The beam size in this region was 8 to 16 rom (FWHM) in both horizontal 

and vertical planes, safely within the detection area. ,The unseparated 

beam of!2. < ± 0.25\ was tuned for 9 GeV/ c. One 10 ns long bunch of' 
p 

particles was ejected from the PS at 22 GeV and the beam intensity was 

drastically reduced by c1C)sing the acceptance defi,ning collimators, so 

as to register one event in about 5 accelerator bursts. This was 

necessary to reduce simultaneous double particle events'within'tolerable 

linii ts. 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 the detector performanc~ and stabll1ty,a Sr90 collimated 

source was fixed to one of the unused edge channels and the lower (steeper 

edge) half'- maximum point of the electrons spectrum was recorded at 

regular intervals from a pulse - height analyser. Minimum ioni Zing 

particles traversing the full layer thickness must be used, otherwise the 

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 ~e corresponding interval of time. The increase in the barometric 

pressure produces a decrease 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 

increasing and 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 shows (as a monitor reliability check) the 

time variations of the 1!' - mesons peak as accumulated over about :2 to 3 

hour intervals during the run. The phase correlation between pressure, 

monitor and the beam data is correct, the monitor and the ionization peak 

follow almost exactly the same pattern. The very small difference was 

due to the rathe,r long accumulation time necessary for collecting a 

significant statistical sample o,f the beam events, compared with about 
90

15 minutes of accumulation time for the sr spectrum. 

The electronic circui try and the data processing chain was again very 

similar to the one uSed in the Ref. [1]. Each signal wire was connecte¢l 

to a simple high-impedance low vOltage ~ain amplifier mounted directly 

on the detector frame. The signals were integrated and stretched in 

a sample and hold circuit and processed in a set of 64 gated B-bit AOC's 

situated near the detector. The pulse train outputs from the AOC 'S were 

sent to a set of 64 scalers in the beam control room. The content of the' 

scale,rs was read into an on-line PDP-B computer and transferred via a fast 

data link first onto the SEBC PDP-IS 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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~)e DEC tapes were immediately processed off-line (for quick checks 

of the data, verification of all channels etc.). Later they were copied 

onto a standard magnetic tape and t;he data processed on the COC 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. 

4. 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 because of the need to remove the detector covers and hence 

disturbing the stable thermal conditions during the run. So Fig. 5 shows 

only a 62 layers detector result using Ar + 5\ CH gas mixture. 7061 true
4 

sing~e ~ events are plotted. The ~- contamination was estimated to be 

on the level of a few per cent only. The data were corrected for all 
90

systematic drifts using the Sr . monitor. The response of the individual 

layers was adjusted by varying the corresponding amplifier gains to be 

equal within 10% limits. Further correction WaS made during the data 

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. The histogram 

on Fig. 5 presents the result of ~ single parameter maximum likelihood 

fit, using the· corrected "average" single layer ionization losses 

distribution as a reference. The parameter mentioned above is simply a 

linear shift of the reference curve along the channel number axis. BlaCK 

circles show the result of a very simple and effiCient cut-off method 

of taking a "inean of 40% smallest values" for each event. Crosses 

connected bye dashed curve indicate a Monte-Carlo simUlation for the 

same number of events as taken in the experiment, USing the· same maximum 

likelihood method with the same reference curve and assuming all layers 

identical. The differences between the fake and the experimental 

distributions are negligible. They are probably due to occasional 

delta-electrons and associated intercQrrelation effects, u-meson and 
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other background, electrical noise etc. 

The width of the experimental distribution is 9.4% FWHM for the 

maximum likelihood and 9.8% FWHM for the cut-off method. The errors 

shown on Fig. 5 are only the statistic.al ones. This result was much better 

than expected from the predictions of Ref. (1 J. .Fig~ 6 shows the 

resolution asa function of the number of layers for the maximum likelihood 

and for the cut-off method. The experimental points for 4 em layer' 

thickness and Ar + 5% CH4 gas mixture at a~mospheric pressure are from 

the 9 GeV/c w- run (corrected data). MOnte-Carlo generated distributions 

facilitate reliable and exact predictions of a 128 layer detector 

performance. 

The reason for the considerable improvement in the present experiment 

results,8s 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 11ke1.y, due to the fact that during this experiment single particle 

events were in the majority, whereas in Ref.[l) they were a minority 

(simultaneous particle contamination was very high even in the best data 

samples). The dashed curve on Fig. 7 was used for optimization of the 

number of detector layers and layer thickness in Ref. [11. It is clearly 

far too pessimistic. Most of the points on this curve were measured 

either by 1.3 MeV electrons or by cosmic ray ~-mesons [2-8}. Even with 

guard counters used against showers in cosmic rays and in accelerator 

beams it is rather difficult to eliminate ,completely the'double particles. 

Presumed "s1ngle particle" events from Ref. [1] are plotted on Fig. 7 

in full black circles. The experimental points were produced by summing 

up the values of a corresponding nurnberof the individual 1ayers~ event 

by event. The first two layers gave 8 em of detector thicknes~ first 

four gave 16 em etc. up to 128 em. The resulting 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 detector length of Argon at 

atmospheric pressure. This curve, above about :n em of detectOr length, 

http:extended.to
http:statistic.al
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is in reasonable agreement with the theoretical Landau predictions [9,10]. 


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 ionization losses, for 


relatively thin detectors. Some of the delta-rays responsible ·for the 


big fluctuations in the ionization could escape from the detector, which 


. is only 4 em wide. This effect is probably 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 optimization 

of the ionization detector was made concerning the number 0.£ layers f 

layer thicknes'sand total detector length, for a desired resolution. The 

result is shoWn on Fig. 8 for Argon at atmospheric pressure; maximum 

likelihood method and all layers having identical response. Around 3 cm 

of layer thi ckness 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 tracks 

and particles passing from one detector "slice" into the adjacent one 

will reduce the effective number of layers. For this' reason, on the 

contrary, it is preferable to keep the number of layers rather high. For 

the envisaged 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% FWHM of ionization resolution 

for a total length of about 8 m. Updated estimation of the cost is some 

220 SFr per channel for electronics and detector itself. The electronics 

represents roughly 73% of the total cost. Sacrificing to some extent 

the detection effiCiency for the inclined and crossing tracks, about 20% 

saving could be achieved by halving the number of layers to ~4. The 

layer thicknesss should be then about 16 cm in that case (see Fig. B), 

which leads to a total detector length of 10.3 m. In this ~ariant the 
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electronics represent only 60% 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 

+ 

.~ mesons. The results for Ar + 5%CH4 gas mixture and 62 layer detector 

are shown on Fig. 9, together with the n- distributions plotted on the 

90­

same scale. The data were corrected using the Sr monitor and the 

individual layers were equalized before the final data processing. The 

upper part of Fig. 9 shows the result of maximum likelihood and the 

lower part the "mean of 40% smallest \1alues" cut-off method. 12698 events 

are plotted in the p, '11'+ distributions. Note the exact coincidence of the 
.+ 
rr and n peaks, which is an indication of a very reliable monitor. The 

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

The efficiency of the p/'Il' separation can be estimated using the 71' 

peak width and a ratio of proton peak to valley between protons and 11 
+ 

• 

Clearly the maximum likelihood method is the most efficient, giving 9.4% 

FWHM for ~ and. about 7.4 for the peak to valley ratio. In order to 

establish the best cut-off parameters the proportion of values taken 

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 the 62 values. per event). Table 2 shows the comparison 

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

TABLE 2. 

Method 
(62 layers i Ar + 5% CH

4 
) 

FWHM[%] 
(1T­ run) 

Peak/valley 
(pi 'If+ run) 

Mean of smallest 

·20% 12.4 4.7 

30% 10.9 5.3 

40\ 9.8 6.1 

50% 10.1 5.2 

60% 10.5 (asymmetric) 4.4 

Mean of 10 to 50% 
smallest 

10.4 3.6 

20th value 12.0 3.2 

Maximum likelihood 9.4 7.4 
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values" seems to be the nost efficient cut-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 tt 
+ is 

1.21 ± 0.01 for Ar + 5% CH at atmospheric pressure. The errors emanate
4 

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. [lJ. 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 NAt. or CERN SPS measurements will show higher absolute values for 

the plateau (the data existing at present in this region were all measured 

using a few hundred MeV electrons). 

In the first half of December 1973 another run was made,using two 

more gas mixtures selected from the group presented on Fig. 1 according 

to the criteria of good stability of operation. Krypton + 5% Methane 

and 60\ He· + 30\ Ar + 10% CH mixtures were chosen for this test. It is
4 

obviously very interesting to search for a possibly steeper slope of the 

relativistic rise of ionization in a gas heavier than 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. 



-38­

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

TABLE 3 

Gas mixture I rr/p ionization Proton 
i ratio peak 

FWHM.. [%J-­ -­ -
95\ Ar + 5% CH

4 
1.21 :!:: 0.01 10.7 

60% He + 30% Ar + 10% CH
4
! 1.21 ± 0.012 11.3 

95\ Kr + 5\ CH
4 

1.26 ± 0.015 14.9 

The targetting conditions were not exactly the same in the Ar + 5% CH
4 

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 posi tions were lower than in 

the Ar + 5% cH -run). Neverthelessl the following general statements C~~
4

be safely made~ 

a) Ar + 5% eH mixture shows the best resolution;
4 

b) the mixture containing 60% He + 30% Ar behaves almost exactly 

as "pure" Argon; 

c) Kr + 5% CH mixture gives by about 4\ higher ioniz.ation ratio
4 

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 detail 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 approximation of the expected 128 (6 em thick) layers detector 

performance was made in the following way: the relativistic rise of the 

ionization waS taken from Fig. 10 and a 6\ FWHM Monte-Carlo maximum 

likelihood distribution was used, shifted along the relativistic rise 

according to the particle momentum. Equal nurrber of protons, kaons and 

pions was assumed. The result for 20 and So GeV/r:; is shown on Fig. ll. 

The muons cannot be obviously resolved from pions, but they cannot be 

resolved 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 Gev/c. 

The K/rr overlap is about L 7% at 20 Gev/c and it grows steadily to some 

15.6\ at 50 GeV/c. The p/~ overlap of roughly 0.5\ 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 

pIn, p/X and Kin separation as a function of the particle momentum. . The 

separation efficiency is still acceptable up to almost 100 GaV/c. A very 

important featUre of particle identification by ionization measurements 

is that the loss of efficiencj is purely statistical in origin and does 

not introduce any kinematical bias in the bubble chamber data evaluation. 

Note that an absolute li~~t for K/~ separation by the atmospheric pressure 

threshold Cerenkov counters is at 60 GeV/c [16]. 

5. CONCLUSIONS 

A slightly modified and improved version of a 128 (6 em thick) 

layers 4096 proportional counters detector as proposed in Ref. [1] was 

given, using some new results obtained in a 62 layer test run at 9 GeV/c. 

The detector is deSigned to identify,by ionization j the fast secondary 

partiCles emerging from the 3.7 m bubble chamber (SEBC) operating in SPS 

beams of up to about 150 Gev/c momenta. The detector should achieve an 

ionization resolution. of better than ± 3% wi t.1-t acceptable separation 

efficiency up to ~lmost 100 GeV/e for p/K/w separation. The updated 
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cost estimation gives about 220 SFr per each of the 4096 channels I 

including both the electronics and the detector itself•. It has 

been proved that a reliable monitor enables extremely stable and 

reproducible operation over extended periods 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 

prepared, consisting of amplifier, stretcher, ramp comparison ADC, 8-bit 

c-MJS scaler and shift register read-out per channel •. 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-interracting 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 efftc1ently 

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 etc. 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.). 
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FIGURE CAPTIONS 

Fig. 1 High voltage characteristics for different gas mixtures. 

55
Fig. 2 Fe spectrum in a) 95% Ar + 5% CH

4 
b) 60\ He + 35% Ar + 5% CH

4 
c) 60% He + 30% Ar + lOt CH

4 
d) 85% He + 10% Ar + 5% CH

4 
e) 95% We + 5% CH

4 
f) 95% Kr + 5% CH

4 
g) 75% He + 20\ Kr + 5% CH

4 
h) 85% He + 5% Ke + 10% CH

4 

Fig. 3 Experimental arrangement of a 64-1ayer detector. 

Fig. 4 Barometric pressure dependence of the ionization signal. 

Fig. 5 9 GeV/c n result and Monte-Carlo distributions. 

(Ax + 5% eH ).
4 

Fig. 6 IoniZation resolution as a function of number of layers. 

Fig. 7 Single layer ionization losses distribution width as a 

function of the layer thickness. 

Fig. B Optimum number of layers and layer thickness for a given 

resolution and total detector length. 

Fig. 9 9 GeV/c positive run result. 

Fig. 10 Relativistic rise of the ionization in Argon. 
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FIGURE CAPTIONS (Cont'd) 

Fig. 11 	 Expected separation at 20 and 50 GeV/c assu~~ng ionization 

resolution of 6% FWHM. 

Fig. 12 	 Expectedseparatlon efficiency (non-overlapping parts 

of the distributions) as a function of the particle 

momentum. 

Fig. 13 	 Full-scale prototype of a double layer Irodule (32 channels 

6 cm wide per layer). 
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A. description of:.! multi-h,yer proportional counter system being or 118 layers, each with n (6 x 6 cmZ) cells across. It will be able 
built 10 idemify fast chllrged secondary particles behind the to distinguish pions and l;aons tip to 70 GeV/c by sampling the 
3.7 m bubble chamber is given in delail. The device consists ioniz:1tion in tht region of the relalivislic rise. 

1, Introduction tons and pions up to about 150 GeV/c. This device, 
In this paper we describe the final version of a which is now under construction, consists of J28 layers 

multi-layer proportional counter system t-3) designed with 32 (6 x 6 cm2) individual proportional counters 
for identification of fast charged ~econdary par:ticles (cells) in each layer. Ionization deposited in the detec­
emerging from the 3.7 m bubbie chamber. The Exter­ tor is sampled by measuring the pulse height from each 
nal Particle Identifier (EPl) will efficiently distinguish cell traversed by the particles. The final ionization­
between pions and hons up 10 about 70 Oe\'Ie, resolution in the region of the relativistic rise will be 
hons and protons up to aboutJOO GcVJe and pro~ about ±3% fwhm according to our measurements. 
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The delector. which has a detection surface of 90 x 192 ysis will include maximum likelihood fitting procedures 
em2 and a total length of about 8 Ill, will be pJaced at for the measured ionization values to establish the 
a distance of II m from the ceOler of the bubble particie's identity. 
chamber. It has been designed to identify those se­
condary partictes having the same charge as the 2. Construction of modules 

primary beam (leading particle concept). Non­ Construction details of the double layer modules 
interacting beam particles pass through an inSC!l5itive for the EPI are shown in fig. I. The assembly has been 
region corresponding 10 the heam dimensions at one simpiified as much as possible. The individual propor­
side of the detector (offset beam hole). The rf 5epara~ tiona! counters of 6 x 6 cm l section and 101.6 cm 
ted beam4 

) provides for full separaiion up to 70 GeV/r:. length arc formed by stretching stainless steel wirel' 
the maximum unseparated beam momentum being with 3 em spacing on laminated frames. The frames 
J50 GeVfr.. The spill time is 6 ~IS (limited by the C­ are made of a 12 en) wide sandwich of glass, Siesalit 
band rf modulator pulse duration). Because the EPI and printed circuits glued together with Araldite and 
time resolut.ion is longer than the beam spill time, all closed at each side by 25 Jim thick Mylar foils. Both 
secondary particles for each accelerator burst must be the outer and the median ht planes have 0 100 jlm 

registered together. The data from the EPI will he read wires tensioned to 160 g and soldered to the printed 
into an on-line ~mputcr, compacted and written onto circuits. The alternating signal/hl wires are 050 /lm, 
1600 b.p.i. magnetic tape together with the bubble tensioned t<~ 40 g which is safely below the breaking 
chamber roll and frame number. To this wi!! be added point. The electrostatic field of the individual counters 
the track coordinates from multiwire proportional is perfectly symmetrical, therefore no forces are exerted 
chambers, in front and itt the back of the EPJ, to enable on the wires, The deformation of the frames due to 
precise track reconstruction and correlation with the' the'wires and Mylar foils is negligible. Glass. as the 
hubble chamber picture in otf-line analysis, as well as principal frame material, was chosen for its surface 
datil from further multiwire proportional chambers quality with low outgassing properties as well as for 
which will measure the primary beam particle angles eCl)IlOmic reasons. We use glass bars 12 em wide since ... 
at the bubble chamber entry. The off-line data anal- narrower ones were not to be obtained. although S em 
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would have been adequate for the frame. The total but finally a 0 130 Iml glass tubewas adopted as the 
weight of a double layer module is about 250 kg most simple and practical solution. As !'ocen from fig. 3 
with electronics. The assembly of one module the tube prevents efficiently the charge collection from 
takes an average of two wee ks (27 different operations) the desired length of the signal wire with very sharply 
and is made in a specially clinmtiscd and dust-free defined boundaries. With a 4 em long glass tube the 

. workshop. Three moduies can be assembled simulta­ efteclivc insensitive region extends to about 5 em 
neousiy. aiong the wire. 

The jong-term stability of the module and necessary 
3_ Performance gas flushing rate was also te!Oted at constant tempera­

All important parameters of the EN were already ture. Arter the gas supply was turned off and the inter­

tested on several prototype modules. The useful height nal (yver-pressure allowed to equalize to the atmos­

of the dete.ctor and the uniformity of the response pheric pressure, the pulse-height rc!>ponse started to 

along the \'lires has been measured using the 5.9 keY decay due to outgassing, diffusion through lhe Mylar 

X-rays from an s5Fe source. The result is shown on the foils and stratification of the gas filling. As seen in fig. 

left part of fig. 2 for a 6 x 6 cm 1 cell. At a dislance of 4. during the firsi period of about 30 h the decay is 

5-6 em from the frame edge the response is already most rapid with a rate of about 80 h for a drop to lIe 

uniform within the acceptable limits of about ±5Il/C , value due. probably, to penetration of humidity 

giving about 90 ein of effective counter length. Efil­ through the Mylar foils, after which it slows to a rate 

ciency of the separation between adjacent ceHs could of almost 400 h to lie. No corrections were made for 

be estimated from the result presented on the right atmospheric pressure variations. The resolution for 

side of fig. 2. When irradiated by a collimated radio­ 5sFe was not seriously impaired even after almost 200 

active source the" uncertain" region is only about h but because of the pulse-height decay it is quite 

3-4 mm wide. comparable with the source spot size. clear that the modules cannot work properly without 

Fig. 3 illustrates how the insensitive beam region is continllous ga::: flow. 

produced by covering the appropriate part of the The behaviour of the detector with respect to the 
signal wire with a thin insulating layer. Several differ­ atmospheric pressure changes was also investigated 
ent materials (e.g. thin metallic tube. Mylar strip, thin more carefully. Only the reaction (0 overpressure 
coating of paint, coating of Araldite etc.) were tried, inside the moduie was studied. For that purpose it was 
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TAStE! 


ReI;uivistic rise: of the ionilali,)n in Jiif.:font gas mixlUre:;. 


Ga.. mixture 7! t /p ionization ratio Proton peak fwl1m 1%) 
al 9 GcV/c (malt, IikclihoOGi 

Ar+5% CII4 "j i.2! ±<i.Ol JO.1 
Ar+ 5% elLl (lh15 <\".1'./ l.22±O'/H 10.5 
He+ 30% A!'+ 10% eN. 3l 1.21 ±O.O!2 11.3 
Ar+ 15% Xc+ 5% CHI, (!hi~ exp.) 1~2J±(tOl 12,0 
Kr+ 5% CH'I :I) 1.26±O.015 !4.9 

necessary to cover the Mylar roils with metallic plates 
in order to protect them from eXL"Csslvc 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 cau;;ec by mechanicai 
settling of the Mylar foils against the supporting metal 
plates. Starting from ~Iboul 10 mm H 20 ovcr-prc&"Hlrc 
the detector pulse·hcight is reduced by about 2% for 
a I % pressure increase in the case of a ')OSr source and 
by 4.8% in the case of 55fe. This is explained by the 
fact th:tt the exp( Efp) term in the gas amplification 
formula is partially compensated by more ioni7.atiol1 
deposited by 0.54 MeV relativistic electrons traversing 
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Fig. 4. LOlls-term stabifity with the g:15 ~upply turned off. 

the detector, compared with the 5.9 keY quanta of 
55r-C converted iOC31ly within a few tenths of a milli­
mctrc. Because of that clTect. the necessary cuntinuous 
monitoring of the detector response should be done 
using energetic [J sources. 

The deformation of the Myiar foils. responsible for 
the sirong pressure-dependence in the region of the 
atmospheric pressure variations. will presumably 
become negligible when atl the individual modules are 
installed inside a pressurized box. 
To complement our results using Ar+5%CH 4 a 
further gas mix.ture containing Ar+15%Xe+5%CH 4 

wa!> tested during the June J974 run at 9 GeV/c in a 
64-layer detector set-up as described in ref. 3. For 
ieicrence, the Ar+ 5%CH 4- mixture was first tested 
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agnin in order to verify fhe- rerrmJucibiiity of the 
ionization measuremcntli.. The summary of the rcsul!s 
is given in table I where llle ionil.:nion mli,) for ;r + 

and proiOns at 9 GeVjc and the fwhm of the proton 
peak is listed. The most practical mixlucc (Ar+5"/.1 
CH 4) :.hows .\ satisfactory relativistic rise and itl the 
same iime the best resoiution, There is an indication 
of u slightly steeper relativisiic risc for the mixtul'cs 
containing xenon and for K r';' 5%.(,H of' an adv~magc 
which is. unforluoatcly, olTsc.:t by worse resolution, 
For the runs using the last t wo rnix!tlre~ 11 very limited 
amount or gas wus available (dll(~ to high CO'itj which 
precluded the attainment or weB stabilized conditions, 
This Illight be partially rcsp,msihle for the broadening 
of the peaks. It is not excluded thllt. With <l closed gas 
circulation loop <!nG conlinuous purifying, the next 
stage of development of the EPI will use the more 
expensive mixtures. Exact prediction,;; in this field are 
difncult now, because the valucs of the Fermi plMcau 
for those mixtures art not known. Nevertheless, it. 
will be certainly attructive to work with a nohle g!iS 

heavier than argon and at reduced prc,;:;;ure in order to 
push the onset of the plateau towt\TUS higher particle 
momenta. 

4. 	Electronics 

The Datil Acquisition (DA) circuit for each one of 
the 4096 proportional counter ce!b is shown in fig. (1, 

ft was designed to accept' simultancl.)u5 and non" 
simulhmtous particles up to .1 maximum of 10 JIS, 

beam spill. At a !!US amplificntiml factor of 104 the 
mean charge collected by each cell for each pnrtidc 
is about 3.5 x 10- 13 C The high input-impedance 
amplifier takes a current from this c1t:lrgc and converts 
it to a ~ I V output (-i;" = ("oRr). This signa! then 
goes to an integrator and to the sumfl"ling point is 
added a component of the signal, chosen so that {he 
composite output wilveform is flat-topped to within 
2% for 10 lIS. Provided that the DA gate is open thi:; 
signal is sampled by nil Operational Transconductance 
Amplifier synchroni7cd hy the be:lm ejection trigger 
and held when the beam spill end!' and the circuits 
have settled within I%. The signal is now :l de level 
which decays about I % per Inf,. It is applied to the 
comparator. a!<surin'g a logic<I! HI" at tho::: output, 
which opens the scaler input gate, About 10 JiS after 
this. 255 dock pulses are generated synchronously 
with iI pr1:cision ramp waveform from :I digital to 
analogue convertor. The scaler counts Ihe clock pulses. 
until the ramp voltage eqUlti5 the acquired signal 
voltage at which time the comparator switches and 
stops the scaler counting. Since the clock ilIld the ramp 

will he common to "II! cJlllnncls. the analogue to 
digital conversion of all 4096 cell sign:lls will be ac­
c(JHlplishcd simultaneously with 8-bit resolution in 
250 JlS. The IlH:~a;;urcd r.m.s. error for a single channel, 
b:!scd on a mOsl prnbublc sign:ll of 1 V, is ±1.5%. 
This comprises the following components: heam spill 
11.0%, noise ~l:LO%. settling time ±O.S%, drift 
±.O.25'};', quantization error ± 0.4%,. Overall nOI1­
!inc~lrily was found to be less than Ihe qUiintization 
error. It is not pmp()sed to use dose tolerance passive 
components so each channel will h~lve the facility of 
adjusting gain, pulse form and zero-set. 

At the cnd of the conversion the Master Cl)ntw\ 
will send the Transfcr pulse which parallel loads lhe 
d~l!;\, in the 4096 scalers. into Ihe corresponding cell 
shift n:gif.tcrs, then resc!!'; the sc:lIers 10 7.ero. This wili 
be followed by eight clock pulses 0 MHz) which op­
erale the cc!l shift registers which will be arranged 
(~ee fig. i; so that slice 0 da.ta is moved to a separate 
set or rcgislers, the slice shift registers located at the 
end of each iaytr. slice i moves to slice 0, slice 2 to I, 
etc. The slice shift r.::gistcrs will then be connected serially 
so that the computer may request the Master Control 
to shift (at 10 MHzi and tnlOsfer slice 0 data via fast 
d;ll:t link (as 64 16-bit words) toward the computer. 
This proctss is repeated for slices l. 2.... 31. the total 
read-our time constraint from the hardware being 
32;.:(8+(64>< 16xO.1)1 W., Oi abollt 4m5, During the 
shift proc!;!,,>;, ihe DA circuits may accept another beam 
plll'il' bcc:ul;;e the scalers are already cleared. The 
Master Control wi!! generate all necessary sample, 
ramp, dock, lrao;;fcr, reset ul1d shift signals on C0111­
mand from the beam ejection trigger and other hard­
ware or computer timing signllls, Extreme care h!IS 
heen lake!1 in keeping the power dissipation of this 
system. which will he mounted directly on top of the 
detector modUles, to a strict minimum. 

The .. slice" orgao!!ied read-out system was chosen 
since ii produces a grouping of cells in the direction of 
the particle trajectories and thereby cuses the pre­
evalu::llion by computer. especially for testing purposf.."S. 
Furthermore. it lends itself to a direct fast hardware 
evaluation of" passing test beam for calibration of the 
[PI. The ionilati,m l,.)~scs of a particle passing parallel 
to the detC{..~lor axiR through all 128 layers could be 
measured with reasonable resolving power using a 
rath~r simrle hardware wired for "mean of the 
smallest 40% of 128 values "3), A single result per 
track can be obtained this way. neg.lecting differences 
in the individual cell response, The necessary hardware 
contains e~senlia!ly a fast random access memory of 
256 words of 8 bits. The contents of the 128 channels 
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will be scanned lhrol.lgh and each time a given value 
has becn found the corresponding addrc~g location in 
the RAM army wili be incremcnted by L When all 
128 v:llues lIrc processed, rhe smallest -51 values (i.e. 
40%) will be eonsccutivciy t:ollverted into correspon­
ding pulsc !mills and suml1led-up using a modulo-51 
scaler. To shift out a full i 28 cell slice take::. 18 +(128 x 
8 x O.2)J ;::;:0 215 JiS. Writing time into Ihe RA M couid 
he ncglccicd, the $criaiiS,lIion and summing-up 
would take on the averagc 650 lIS, using a 10 MHz 
clock. The final result could be made available in less 
than I ms to be vi:>ua!/y (Ij,;pl:lycd. For more elaboraie 
testing the on-linc computer would be used. 

S. Oil-line data bandling fllCility 

The EPI and its <ls:wciatcd nlulfiwire pmponional 
chamber system will be serviced by a dedicated com­
puter, which is part of a loosely connected set of data­
acquisition and <:,)111rol computers to be llscd in con­
nection with BEBe nnd the West Area Neutrino 
Facility'). 

The EPr computer (fig. 8) will consisl of ;.j ~ 16 
bit machine with 32k \vords (If memory for user 
programs and data, plu!'. ;ldded space for the 
system monitor. The laUer will have full multi-tasking 
capabilities to allow easy 'Idaption to the real-time 
environment. A moving head disk of at least I M word 
capacity will be incorporatcd as mass storage for the 
multi-tasking monitor,. user :programs, tasks, and 
overbys as well as fl.\f log-liIe!> to monitor Ihe long­
term clliciency of the apparatus. OatH from the experi­
ment will be output via heavy-duty medium speed 
1600 b.p.i. 9-1rack magnet ic tape unit~. As ;i user 
interface to commtlnicate with the system a graphics 
display with keyboard of the storage ruhe· type is 
foreseen. On-line development of real-time programs, 
a necessity due to the vcry extended running pcriods 
of the cquipll1cnl, will be possible fmm a scparu!e 
console type,Hiter, which will also be used as lin 
output device for alarm messages, etc., when urrro~ 
priate. For large scale alphlwu!l1eric. and graphics, 
output we pl::m to share a linc-printer (plotter) between 
all involved compulers. 

Data from the EPI and froln the M WPC sysiem 
berore and behind HEBe will be entered via direct 
memory access transrers after CHell bUrs!. For the EPI 
the ful! 4096 ionization va!uc5 will be transrerred to 
memory, where they will be compressed by eliminating 
l.crO~OlHcnt cells ,lIld then formatted onto the magnetic 
tape. A simihlr packing is foreseen for the. MWPC 
output, except that here a hardware feature, described 

below, will search out the hit wires and the corrcs­
ptmding timing information. To this will he added 
buhhlc chamber and beam parameter information as' 
required. Wi!h comp:tC:ling of data it should be pos­
sible to rUIl severa! hours per tape in double expansion 
mode of lhe bubble chnmbcr. 

Large data reglon:; in memory arc foreseen to histo- . 
gr:Hll the overall response of the apparatus over 
cxl.cntkd periods of lime, This is necessary due to the 
very low intensity of hits per bmst. e~pcdally for the 
ouler l'e!I~. A versatile sct or graphics routines will 
,dlow 0pc!'awr-requesteJ displays of Ihe elTiciencies, 
response, etc., of numerous subsets of celis. The printer 
will allow to make hard copies of these displays for 
easy logging of the results. 

Furthermore, nn as yet not fully defined set of tasks 
to control and monitor the important parameters and 
to allow on-line procedures during sctting-up of the 
equipment will be incorporated. .For this a multi­
ple,1(cd digital inputjoulput interface under program 
cOl1trol wiH be used. 

Tracing and fitting of sample tratks through the 
MWPCs and the EP( and ionizaHon determination are 
aimed at to further monitor the correct funct.ioning. 
Here again the visual display wii! play (Ill import~mt 

role in giving a ful! picture of the sumplcd tracks 
ra~sing Ihrough the device. However, theidca of full 
liiterillg :lI1d rccon~truction of all tracks for every 
burst on an on-line basis and their panunetrization 
has heel! discarded as unrealistic on a small computer. 
This will he done at. a later stage ofT·line in connection 
with the data handling for the hubble chamber pic­
tures. 

Tile EPI computer will be linked to several other 
compuiers in the S<iIllC control area. A parallel link 
will connect (0 an already installed POP-8/e (Disk, 
Dcctapc), which controls rhe rf separated beam equip­
ment. Existing linKS to the beanl controls, the West 
Gencnltors' Siemens 301 Hnd the DEBC control com­
puter, an extended PDP-] 5 configuration, will allow 
the PDP-8/e to tmnsfcr all required beam and bubble 
chamber status information to the EPI computer, or 
accept commands from it as nceded. To this will be 
added a parallel link to the: computer ror the proposed 
External Gamma Identifier, described in the next 
chapter, and to the experimental :1rea's computer, 
a Norsk Daia NORD-IO. 

To cnlnrgc the integration ,\ network of ~i!rial links 
I" proposed with the comrllters for Ihe External 
Muon ldcmiiicr, rhe N~Lllrino Flux and the Neutrino 
Beam C.lntrol, which will be of the same type as for 
the EPI and ulso run under the SlIme version of the 
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7.· Efficiency or idcntillca1ion from simulation studies 

The EPr has been optimized with respect to Ii. set of 
constraints, i.e. the SESe exit geometry. trapping of 
low momenta secondary par!icles ill the magnetic 
field. existence of an extra .Ibsorber for the EM I which 
determines the II m minimum dishH1ce from the 
HEBe center and limited overall length. Those con­
straints have formed the ba!\is for a simulation s.tudy 
of the EPI performance in regurds to its geometry, the 
results of which h:tve led 10 the finalized design as 
described. 

In the simulation a primMY beam of a given width 
and height was directed onto the center of the chamber. 
The beam, arriving at the shielding window at the 
angle of 110 mr (see fig. 9), wn~ traced through the 
stray and main magnetic fie!d, thus forming a curved 
interaction volume symmetric around the center of the 
chamber. Inside this volume (for our c:tlculntions the 
fuB length of the chamber wa~ used) a given number 
of individual simultaneous secondary tracks of both 

charges were generated, They were followed through 
the magnetic field nnd ihe downstream shielding 
window r(l\vard'i the EPI. The distribution of the 
!ongitudin:ll momentum PI of these secondaries was 
taken to be uniform hetween fO GeVIe and the maxi­
mum value (beam momentum). The distribution of the 
transverse n~~I1lCnlUm PI was obtained by using the well 
known Cocconi formula. 
is based on the assumption

1 
d N---2 :::::; exp [!-I E.!)2J 

dp1dpl. \0 

Therefore, the generation 

• with a = 0.4 GeV/c. 

No background front other sources like chamber 
windows was taken into account. The EPI was aligned 
so Ihat the beam edge was grazing the outside edge of 
slice 0 of the detector. 

fig. II :;hows the distribution of momentum PIG!al 

again;;t the lateral distaoL'e from the edge of slice 0, 
as described above. at the middle plune of the detector 
(J 5 m from the DEBe center). The ful! line shows the 

MOO,E PLANE (15 m) 

500 ENTRIES (NCL.OVERA..ONS) 

• 

·1 ,",

I i 

f.. ~ I. "! 
.. I ..It.. t rI 

I I 

.... .. 
It 

I 

10-70 GEW..t 

• I 
ffii 

~--ET ;1g_~L 
~i 

I 

.. . I 

\--_.• ________.____.•:!i?.',.,!i.;:'.:!l.~~_ •._._~_._.,_._.__ ~,_. __ ...~ ~ 

f'jg. 12. Spatia! dislribulkm of Ihe hits in the middle pl:mc, 10-70 GcVfc, bC'l!TI·chilrge secondaries only. 



248 

-73­

M. ADERHOLZ ct .. I. 

a di~tancc of II III hehind the BEBe (.;cnlCr arc listed 
in table 2 for several beam momenta. The beam enters 
at --6 III under) 10 mr angle dirCt:!cd at the HEBe 
vertical axis. The errors 011 the Ii~ted angle values arc 
of the order of I mr. Note that the vertical bcull1 ax if> 
here i:; 406 ern above the floor level. Two eXlreme posi­
tions of the EJ>f arc shown on Ilg. 9. One is for" beam­
charge seccmdaric:,; only" mode of operation at 25 
(icVIe with the beam ra;;~ing through the o!Tsct hole 
and rhe olher is the furthest displacement ncce~sary 
for testing the 32 slices of 121'1 layers u;;ing the hCl!m 

track>; with SEBe magnet f.witchcd olf. The neccs~ary 
local electronics and controls nrc shown installed under 
the platform. The battery of the Ilre·mi.xed gas bottles 
must be in:;tnl!ed outside the building l'or safety rca­
sons. The in~talllltion 0\ the EI>I in the Hydrogen 
dangcr 70nc puts severe constraints on the electric 
equipment design. 

The· space occupied by the External Muon Identifter 
(EMS) s) for neutrino physics immediately behind the 
BEBe magnetic shielding is also shown on fig. 9. 
Another part of the hybrid BERC system will at a 
later stage he the External Gamma Identifier (EGJ) 8) 
which is 10001lised behind the EPr at a distance of about 
20 III from the HEBe center. The EGI i!'; designed for 
idclltificatioll of y's from the fits! "0',,, in the forward 
oonc when BEBe will be working with tl. hydrogen 

track ;;cnsilive target in a hydrogen-neon mixture. The 
propmed detector consists of il sandwich of MWPCs 
and lead pl<ltes followed hy an array of lcad-glass 
Chcrenkov counters (LGC). This detector is aligned on 
the neutral axis of the beam. The informati()Il from its 
IOn LOC ;ll1d the hits from lhe total of about 10000 
wires will be transferred via smnll dedicated computer 
to the EPI com pUler to be added onto the EPJ magnetic 
tape (see fig. 8). 

Fig. 10 shows some details of the arrangement (If 
the EPI modules inside the pressurized box, as seen 
from the back looking to\vards 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 <it each side are not used excepl for the 
'1°Sr monitors at the four corners of the detector. The 
ga:,; enters the modules in th~ bottom right corners via 
n distribution ~ystem ensuring uniform pressure in all 
modules. The gas mixture i~ allowed to c-;cape 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 firsl gr<1Up of six 
acti .... e cells (5 x 36 cm 2 

) is visible on the left side. The 
wall of the box on this. side will be made as thin and 
tight as possible ill order to reduce the interference 
with the EGI in this region of the neutral beam 
axis. 
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Fig. I!. P'n'", diiitributliln of ,cconduries <leros,; the EPI detection ;,urracc. 
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detector in its normal position, the dashed line shows 
the double delCction snrface which would be needed 
for both positive and negative secondarie~, The beam 
momentum i" 70 GeV!c and the SEBe magnetic 
field is 35 kG. Bellm-charge and opposite. chnrge 
secondmy particles in the momentum range of 10 to 
70 GcV/c are plotted. For beam-charge particles, some 
5-·6% of the generated track.s are lost oul~ide the 
detector. all of them in the lu-20 GcVjc momentum 
range. 

In lig. 12 the spatial distribution of scc{mdary 
particles in the middle piane of the detector is shown 
for secondary momenta from 10 to 70 GcV/c and for 
full magnetic field, The detector is in its normal po­
sir ian, i.e. aligned for maximum ellkicncy for secon­
daries having the same charge as the beam particles. 
Beam rllftiL~les and the fast secondaries hilting the 
offset be,lm hole of 6 )( 36 cm 2 arc removed. The;c arc 
some 13% of r~lst secondilfY tracks lost in this beam 
hole and about 6% nrc lost outside the detector. nio!>t 
of them in the low momentum range. 

We have also studied .1 symmetric positioning of the 
EPI for cenain e)(periments. Fig. 13 shows the situa­
tion for 10-140 GeV/c secondaries of both charges for 
full magnetic field of SESe. In this mode of operation 

of the Elli a second insensitive beam region would be 
of interest 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 at each side of the detector. If the cen­
tral beam hole has the same dimensions as the offset 
hofe (i.e. 6 x 36 cmz), about 22% of the fast particles 
will be lost there. With no central beam hole, signals 
from simultaneous beam particles will cover the 
signals from the regions above and below the beam, 
resulting in all additional 10% 10.;;;$. 

Since Inc central hole will cause disadvantages for 
exreril~ent!l, where only beam-like secondaries are of 
major interest, we fcel that the best compromise 
would be to suppress the central beam hole and, for 
experiments where both charges are of interest, 10 
reduce the primary beam width to the smallest value 
still lIcceptable for the bubble chamber. The same 
argument is valid for work in the lower momentum 
region at 10 to 70 GeVjc where it becomes immediate­
I)' apparent th:\t the BEBe magnetic field would have 
to be reduced correspondingly to get the same spread. 

Two s,imulated IO-particle events as "seen" by the 
cell matrix of the EPI are shown on fig. 14. The non­
interacting beam tracks and the secondaries within the 
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TAli!..!! :I 


EPJ efficiency for multiple particles. 


Number of Percental!c of clean hits in 128 layers 
simultaneous ;;?> 100 ;;064 

particles 

, 65% 76l}~ 

10 4(.% 62% 
IS 30% 44<1a 
20 20% 31% 

TAntG 4 

Lo~~cs in Ihe beam hole for dirTcroot dimensions. 

Beam Sll.1: Beam hole Pllrticlcs lo~t 
dimensions (%) 

3xIOcm2 6x 12cm2 

:; x 15 6>< 18· "(, 
)><20 6>: 24 10 
3:.< 30 6x 36 13 
3)( 40 6><42 14 
Jx 50 6x :54 16 

rX36 9 
)><)0 5)( 36 I I 

6)( 36 13 

beam hole were removed, no hackground tracks were 
generated. Eaeh squure represents one cell hit, the dark 
squares conhlin signals from morc thun one particle 
and must be considered as lost information.' The front 
layer of the detector is at JJ m from the BEBC, the 
magnetic field is 35 kG and the secondary particle 
momenta are 10-70 GeVII':. Note track 8 on the top 
",'lft of fig. 14, emerging from the beam hole near the 
middle pnrt of the detector. 

The maximum ..ttainable ionization-resolution is 
obviously a function of the total number of dean (i.e. 
one ",trtiete only) hits per track in the 128-1ayer 
detector. hi table 3. there is a summary ofthe propor­
tion of clean hits in more th::ill 64 and more than 100 
out of 128 layers respectively, for 5, 10, 15 nnd 20 
simultaneous particles.· The sccondllry particle mo­
menta are 10-·70 GeV/c beam-like cha.rge only, 35 kG 
DEBe magnetic field. The beam size inside BEBC is 

23 x 30 cm , the beam hole is 6)( 36 cOl 2• 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 configumtion. 

Table 4 shows for the front of the detector, l.he 

TAIIl.E 5 


f"(,ssc~ in the hearn hol~ f<1T sever"l value.. of 

the bC<lnl momentum. 


Pm~" 
(acV/r) 

Pllr!ide~ losl 
('%) 

40 
60 
HO 

HlO 
120 
1M) 

5 
10 
16 
20 
2~ 

26 

percenta£(c of (mainly fast) secondary t.deks lost in the 
beam hole for In simult.U1cOUS particles of 10--70 
GeV!( momentum and 35 kG magnetic .field. for 
::;c;veral diiTcrent beam hole dimensions in both verti­
cal and horil.Ontal planes. The need for the beam 
width to be as <;mall as possible is evident, but the 
dimensions of the beam hole in the discussed mAge 
have less influence on tile 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 .5. again for 10 simultaneous particles. 35 kG mag­
netic field, beall1~like charge only. beam size 3 x 30 cm 2 

and beam hole dimensions of 6 x 36 C1ll
2

• In the regiou 
of maltimum interest the losses are still helow 10%. 

The combined clTect of all factors mentioned above 
leads, for 8n <- average" experiment, to about (If)!,!., 

identiilcation efficiency. Non-uniform slice width 
across the detector following the population density 
of the PI distribution projection (i.e. narrower slices 
around the beam region and broader slices at the 
lower momentum side) does not improve the situation 
considerably, lends to be experiment and momentum 
dependent and brings in serious technicc.l.! difficulties. 
The same argument is valid for any parallel grouping 
and variable interconnection of a larger number or 
narrower slices. 

Another specific study of the EPI performance with 
respect to K:t n± ambiguities in K +P interactions (nnd 
taking into account the background innucnce) arrived 
at ~l similar result or l.tbout 60% identiftc·ation efli­
cicncy even for a considerable number of simult.,..neous 
tracks in the bubble chamber6

). The r/K/n separation 
effkiencies: as present.ed in ref. (3) have not been 
folded in. 

8. Determination of tbe secondary particle trlljectorics 

The track reconstruction inside the EPI, the trajec· 

.-.._-_.-..-._------------- ­
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tory determination lind corrcl:ilioll with the correspon­
ding track tln lhe huhble chlllllher picture is done using 
a set of 3 MWI'CS, The first chamber ~hould be plnced 
as dose 10 REBe as possible. The idcnl position 
would be il1sidc the magnetic shielding ncar the 
5uperconductillg cotli>. Tht Ofher two chambers nrc 
locatcdjusl in front and at the.b:lck of theEPf module 
s!m::k. The hori7.onhll coordinate (x) has 2 mm wire 
spacing nnd the ()ther (;oordin.\te~ (n.r) inclined by 
±30" have >: 3 mOl :oopllcing. The total number of 
wire!; required fM the two hig EPr chilmbers of about 
200 (H) x HX)(V) cm2 of detection area is 4400. The 
sm~lIler chnmber ncar BEBC would have another 
1600 wires arranged in simih!r cOIlIIgum!ion. The twO 
hig chambers will be permanendy fixed to the [PI box. 
Extreme care will be taken to prevent Ihe transfer of 
heat from the MWPC elecfronics towards the EPI 
modules. At the smne lime the strict hydrogen safety 
rules conccming the gas filling and the electric instal­
lation must be complied with. 

For the 6 liS beam spin time. ilnd prnctict\lIy simul­
taneous secondary pMlicles coming from the inter­
actions. the standard MWPC electronics could be llsed 
with small modifications only. The bistable memory 
element and the read-out circuits would be replaced by 
a shift register which is advanced 01'1 every clock pulse 
by a genend clock started by the ejection trigger. Each 
time when there is a signal on U parti~ular wire a "I ,. 
will be strobed into thecorrcspondinll time slot. If not. 
a zero is strobed in. After each accelerator hurM the 
shift regi~ter army will be 5c:mned and shifted across 
to the EPJ computer in n way giving the armys, of hit 
wire addresses for aoy particular time inlerval. As a 
first approximation it seems to be real\onable to 
envisage n 5 M Hz clock rate representing about 
±200 ns uncerb\in£y in the time information. 32-bit 
shift registers will' be adequate for 6 liS beam spill. 
This read-out scheme is very slraightforwllrd and 
needs only a very smnlt number of interconnections 
between the clUlmbers and the computer interface. The 
total h.lrdware read-out time for 6000 wires is of the 
order of{(32 x O.2) + (6000 x O.I)J lIS = 610 liS. to which 

. the ,"witching delays llnd the computer re.ad-in time 
should be added. The ambiguities in space and time 
determinHtion should not represcllt u serious problem, 
and some ndditional useful it~formation could be 
gained from the 32 x 128 cell matrix of the EPI. 

9. 	Determination of the angle of entry to SERe or 

the belm particles 


The la~l 50 m of the beam line in front of ilEBC 
will be used for precise dclermination of the entry 

angle for each individual beam track, At least 3 (x, 11, Il) 
MWPC planes will be i1eeded there to keep the 
ambiguities in pattern recognition at a tolemble level. 
The first chamber. with lOx 10 cm2 detection area, 
would be mounted immediately lifter the last horizon­
tal bend of the beam. The beam, which almost fills 
the magnet aperture of 8 em diameter in this place,. is 
then gradually spread horizontally and focused 
vertically whcn approaching DEBe. The middle 
chamber \V()uld therefore cover !>ome 25(H) x IO{V) 
cm 2 :lnd the hlst one, mounted al: close as possible to 
the BEBC magnetic shielding, would havt a detection· 
area about 50(H) x j()(V} cml, The wire spacing for 
the horizontai (x) coordinate is assumed to be 2 mm 
and for the ±30" (Ii) and (v) planes ~ 3 nlffi. The 
tOhll number or wires will be about (110+210+ 
+ 550) = 930. The electronics and read-out structure is 
similar to the one already mentioned in the previous 
paragraph. The total read-out lime will be about 
100 JlS without the computer read-in. The timing of 
the centrally distributed clock signal must be corrected 
for the time-or-flight differences between the· indivi­
dual chambers. In order to make full use of the spatial 
resolution of the :c;ystem, helium bags would be· used 

. in the beam linc to reduce the multiple scattering. 

10. 	ScUing.up procedures 

A certain amount of beam running time should be 
reserved fOf essential tests necessary for the deter­
minatioll of the princip'l! EPI parameters. These 
lests will be performed with or (preferably) without 
the DEBC magnetic field. Initially the horizontally 
focused beam, with the intensily reduced to I detected 
particle tor every 3-4 SPS bursts, should be directed' 
at the detector aligned 'parallel to it. It is assumed that 
the beam could be spread vertically enough in order 
to get nt least part of the beam particleS' out of the 
beam hole region of the EPa without additional 
I.Ipidown displacement of the heavy complete assembly. 
Then by moving the EPI across in 6 em steps the 
distributions of the ioni?.ation losses for each of the 
4096 cells would be Hcconlulatcd in the computer· 
with suOicient statistics for determination of the 
individual channel response corrections. 

At a fixed position with this set-Up the ucce!isible . 
part of the rehltivistic rise of the ionisation would be 
established with full 128 layer resolution using posi­
tive pions llnd protons at <1bout 30-40, 50, 70, 100 and 
J50GeVjc heam momenta. 

Calibmtion runs. with the BEBC magnet on,· for 
determinalion of the correlation between the REBe 
coordinate frame and the M\VPC system of the EPI 

http:ScUing.up
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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. COQdusions 

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

- distance of the front plane ftom BEBe center 11m. 
- inside dimensions of the 12 em wide frames 

104(V) x 214(H) em, 
- effective detection surface 90(V) x 192(H) cm2• 

- number of layers (6 em thick) 12&, 
- number of active cells per layer 32, 
- cell size 6 x 6 em I, 

- overall length' of the detector 8 Ill, 
- beam insensitive region 5(V) x 36(H) em!, 
- gas filling (at atmospheric pressure) Ar+ 5% CH 4' 

- mylar windows 130.,.,. x 25 JIm. 

The contradictory demands concerning the inter­
ference of the central part of the EM I's additional 
absorber plugs in case of alternating operation of the 
rf and neutrino ~iections 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~lif}e data handling should not cause any 
fundamental problems. Fig. 14 gives a good impres­
sion ofthe type of procedure. which it will be necessary 
to follow. For a given event on BEBe fUm. for which 
an ambiuity of hypothesis exists. the ambiguous track. 
and any interfering tracks. will be fitted through the 
EPI 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 particle's trajectory. Special care 

must be taken to filter out and eliminate all double 


. hits resulting from crossing or closely paranel tracks 

passing through the same cell. In the case of a track 

crossing a slice boundary, as displayed in [he inset of 

fig. 14, addition of the output from both cells will 

avoid losing these measure~nts for the statistical 


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

Using a maximum likelihood method the clean set 
of ioniz.ation measurements will be fitted by an •• ideal" 
single channel ionization distribulion, the latter having 
been established experimentally during a test run. 
The momentum of the traversing track would be mea· 
sured inside BEBe and its precision improved using 
the MWPC d~t8. For this given momentum the like­
lihood for Ihe particle to be either 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 efficiently in cases of ex~ 
elusive ambiguites of. e.g., the 1r./K type. but the)' 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 Hash 
cannot be provided for. This is not a serious drawback 
if the EPI.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. 
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ABS'l'RACT 

Results are presented on the topological cross sections obtained for 

antiproton-proton interactions from an exposure of the Fermilab 3O-inch 

bubble chamber to a 100 GeV/c negative beam enriched in P·s. The pp 

inelastic cross section is found to be o. 1::::: 34.6 ± 0.4 mb, and the
.lne , 

average inel<'lstic charged part.icle multiplicity to be <n> = 6.74 ± 0.05. 
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In this letter we present th~ first results of an investigation of 

antiproton-prot:on interactions at 100 GeV/c. From a 98,000 picture exposure 

of the Fermilub 30-inch hydrogen bubble ·chamber und wide gap spark chamber 

hybrid system to a negatIve be&1'I enriched in P's, we have measured the elastic 

and l.ne~astic top:::llogical c:ross sections in 100 GeV/c pp and n-p interactions. 

The antiproton data comprise the first detailed study of the pp collision 

process above 32 GeV/c. 

The enriched bea.'l1 used in this experiment was obtained from 300 Gev/c 

primary protons i.neident on a copper target lkm upstream of the Fermilab 

30-inch bubble chamber. Since a negatively chargc~ 100 GeV/c secondary particle 

1beam contains only "v O.02p/rr:-, we used a new technique to achieve a higher 

p/lr- ratio. Dm<lnstream of the target a bending magnet deflected charged 

secondary p<lrticles out of .the beam line acceptD.!1ce. However. neutral hyperons 

and kaons decaying in the region beyond the bendi.ng magnet yielded some 

charged secondaries· having the correct trajectories for transmission to 

the bubble chaJl'ber. Antiprotons from decay are selected preferentially since 

the negative pions oroduc·od in K
O decay ha.ve an average transverse momentum 

~ s-

double that of t.he antiprotons. In this t.:;ay r,.Je obtained a beam with 0.20 p' s/ 

negative particle at the bubble charr.ber. Nith 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, ,\Ie obtained 98,000 pictures containing on average 

0.32 p·s/negative particle, and because of the difference in total cross 

sections, SO!l; of the events observcii in the bubble chamber were from pp 

interactions. 

The results presented here come from a sample of 58,000 picLures scanned 

for all interactions. After an event was found in the bubble chaJI'ber, a 

. 2
measurement of the interacting beam track permitted a comparl.son between the 

spati.al position of that track and the position reconstructed from upstream 

mul tiwire proportional chambers (Mtv'PC) in coincidence ,'lith a differential gas 

Cerenkov counter located 500 m upst.rcam from the bubble chamber. This correlation 

http:spati.al
http:bendi.ng
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between a reconstructed bubble chamber track and a Cerenkov tagged trajectory 

in the r-Ml'C \'las possible for 80% of the events. Thc remaining 20% representn." 

only a loss of da and 00 not bias the results in any way. For the remainder 

of this paper we use only those events that have a positi,,:€! identification 

as being due to either a p (or n-). \~e estimate that the background to 

identified antiprotons due to inefficiencies of the Cerenkov counter is <2%. 

A portion of the f:i.lm ('\.18~' has been rescanncd in order to determine 

the scanning efficiencies for various topologies, and these were used to 

correct event numbers. All those events ('\.l/3% of the total) with an apparent 

odd number of chnrged particles have been classified as belonging to the next 

highest even charged particle topology, on the assumption that a short track 

was missed. An undetected charged secondary 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 ...~ l~~ of event.s a Dal.i tz pair vJas 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 ~OIS produced 'per event as a function of 

charged multiplicity n, which was determinod from measurements of observed 

y conversions in the bubble chamber. '.rhe final Dalitz correction amounted to 

. < 
a shift of events between topologies at a level of '" 3%, A small correction 

was also made for unseen VO's and electron pairs from y conversions. We find 

no evidence for any ,bias resulting 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 t ....'o prong 

topology. All tw~ prong events have been measured and kinematic fits to the pp 

. d - , - 3 h th • El . ted fan 11 p e..last.1C • ypo .•eses attemptea. ' astl.C events were correc or 

scannihq lo!;S(~Si clctcr:minr:d a" a fl.!netion of t {th.-; sqU;lre of the four-momentum 
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'transfer from t<::trgct to outgoing proton) r and then the elastic t distribution 

. >- ? do bt 
was fit:ted , for It I '" 0 .. 08 GeV-, to an exponential form 

dt 
= Ae to correct 

for an apparent loss of events beloH this value of' It!. \'lie find a slope 

'" 
parameter of b = 11.4 ± 0.6 (7.7 ± 0.4) {Gev/c}-k for 100 GeV/c PP (TI-p) 

elastic scattering. Inelastic events were corrected independently .for scanni.ng 

losses; ,,,e stress that ne correction has been made to the inelastic two 

prong cross section for a lOBS at small itl : 

In 'I'able :r \'le present our measured topological cross sections for 

100 GeN!c pp interactions, normalizcdto the total cross-section data for 

-4
Carroll et aL • The pp elastic cross section of 0el = 7.41 :t 0.38 rob ',;ould 

appear to be in good agreement with an extrapolation from lower energies. 

The total inelastic cross section is found to be 34.63 ± 0.38 mh. Our 100 

5
GeV!c ~-p topological cross sections (not shown) agree with previous data 

within quoted,errors. 

In Figure 1 we show the variation of the pp topological cross 

sti:clions wiLh l.he Stl'.H:H.C of t.he ems total enetgy s and the beam momentum. 

The general features of this plot are similar to those observed, for example, 

in 'IT-p colli-sions. In particular, we observe that the O-prong cross section is 

' b . A () 1::8 I' - {1.46 ± .13}f a 11ing rapid l 'l ana may e paralneterlzeu as 0 ,mb =:: laboJ 
0 

between P "" 15 alid 100 CeVic. The 2,4 f and 6-prong cross sections are
1ab 

falling at 100 GeV/c while the cross sections for prodUCing S or more charged 

particles are st,ill increasing at 100 GeV!c. 

From inelastic cross sections given in Table I, we compute various 

moments of the pp multiplicity distribution (see Table II). We find an 

average charged particle multiplicity of <n> = 6.74 t 0.05. In Figure 2(a} 

we sho\v <n> as a function of the incident oearr. momentum for pp interactions, 

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

seen that at any momentum the pp charged multip~icity is greater than the pp 

value and there i5,no real indication that they are converging at higher 

momenta. 

http:scanni.ng
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In Figure 2 (b) we show t.he T<'ltJo of the average multiplicity to the 

2~ 1/2dispersion I D = ( - <n> j for the pp and pp charged multiplicity 

distributions. 1\s is ..,ell-kno1tm, the high energy pp data seem to approach a 

constant value of <n>ID !:: 2. E>.bove r" 15 GeVIe the pp data pol-nts are 

reasonably cons'istent \'lith this value, though our 100 GeV/c measurement 

of 2..07 ± 0.03 could be suggestive of an increase with momentum that has 

. '1" f mOuen 1s 6~mportant l.mp l.catl.ons or • 

We now make a more detailed comparison between the 100 GeV/c pp and 

7 
pp data. First we note t;hat the pp data have an average multiplicity 

<n> ::: 6.32 ± 0.07 I considerably lOYler than the pp value. To invesU,gate this 

difference in mOre detail, we show in Figure 3 the inelastic topological 

cross section for pp and pp at 100 GeV/c. The strongest feature is that the 

possibi,lity of producing a high mu ty event (n ~ 
> 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 effect.s of the annihilation channels 

available in pp interactions. 'rhis will be examined further in a subsequent 

paper. 

\'le thank the staff of the FNAL Neutrino Labor.atory, M. Johnson and 

s. Pruss in , for helping to obtain the enriched baaID used in this 

experiment. 
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'Table I 


pp Topological Cross Sections at 100 G(~v/c 


Prong Raw Corrected Cross sections 
number n Events Events a {rob} (a) 

n 

0 11 13 	 0.061 :±: 0.019 


2 1876 	 Elast.1635 7.41 ± 0.38 


rnel. 794 3.60 ± 0.30 


4 1664 1777 8.05 ± 0.20 


6 1765 1821 8.25 ± 0.20 


8 1527 1528 6.93 ± 0.18 


10 937 907 4.11 ± 0.13 


12 513 484 2.19 ± 0.10 


14 215 199 0.90 ± o~o6 


±16 82 80 	 0.36 0.04 


18 26 26 	 0.12 ± 0.02 
 . 
20 9 9 	 0.041 ± 0.014 


22 2 2 	 0.009 ± 0.006 


Total 8626 9275 	 42.04 ± 0.09 (b) 


(a) Errors are statistical only except. for 2-prong cross sections. 

{b} Input value (reLt!,) 
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'1'able II 

!10fllenLs of the 100 GeV!c pp t1ultiplicity Distribution 

Moments All Charges Negative Charges 

<n> 6.74 ± 0.05 3.31 ± 0.03 

<n{n-l}> 49.25 ±­ 0.68 10.63 ± 0.16 

<n(n-1)_ (n.-2j> 389 ± B 32.7 :t 0.8 

<n>/D 2.07 ± 0.03 

f = <n(0-1»-<n>2
2 

3.85 ± 0.22 -0.72 ± 0.06 

f3== <11 (n-1) (n-L) > 5.8 ± L 1 L81 ± 0.14 

3 ' . I' 2 3- ~n{n- i><n>+ <0> 
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FIGURE C[,PTIONS 

Fig. 1. }<tomentum and s 

The curves are 

dependence of pp topological 

to guide the eye. 

cross-sections. 

Fig.2. Mo."1lentum and 5 depe,ldence of (a) t..'i-te average charged 

multiplicity <n>, and (bj th(~ qu,1.ntity <n>/D, where D 

is the dispersion "of the multiplicity. distribution, 

for PP ilnd pp interactions. The curves are to guide 

the eye. 

Fig.3. Compar1son of pp and pp t.opoiogical cross 

100 CaVIa. 'rhe PI> data is from ref. [7]. 

s~ctions a.t 
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APPENDIX B-2 

Physics Letters 59B, 303 (1975) 

On the difference between pp and pp topological cross sections 

up to 100 GeV/c.· 

J.G.Rushbrookc) R.E.Ansorge, C,P.Bust, J.R.Gartcr and W.\~.Neale 

Cavendish Laboratory. Cambridge, England* 

C.Moore~ R.Raja. L.Voyvodic and R.J.Walker 

Fermi National Accelerator Laboratory, Batavia, Ill.60510,USA** 

W.Morris. !LY.Oh s D.L.Parker, G.A.Smith and J.i.Jhitmore 

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

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

between the pp and pp topological cross sections. The menn multiplicity 

for annihil.lltions at 100 GeVlc is estimated to be 9.06 ± 0.56, and the 

value of the qu;mr:ity <n>/D to be 2.75 ± 0.33. It is shown that 

-(l nR = to (-pp) - a (pp)}/a (pp) can be fitted to an expression R .. s1)n!) 11 - n - n 

in which a and i3 appear to be reaching asympcotic values at 100 GeV/c. 

* York supported by the Science Research Council. U.K. 

** Op-erated lly the Universities Research l\ss()ciatiof-l, Inc. under Contract

wiei! the Energy Research ,'1n<l Development Adminstl.'<'ltl.On. USA. 

t Work supported in part by the National Science Foundation, USA. 
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Information on very high energy pp inter.actions has recently become 

available [1] in the form of topological cross-sections and the moments of the 

charged multiplicity distribution at 100 GeV/c. Great interest centres on the 

-
behaviour ,.ith energy of the difference bett,/een pp and pp interactions, ~ 

this :may afford insight into the high energy hehaviour of the·annihilntion 

process, which is kno,ffi from present data in the 2-10 GeV Ic 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 di~ferellces an (pp)- on (pp), ,,,here n is the prong number, in the 

momentum range 9 to 100 GeV/c, compare them I."ith the properties of pp 

annihilation data below 7 GeV/c, and shm-J that the experimental values of the 

quantity R = {a (pp) - a (pp)}/a (pp) at each momentum can be fitted to an 
n n n n 


-a. n

expression R = s !S in which a and t3 appear to be reaching asymptotic values 

n 

at 100 GeV/c. 

In Table 1 we give variDus moments of the 100 GeV/ccross-section 

differences (*) calculated from our pp data [lJ nnd from the 102 GcV/e PI' data 

of Bromberg et a1 [3]. and compare t.hem 'W'ith ·the moments found for the 1(;2 

GaV/e PP ,data. '~e see that the meanct-,arged multiplicity .of <n> "" 9.06 ± 0.56 

for (pp - pp) is much greater t:h.an the value. 6.32 ± 0.07 for pp interactions. 

The ratio <n>/Di where D is the dispersioD t is seen to have a value of 2.75 ± 

"v
.33 which is greater than the roughly constant value of n" 2 found for PI' 

interactions .'lbove 50 Ge.vic [!;J and for pp interactions above 7 GeV/c [1,;4]."oJ 

To study the. energy dependence of SOllie of these moments \.Je· have 

interpolated the e~isting pp data [5J. on topological cress sections and 

subtracted (*) them from those [6] for ,pp interactions at beam momenta of 

(*) 	 In the case of the inelastic 2-prong topology a large error is found in the 
difference be.tt.H'en pp and pp cross sections, and ahove 9 GeV!C this difference 
is alt,/ays cons.istent ~ith zero within errors. For this re:'1son at: all momenta 
> 9 GeV/c we used instead an extrapolation of the lower momentum «7 GeV/c) 
2-prong annihilation data. The error on the data points presented in this 
paper allow for any uncc.rtainty in this pr()cedl.1re. 
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12,11+.75,15,22.4 and 32 GeNic. In pp experiments up to 9 GcVic {7) the. 

annihilation component of each topological cross section has itself been 

measured, and these values were used to calculate the Imlltiplicity moments(t). 

In Fig.l(a)Heshm,)' the: resulting mean negative multiplicity <n_> Versus 

the square of Lhc ems total energy s rind we sec that the" 2-21 units excess over 

the PI> value at t.he. same s. probably due to the 2 GeV extra energy from 

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

loading p8rticle~ in the final ~tate. is preserved over the full range of s. 

The quantity <n>!D has bean shown [9] to have no approximately cpnstant 

average value of 2.73. ± .14 for pp annihilations helenV' 7 GCV/c .• Ue. fjnd that 

the average value from <pp - pp) over the momentum T.:<I:l:gc 9 to 100 GeV/c has 

increased slightly to 3.07 ± .07. 

The correlation integral f;- for ncgt!tive trackg is sho,'in as a function 

of <8_> , the mcan mUltiplicity of negative tracKs, in I~:ig.l(b) \-.1here :it is 

compared '""iththat for pp interactions. It has been ,,,ell kno\-ll1 for some time 

that the n~gative values of £2 for pp annihilations can be understood [2j in 

terms of a single cluster (or firconIl) formation model. i~riting f;- in the 

then b is predicted to have values in the r.ange -0.6 to -0.7 rlep(mding on the 

assumptions made ahout the way the fireball decays. Values of h in this range 

are in good agreement ;'lith pp annihilation d~t.rl up to 7 GeV/c as may be seen 

in Fig.l (b). The large positivE:: vdues of f2 for pp interactions nrc then 

seen [10J as a consequence of mUltiple cluster formation ; each cluster has its 

. - f fotm negat1ve value 0 -2 (as with the mH1illilatio!l fireball) but the effect 

(t) Below 7 GeV/c the O-prong cilwihilntion cross section is ilvailable and has 
been used in ca lc:ulat the moments. On the other b::md an apIJ<1rl'nt] Y Itu-gc 
O-prong cross sect ion from (pp - pp) at hir,hE:T energies is almost certainly 
mainly composed of non-annihil[!tion st.atcH f8J) nnd has been disregarded in 
calculating the moments. 



of averaging over several c ters is to glve a positive £2 • As one goes 

to su£fici~ntly high ene.rgy and more than one cluster is produced, one mi.ght 

then expect to see £h for pp tiODS turning up to positive values;
L. 

Miettinen has predicted l2J that this CQuid bappen at a beam momentum of 

10 - 20 GeV/c. The 100 GeV/c data point for (pp - pp) in Fig.l(b) is 

suggestive of the onset of this type of behaviour. though it does imply that 

f2 would probably not become positive until ~ 300 GeV/c. 

The existence of K.l>if0 seal for pp annihilations below 7 GeVfc has 
<n>(1 

nalready been demonstrated [9], the sense that a single function .Cz) o. 
~n 

where z :::: n/<n> and o. the total annihilation cross section. can fit all 
1.0 

the data in this energy interval. This fit is shmm as the dashed curve 1n , 

Fig.2, and is seen to be quite different from Slattery's fit ill] to pp data 

in the !i1(>rt1cntum interval 50-300 GeV Ic) which is the solid curve. The (pp pp) 

data points up to 100 GeV/c. are shown in .2 to be in fair agreement with 

the dashed curv.e, though there some suggestion of the distribution becoming 

narrower at higher energies. 

To gain further insight pp annihilations at high energy we show in 

Fig.3(a) experimental values of the quantity 

°n(~p) _ °n(pP)
R ~ 

n a (pp) 
n 

plotted against n for n ~ 4 for data the momentum interval 6 100 GcV Ie. 

We find that: at each value of s, R can be ted to an expression of the form 
n 

-(1
R = s 

n 

The values of (l and i3 are sho,,'11 plotted against ins in Fig.3(b), and wc see 

signs of these parameters reaching fa ly conslant values at 100 GeV/c. where 

t~ (0
we have R ., (1.2 l l :t; 0.02) - s- • ± 0.04). Eylon and Harari [12]. with a 

n 

derations, have predicted that Rduality-diagram model and unitar n 

shOUld take the form 

(1)- (lR s 
n 
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the intercept of the leading exchanged meson(baryon) trajectory, 

n ( ~ I ) is some constant. and ;3(>1) and y«l) are constants which, a simple 
1 

form of the mode.l~ are 3/2 and 1/2 respectively. bur fit :is consistent 'With a 

. 	 . f' ( ) ( . "' . '\. 1 '\. .contrlbut~ollrom. the fIrst term of eqn 1 only ,1.mp!.Ylng i11 '\. or y'\; 0).wh~ch 
. ­

in the Eylon-Harari model comes from annihilations. Our fit a.lso means that 

OR - aM = 0.36 ± 0.02, which seems plausible, ana that e "" 1..24 ::t 0.02. in 

disagreement ,,,ith the prediction j3 == 1.5. On the other hand,if the duality diagram:::: 

in the Eylon-Harari model are interpreted as leading to the production of 

clustQr~. rather than charged pseudoscalar mesons, then since the mean number 

of charged particles in c.lusters produced in hadronic. interactions is about 
. 
two 	 (13]) we should re-intcrpret the first term in eqn(l)to contain the factor 

n/Z	 )a i.e. (/S)n. This "JOuld mean that: 11.5::: 1.225 is the correct prediction) 

consistent with our findings. 

In summary> this analysis of (pp - pp) and pp annihil'ltion datl.l at 

momenta up to 100 GeV/c indicates that 

(8) 	 The: mean charg(~d mul dplicity pp annihilations maintains a 

constant excess over that in pp interactions up to 100 GeV/C. 

(b) 	 The ratio <n>/D for pp annihilations is roughly constant from 

threshold to 100 GcV/c and greater than the constant value of '" '" 2 

achieved by pp interactions above ~ 50 GeV!c. 

(c) 	 Ki"110 scaling is fairly "je.ll followed pp annihilations from 9 

to 100 GeV!c. 

-(1 	 n 
(d) 	 The quant R definc.'.ct a1?ove can be represented as s j3 where 

n 

Ct and II appear to be reaching as)'111ptotic values at 100 GeV/c. 

-
We are gra~eful to B. R. Webber for helpful discussions. 

~---~"""---------

http:definc.'.ct
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Table 1 

(pp - pp) 

(a) 

pp 

(b) 

<n> 9.06 ± 0.56 6.32 :!: 0.07 

D 3.30 ± 0,29 3.13 :'~ 0.04 

<n>/D 2.7S ± 0.33 2.02 ± 0.03 

-1.81 ± 0.62 0.28 ± 0.07 

f 
3 

c 3.9 ± 1.6 -0.50 ± 0.16 

Homents of muit 1icity d tdbutions at 100 GeV Ie 

-

(a) 

(b) 

From data of Ref. 

Data of Ref. 3 

1 and 3 
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:nGiJRE CAPTIONS 

Fig.l (a) 	 s-dependence of mean negative mUltiplicity <u-> for pp 

annihilation data below 7 GeV/c ts). (~p - pp) data up to 

100 GeV/c (op~n circles). and for pp data (crosses). The curves 

are to guide the eye. 

Fig.2 	 Plots of (1 <n>/ versus n/<n> for pp l1nnihilation data beloH 
n a ine1 

7 GcV Ie (dushed curvel9J) > an.d. for (pp - pp) dat:,r, at heam momenta 

up to 100 GeV/c as indicated. The solid curve 1.5 Slattery's fit 

[ll) to pp data l.n the momentum interval 50- 100 GeV/c • 

. p10tted against n (>-. 4) for data in the momentum intenlal 6 - 100 

CcV/c .25 ind The straight lines are the results of fitting 

-a 	 n _,an expression = s B. w1ta a and B free parameters, at each 

momentum. 

(b) 	 Values of a and B obtained in above fit plotted against lns. 

The curves are to guide the eye. 
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Annihilation effects in neucral particle, pl:oduction :in 
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ABSTRACT 

We derive cross-sect:lons for the inclusive production of ~nd 

o -0
A fAot 95.5 ± 8.2 mI>. 11.4 :t 0.6 tnh and 1.9 :!: 0.3 mb respectivdy. ,vh hare 

all higher than I'p cross,-sect ions chis energy. We present evidenc~ that 

these cli.ffercncos can be att huLc:a to "annihiL'ltionH proc{osses. 
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· f 0 0 -0, . .l.Je present results on t I1(': product~on 0' y, K , A .lnd ,1 J-n PI> ,1ntcractJ.onss " 

at 100 GeV!c. Our principal intention here is to look [or differences between pp 

and pp internc:tions, which one bopes might be ascribed to the effects of 

liann ihili1tion" reacLions. We find that cross-sections f(lr production of neutral 

particles are in aU case~ somewlw.t higher in PI'- interactions thrin in pp intcr­

actions~ though the difference is decreasing with momentum up to 100 GeVjc. In 

- d AO _. I d'f- . , ] It.he case or y an J\ pr()(tLlct~on) t,1(,! 1. 'terence; appears to ar1se nunny In t lC 

neighbourhood' of y* "" O~ characteristic of a central collision process. 

The d,lta to be describpd h(;'re come from a 100,000 l'icture exposure of the 

::}01t bubble chamber at Fermilab to a t.:1fged bcam of negative part les. Information 

on the 100 GcV/c pp charged multiplicity distribution [11 and on the difference 

between pp and pp topological cross-sections l2] has already been publislled. 

for 6ingly-sCantlc:d film) 3nd 

after measurement and remeasuremcnt 93% of eve-ncs had bt;:(:":!l satisfactorily meusured. 

1120 VO's associated to events inside our fiducial volume gave fits to AO~ RO, 
s 

-0 + ­
A decays or y -l> e e conversion. Ambiguities (affecting about 7% of the events) 

were resolved by observation of ionizatiori where possible, and otherwise by cuts 

r '} b b"1·' f 1on t !le transverse momentum or the decays :lnd ("In the X" pro i1 1-",1 tlCS 0: t 1e fits. 

The data were corrected for scanning and measuring losses. fer losses of 

yO's converting or decaying outside the fiducial volume, or closer than 3cm 

(2em in the production vertex, and for interactions of the 

strange particles. The pair production cross section was taken from ref 13], 

and the strange particle cross-sections were corrected for branching ratios taken 

.from ref t41. A correct (of 2-3%) was also made for the 105s of ~ery slow lISa 

usin~ the symmetry of the rcactioll pp -r y HI the c. m. system. 
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(2) Cro5s-sc~linn and mult 1icitifts 

In Table 1 we give cross-sections lor 

taken to be !o(~V> y), norn~]ized to the total number of events 1n the film. 

for the y! S ::;inc:.::: tllC':n, 'Wi';S no asynll1letr}' oDs.:>rved t.Ji thi.n errors. hut: have only 

I' 

used eVents in 	the back'a'l.,rd hcmisph0re for the K": data because of losses of very
5 

f·as t ,P I :'. ',' lo"' ..... b ~. . , 1 . . . ~ d . _ / z:lo ~ _ 	 .. y iv--:lnvarlnnce t..": 1(~ eross-secc.l.ons l.n .rorwar aBG backward hemis­

· 0 .0; 	 -0
bY C""lm'.arl.ance l, s in the forward henisphere equal A" S in the backward 

hemisphere, hence we lose no information by us only hackt.jard uaLfL Tahle 1 

also gives cross-sections for different charged multiplicities at tr.e production 

vertex (eorrec:ted for undetacte.d dalitz p::l.irs and VO i s). \~e also quote menn 

• d '" . 1"·1'" - ,0assoc~ate cnargNi rnu tlp_H:l. t les tor. V production, and the mean numbers of 

collision.. }r"or cotnparison'it the corrcspondillg 

. "quantitios are given for pp lnteract:l.ons. I"[Ilcrc Ire pp experim~nts at 102 GeV/c 

(5] and also 100 GcV/e 16}. <md rathE:r t.h~ln simply average their values. wf! 

\I 1 1\1 f 0 ,,0 • ... 
quote smoot ',eU values or 7r and K_ cross-SN:t:1.0ns. taking account ofpp data 

::-. 

at other energies L71. fig 1 (a-c) shows the cross-sections with dota at other 

energies for comparison. 

()

The cross-section for liP -;... IT 

this being due 	most probably to the effc:cr of £mnihil[ltions. However. Fig l(d) 

oshows that <n(,i » as a function of is virtually identical top? interactions. 

The implication of this 15 thnt the degree of correlntion between chargE.>d and 

ueuu.-al pions is the Sflme in hoth ci1ses~ :3nd henc.e has not been significantly 

affected by the annihilntion component. One C<:ln also see this in the correlation 

parameter f2
-0 

"" <n n >-<n ><11 >, t.Jhich has t:he value of 1.03 ± "24 [or PI',o - 0 ~-

compared to L 12 :t ,26 in PP 1.nternctiot1s. 
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pp -,. 1f0B t j !It:-l tp of ° 
from the difference (pp - pp), by subtTilct: the cross-sections given in Table 

L The errors ~ire large, but the mean charged I1Hlltiplicity; 10.4 ± 3.4, is 

greater than thtlt for the lvhole s211nplc of events, 7,49 ± O.17~ as wns found 

to be the case for the (~p - pp) multiplicity distribution of all events l2J, 

for 'Which a IHcan ch~!rged n1ultipliei 9.06 ~ O.~6 was obtained. 

o
Fig ICe) compares the variation of cn(K » with n 1. for pp and pp inter­s Cd 

actions and Fig l(f) gives the same for fie and ~o cOlcilined. As with the ~ors -r 
~ ~ ~>.

the pp and pp nob,vic'..!;,: is va:y Sl.r!lllnr;. agslfl indic8tingLhat the correlation 

b~t\Olecn charged particles and. neutrals is much the same in liP as in pp 1.ntc-r­
/t'( <;()

"" . • o! I ,.- \ . . .• ~nd foractl.ons. <....~r~ t.1D ~pp - PPJ multipll.c~ty distn.hutl.onR for KO 
s 

though with large errors, \.'hich 
\ l"""", 

(~ncou1"8.gc:s ene to identify th.e diffe1~ences th annihilations. This interpretation 

is supported by the s Ie porticle distcibutions presented in the next section. 

(3) Si ticl.:> distrihut 

It of interest to try and localise these differences in cross-sections 

-in terms of single particle tributions. We filHi t.he most useful of lhese to 

be the centre-of-mass rapidity, y*. Fig 2 (n-c) shows the distriblltions of 

1d(J /dY * .,:orr our H,.0 Xo ane y data, folded about = 0 in the latter case,
s 

compared with pp data from refs l5.6]. }'Oi~ the s<lke of clarity the: pp data have 

been represented by curves, drrrwn by eye, and typically the errors on the curves 

arc comparable to those on our data points. 

The dCl fdy* distribution for the y's. Fig 2(a), has the. best statistics. and 

the indications arc that the two pointE; nearest to Y*, == 0 are rather higher than 

~ l_rJ o"r' .the pp curves, while for II -" y data pOlnts acrce very well with pp values.-­duJ , 1< ., - 0The (ly·t G::tst:t'1.!.}ut1.ct) tor.K • Fig 2(b), snggcsts Lhat the difference betlJeen 
s 

~p and lIP cross-sections is not concentrated nenr y* m 0, but spread over the 

in the itnnn ihilal:i.on" process, thougb tiw st.atistical errors on this distrib,ltio;: 

http:itnnnihilal:i.on
http:G::tst:t'1.!.}ut1.ct
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for tlte yls there seems to be 

a substantial difference ben,:c(:n pp cHId pp in the on i'Y''': t <' 1,. bu t 3 grccmen t 

as pp -~ (flY) + n's , PP -. (!IKi{)-r lr 
l s ete, (together with intorference contributions 

w'ith ulloll-an:nihiltttionH processQs the ljtter case), which, insofar as there 

and would be 

expected to yield lrypenms ,";Il:.! anti in the central on ... -, 
These effects may he described quantit:lt.ively by milking a diH~CC subtraction 

af the d<lta of rt~fs [5,61 frOtl1 our pp cross-sections in the regions !y*1 > LO 

of rapidity ",e obtain:for a(~p - pp 

{)

O.S±U.7 rob }8.6 i. 16.5 mo i::esp(;ctively.~ for - pp -~ 1:(') I 0.20 ± o ~ 38tnb 
S J 

o -0 Iand 0.10 ± 0.52 rub; and for ~0(~p pp .• A/A )" --0.16 o ?l rub aud 0.37 ± 

-r~ 

0.28 mb. In the case of y and IA~ praJuction the differences arc clearly 

both pp 

these effects in. rmy greater detaiL 

5 

Y. but these display no significant differences from pp data in their shape. 

essentially differ or~ly in the.ir net"H~alizaticn" t..Je derive values fer the mean 

transverse mO!ncnt.:l of v K
a 

0.16 i 0.01,0.45 i 0.03 and 0.50 ± 0.04 GcV!c 
J" s 

respectively, which arc in agrc,emenC with values in pp interaction:; at similar 

'" 
E:.nergics. 

et The unknown pp ->- A)contrihut was estimated by taking the cross-section -

o
K ; and 

from ref l6J. and adding this uniformly in the range Iy*i<l. By making this 

in this renior:" 

http:0.01,0.45
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Stllmn[l}:.V ..- ..-~ ......~.~ 

"I d r. r, l' \Y ':'. ,;,' t • f tId t . t- KO a 1 ~ 0 l'v.e lave ..... v _ '" cross-sec :1005 or . iE' pro'tic J.o, n () Y. - 11(_ "n pp
s 

interactions at 100 GeV/c. In nIl cases, these cross-sections are higher than 

in pp experiments at this energy. The difference in cross-sections is associ:ltea 

with higher charged multiplicities on <1VC:l.'age, which leads us to identify the 

difference ~ith annihilation processes. In the case of y and AD production 

these differences seem confined to the central regiell. near y* = O. while fer 

KO production there are indications of D difference at larger ly*l. ­s 

.. 
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I 
_ smoothgd_OI _ (' smoot~h.~'~d r 0 r:moGt~1gd I - 0 -0 ! 

1in, O(P~~~:)'} a(PI;:~~') ,. O(PI;T~:~) 0(:;I;l::~;) 1,.iG(PP":::lb: ii 
) ~tJ(PP+I~!r~;\")((I,' 

en 1 
Charged I /1 I 

MultiplicitY-f-----------------t-----------------<i---------------l1 
o I O.3:!:O.3 

2 7. 2±1. 511:::::::4 1·1.5±LO 

6 I 24.6±2.4 22. BiA.O 1.09}:O.15 

8 23.l:t2.2 20.3±2.2 L 14:W.16· 

10 11 .. 5±1.7 lO.9U.O O.64~O.12 

12 8.3:+:1.2 6.3:tl.() o.34~O.09 

14 4 .. 7:!:1. 2 2.5:<::1.5 O.lliO.OS 

16 O.oliO.3 l.O:!QA O.o3±O.o3 

18 L 2:tO. 7 1 
0.5 :0.5 1.1 

O.31:!O.07 

0 ..772:0.15 

1.10J:O.15 

0.80iO.10 

O.65l:0.10 

0.30~0.b7 

0.07iO.07 

O.04l:0.04 

0.02'0.02 I 


O.03iO.02 

O.23±o.06 0.17:0.06 

0.62:tO.12 

O. 44:tO.11 0.371:0.09 

O.4}±O.09 o • 30:!:O. 09 

O.niO.07 O.21:W.07 

0.07:!O.o3 0..02::0.02 
... 

0.06:iO.03 

- I 

~--------------4----------------8-G~i6-'----~I----q-.-3-9-±-O-.-5-8------4-.-1-jO-.-3---4---:-,-.S-1:-,.O-.-3------1-.-7~.j-

Total 95;5::8.2 

l---------+--------...-----L------.-----­

<n :> 7.49:tO.17 19 7.28.'0.21 7 .OS:W. 24 5. 00:1;0 . 30 i _ 
ch 7.w. 1 j 

<n{Vo» 2. 76iO. 19 2.7aug! 0.1:::.02 O. U±0.01 10.0,:::.009 O. OS3±O .OOG r 
R"n,' no. of 

553pp events 

6.3nO.28 

Table 1. in 

l' The errors on the tot.al cross-sections include a. contribution (of 5%) for the 

lll\C("!"Lil ty in oven,U normali.zation. 

I 

http:0.1:::.02
http:7.28.'0.21
http:7.49:tO.17
http:0.06:iO.03
http:0.62:tO.12
http:0.17:0.06
http:O.23�o.06
http:O.03iO.02
http:0.02'0.02
http:O.04l:0.04
http:0.07iO.07
http:0.30~0.b7
http:O.65l:0.10
http:0.80iO.10
http:1.10J:O.15
http:772:0.15
http:O.31:!O.07
http:O.o3�O.o3
http:1.09}:O.15
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Fi 

oFig 1. (a-c) Cross-sections for pp ~r '1l , 1\ () '1- 0 " \oJj th1. l' rC5peC toPlDiY > 

pp dota for comparison. The dash~d Cllrves through the ~p 

points guide: tile eye. PI-' delta at lol\'cr ('nerg.ies ~re Ulkcn from 

refs l8,9). 


(d--f) mE!~H1 1111mDC O!7S of neid.rill s us a functi.on of charged 


muHipl"ic:i ty for PI' and pp inrernctions i1t 100 GcV/c. 
I 
.. 


Fig 2. 

lNith. pp data for comparison. The d<lshed CUr\ICS are dnnm througb 

the pp data to guide the eye. 

o.-i 

http:functi.on
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I. 	 SUIIIIlary 

1. 	 Reguest: 

2.25 x 106 pictures of pp (1.25 x.106) and pp (106) 1nteract10ns in 
the 30-1nch 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 ann1hi· 
lation process and its relation to AaT • 0T(PP) - 0T(PP), As well, 
we should be able to make detailed comparisons of mu1tiparticle 
production 1n PP and pp intpractions without annihilation. 

2. 	 Beam: 
100 GeYlc P enriched negative beam (30% p/7~ '11'-) and 100 GeYlc positive 
beam (30Sp/lOS K+/60% w+) to the 30-1nch bubble chamber with the 
standard octup1e pulsing tagged by the beam Cerenkov counter(s). 

3. 	 Eguipment: 
(a) 30-inch 	bubble chamber with Downstream Particle Identifier 

(ISIS/Cerenkov counter). 
. (b) 	Anti neutron detector (Neutral Hadron Ca 1 orimeter) to be provi ded 

by the collaboration. 

4. 	 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). Analysi.s will be done on the MSU CDC6500. Cambridge IBM370-165, 
.' Fermllab CDC6600 and Stockholm computers. 

(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 wiP. I{+p events i.n the film will 
be submitted shortly by a separate group of collaborating 
institutions. 
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I I. Abs tract 

We propose to continue our studies of multiparticle production at high 

energies by performing complementary high statistics experiments with 100 GeV/c 

anti proton-proton and proton-proton interact ions us i ng the Fentlil ab 30- inch 

hydrogen bubb 1 e chamber spectrometer with a Downs tream Pa rti c I e I dent ifi er 

(OPI) for charged p/K/n separation. We request 1.25 x 106 pictures with a 

Cerenkov-tagged p/n- secondary beam and 106 pictures with a tagged p/K+/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 Kn correlations in both pp and pp interactions; 

(d) a study of low cross section processes t such as exclusive channels, 

neutral particle production, and central region production of pp and pp pairs; 

(e) Resonance (p, f. !fl. K*, etc.) production. and (f) a detailed comparison 

of pp annihilation and e+e- .~ hadrons at similar values of Is. 

Since there will be a large number of nIp 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. 

II I . Introduction 

Our collaboration (Canbridge. Fermilab. MSU) con~leted data taking 

5for £-311 in January, 1975. Thi s experiment was a survey experiment of 10 

pictures of antiproton-proton interactions at 100 GeV/c using the Fermi1ab 

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 ~12,000 pp events having 

been measured. Three papers on the multiplicity distributions and neutral 

particle production in pp and pp interactions are a1reaqy publishedl -3, and 

three additional papers on annihilation and nonannihi1ation effects have been 

submitted for publication. 4-6 Copies of the three publications may be found in 

Appendices Al-A3 to this proposal. 

On the basis of the current analysis of E-311, as well as other studies 

of high energy interactions at Fermi1ab (E-28, E-281), we are requesting 

1.25 x 106 pictures of a 100 GeV/c Cerenkov-tagged enriched·p beam 

(30% p/70% n-) and 106 pictures of a 100 GeV/c Cerenkov-tagged p/K+/n+ 

(30% p/10% K+/60% To+) 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 neutrons. 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 Q!. nonannihilation interactions. With this infonnation, as well as 

with the neutral kaon detection in the bubble chamber itself, one can study 

such topics as central region pip production, the rapidity gap distribution 
. . - - + +for strangeness exchange, and two partlc1e correlatlons between K n , K n­

(and KK). Since significant like-particle effects have been observed in 

n±,..± correlations/ it would be most interesting to study other combinations 

such as Kin± which are still exotic but do not consist of two identical 

particles. 

.~-.------.--~-----------------
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Because of the u·, K+ content of the beams. there will be approxi­

5 + 5mately 10 11 P and 1.25 x 10 lI-P events in this film. A collaboration 

consisting of several other groups is submitting a separate proposal to 

ensure that all of the interactions photographed will be analyzed. 

IV. 	 Beam and Bubble Chamber 

- 8The results of £-311 have shown that the enriched "ha10 11 p beam at 

100 GeV/c is perfectly adequate for the current proposal. During that 

experiment a negative beam containing 20% pes at 100 GeV/c was obtained from 

the target ''ha10 11 produced by the decays Qf 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 pis/lOll incident protons was obtained, which was 

more than adequate for the quadruple pulsinq mode which was standard for the 

bubble chamber at that time. 

The £-311 exposure was carried out with a 300 GeV incident proton 

beam. However, 400 GeV protons are now available on a regular 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 

easily obtain a 100 GeV/c 30% pl70%n - beam at the 30-inch bubble chamber 

without triggering the bubble chamber flash with sufficient flux to octup1e 

pulse the chamber with less than 2.5 x 1011 protons on target per accelerator 

cyclp.. 

The currently existing beam line ~i_tl!.o_u_t_arl,Lf}_U-':!_r'_i.!!9. is quite 

... +
adequate for the proposed positive beam (30% p!10X K /60% 11 )~ although a few 

shi fts of beam tillle may be necessary to tune the beam for optimal K+ content. 

Again, octuJjle Jjulsing of the chall1b(~r is planned. 



We would plan to use t.he current upst.ream system of proportional 

wire chambers dnd beam Cerenkov counters in Enclosures 106 and 108 to tag 

each beam track entering the bubble chan~er. 

I n summa ry, we. !:Ii JJ._n_~_.l~!,JJ~_'=-Jl_e~j_ to trJ.£mer__the bu~_b]£_~_hal1lb_~!":. 

6flash. lienee the 2.25 x 106 pictures could be taken in '1.2.25 )( 10 chamber 

expansions and ,\,281 K accelerator cycles, assuming 100% efficient o!:_t.tJEJ~ 

P_uJ.~in9 of the beam 1 i ne and bubb 1 e chamber. 

v. p~!'In5_t.r'_e_illtl__ ta r t i.c1e_ Ld!?n_tj fJ!'!.!:_JJJfJ1 

The primary object of t.he proposed experiment i" to identify as 

many of the produced particles as possible. i.e., one wants to identify the 

leading particles (generally p, ~ or n') if they exist, as well as those 

particles produced in the central region (generally n's and K's). 

The system we propose to use is the Downstt'emn Particle Identifier 

(DPr) (see Fig. 1) which is currently under construction by the PHSe (ISIS) 

and by the Michigan State University group (Cerenkov counter), At the 

current time, $40,000 to start the project have ah'eddy been allocated by 

Fermilab. It is expected the project will be concluded in rV78 at a total 

cost of ,\,$130.000, wi th substantial additional support coming from the 

resourCE~S of the PHSe and MSU. Details of this system are described in the 

July 1976 issue of NAlREP, which is included as Appendix O. Basically, the 

system consists of two elements behind the 3D-inch bubble chamber: (a) an 

ISIS device9 consisting of a lxlx1m3 section followed by a Ixlx2m3 section 

interspersed with drift challlbers. and (b) a 2x2x5m3 H-cell atmospheric 

pressure N2-lfe Cerenkov detector. In the ISIS device, ionization deposited 

in the detector is sampled by measurin~J 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 - 20X CO mixture, Wllich gives a satisfac­
2 

tory relativistic rise. Monte Carlo calculations, substantiated by tests, 

indicate that one can obtain 7.8% FWHM ionization resolution on a track which 

passes through the entire device (3m.). With lhis resolution. it is antici ­

pated that useful particle separation can be achieved up to ~30-40 GeW/c. 

To examine the acceptance of the ISIS detector for the proposed 

experiment, we have used 1\,4200 inelastic pp events (see Fig. 2) obtained from 

E-311. To investigate the properties of the leading ~ (or p in pp collisions), 

we have identified slow protons and nls by ionization in the bubble chamber, 

transformed their laboratory 3-nlomenta into the center-or-mass system and 

reversed them, and then transfonned them back into the laboratory system. 

Using these events we find the following: 

(a) 	The acceptance as a function of the laboratory momentum of the produced 

pions is shown in Table I. Typically '"B9'~ of the fot'w(lrd hemisphere pions 

from a givel1 event make their way into the ISIS (see Table II). Many slow 

(backward hemisphere) particles do not traverse the exit aperture of 

the bubble chamber ll1a~]net (see Table 0. Typically '\,50't, of the forward 

hemisphere IJarticles traverse the entire ISIS device. The acceptance as 

a function of CM rapidity is shown in Fig. 3. 

(b) 	 For a sillnple of events examilled in detail (see Fig. 4 for examples), we 

estimate that the average resulting resolution on ionization. after 

foldin9 in the (neq1i9ible) probability of more than 1 track entering 

the same cell, for tracks that traverse the full 3 meters of ISIS is 

~7.B% FWHM. For tracks that do not traverse the full 3 meters. the 

resolution is estimated to be ,\,11.7% rWHM. 
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To effectively use the information fronl ISIS (and the Cerenkov counter) 

requires that the momentum of the particle be known to 'v7% 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 PWC1s (Fig. 1) should yield the 

desired momentum resolution. 

The second element of the DPI is the 2x2x5m3 atnlospheric pressure 

Cerenkov counter. The thresholds and photoelectron response for different 

He-N2 mixtures ranging from 100% He to 100% N2 are shown in Table III. 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 piS with momenta typically above 50 GeV/c 

from the nonannihi1ation 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 

ca1culations t again using events from E-3l1, show that the overall acceptance 

for pIS, is ~ 99% based on the inversion (in the eM system) of protons with 

~ 1.4 GeV/c which are identified by ionization. FUrthenmore. 36% of theP'ab 

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. J. 
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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 pIS have at 

least one other track in the same mirror, and (b) only 12% of all rr1s 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 light 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 (Cl 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 ~70% of the slow protons. 
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VI. 	 ~~~_~_~aJJi~~!:_o~_i:.:~ l.ott!l~e_terAntineut!2..n. _p~_t~~5tOEJ _ 

One of the primary considerations of these hiqh statistics exposures 

is to identify a IIciean" sample of annihilation events. To do this, it is 

necessar,Y to identify as many as possible of the events which have a leading 

baryon or antibaryon. The slow protons can be identified by ioniztltion in 

the bubble chamber. The fast antiprotons, whose laboratory momentum spe~tra 

is shown in Fig. 7, Celn only be identified by the Cerenkov counter, sillce 

p/Khr separation in ISIS is available' for ~30-40 GeV/c. Since slow neutrons 

are difficult to identify, to find all the nonannihilation final states (ppX. 

pnX, npX and iinX) , a necessary ingredient in rejecting nonannihilation events 

is the detection of forward il's. As will be discussed in detail in the next 

section, a device of cross section 3I H x 31" placed inullcdiately behind the 

Cerenkov counter at 12m will "see ll ,\,907, of the ii's produced at 100 GeV/c. 

The expected laboratory angular and momentum distributions of il'S (total) and 

those "seen" by the detector (shaded) are shown in Fi r). B. 

Since we intend to (passively) veto ~ events, the n detector must 

have high efficiency. Our considerations indicate that a steel-scintillator 

sandwi eh neutron counter s imil ar to tha t discussed by Marshak and Schll1user 10 

will do an adequate job. A schematic drawing of our proposed device is 

shown in Figure 9. Over alarqc part of the counter's sl~nsitive area, its 

' .. I 10 e ffi c 1ellcy 1 S gl ven 'Y 

Eff. = (0.95)(l_e-x/6.4)(e-y/23). 

where x is the total lemJth of sU~el (inches) ilnd y is the amount of steel 

between any two scintil1ators (inches). The coefficient U.95 reflects the 

probability that the neutron interacted to produce only lIeutrals that were 

never detected. Wi th x 36" LInd y 2". we expect an efficiency of :::8B%:0 
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(since the ii-Fe total cross section is probably 30-50',~ larger than that for 


n-Fe, we have stated a lower limit for this value), 


As you are aware, the OPI 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 (see NALItEP, July. 1976, 

Appendix B). The Cambridge-MSU group has been approved for a 9 GeV/c pp 

experiment (I3C-64) at the SLAC 40-inch hybrid hubble chamber facility. One 

of the aims of that experiment is to measure the prj 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 

antineutr'on detector behind the Cerenkov counter in the 30-inch bubble chamber 

oPt. 

Since the possible presence of y-rays could simulate antineutrons 

through electromagnetic showers in lhe detector, we hilVe made estillJates of 

the y/~ ratio resulting from nonannihi1ation interactions in the bubble 

chamber. Using acceptance calculations based on the silllul taneous production 

of a forward p and 111 in £-311 events, we estimate that l1"/n ~,7% for n's 
and 11"'5 lIaimcd t' at the n detector. We have not done a detailed calculation 

of the .0 decay; however, it is highly unlikely that both y'S from nO decay 

will enter the n detector. Our best estimate is that ~7% of the ~'s in the 

detector will be ilccollIpanied by a y. For annihilations, we again estimate 

that ~7% of the events will yield a y in the ~ detector. We would eonsider 

at 1f~as t th ree methods for reduc i n9 tl1i s back9round: (1) place a 1 cad f i1 ter 

before the counter, (2) cut on the longitudinal development of the shower 

(y showers are preferentially in the front end of the detector), or (3) cut 

on pulse height (y'S are typically lower in energy), All these have the 

effect of lowering the n efficiency sOllJewhat, however. 
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In a manner similar to that for estimating the lI°ln ratio, the ratio 
-

11 
~ 
In is estimated to be ·\,14% for nonannihilation (this follows from 11°ln '" 7% 

~ 

and 111) '" 1/2 IT). Hence, in about 14% of the cases an it signal may be ilccom­

panied by it 11· 
! 

interacting in the n detector. For this reason we have placed 

3 scintillator hodoscopes (5x5 elerllents. each 6" wide) at depths of 'I-one 

radiation length, 'I,one interaction length and ·"three interaction lengths, 

respectively, in the Ii detector in order to discriminate between n 
1 /Y and n 

interactions. 

As we will see later, the importance of the n detector in providing a 

"clean" sanv1e of annihilation events is dependent upon the ratio of ~'s to 

nls produced in nonannihi1ation events. Hence, one consequence of having this 

detector will be a measurement of the ratio of inclusive pin (pin) production 

in 100 GeV/c PI1 (pp) interactions. 

Accentances and Uetection Efficienc es for il'S:...__~_.__ l~ .. _._ .. ___._ "...~__ .•. _.._ ~_~"_.______,,___.~__ _ ~. __ . _ ._. ~. _ 

An acceptance calculation has been performed for n's. For this 

a 31 11purpose, we assume x 31" detector placed immediatel.Y behind the Cerenkov 

counter. Since ~p • ~ data are not readily available, we have used neutron 

production data for pp ~ n(0.2 ~ Pr < O.B GeV/c)ll at ISR energies (invariant 

cross sections E d3n/d3 p have been assumed to scale to 100 GeV/c) as an 

approximation to the jjp ~ ii distribution. <Lur_..c:51.1s_ul~rt59.!!.S~ __Sb2!1_Lh_a..L~g7~_Q}:" 

th_(!ji~.s__~jJ.l_ be "s~~~n u._~y._a..JJ..~_~ ~J~~ _~__5j~tes t.or__ (5 ee rig. B). 

V I I . !~hyxi (;?__ ~!:'?.ti_fl<:_.!!_tJ0!l 

In our considerations to date of a high statistics experiment yielding 

"clean" annihilation events, we have established in our minds a considerable 

http:u._~y._a..JJ
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number of excitinq and topical studies based on such data. The second 

primary objective of this experiment is to study central region production 

of KI. and p~ in events with or without annihilation. l-le have enumerated in 

the followinq sections several examples of why we believe this proposed 

research should be carried out and emphasize that these are just examples of 

the full range of physics possible in this experiment. 

a) ~p Annihilation and the Difference of --,. (f' -. -,-. - - --- --- -- - - . --.--- .. ,._- -- --.-­
J1I?_.51!1_~_PI}.}o.t~lJ_~!.2.s s Sec t ions 

We are interested in carrying out a detailed study of the baryon 

annihilation cOnllJonent in antiproton-proton interactions at 100 GeV/c inci­

dent alltiproton rllomentum. One of the lonq-standinu problems in pp annihila­

tion is the possible relationship of o(ann) to AHT '" Il TUip) - I1 T(PP). 

Recently we have publ ished2 an ana lysis of the differenc£> between pp and pp 

topological cross sections up to 100 GeV/c. includin~l 100 GeV/c data from 

our £-311 pp experiment. The amllysis indicates that qood fits mily be 

12obtained to the 1110de I of Eylon and Harari ,where the fjlJilntity 

tlJl(pP) - Cln(pP) 
Rn -,0 - - - (J~'(pp)-- (1) 

is predicted to be of the form 

(2) 


and s is the square of the pp C.M. ener9Y, n is the charqc multiplicity, 

(tM(!lB) 1S the intercept of the leadin~1 excharlfjed meson (baryon) trajectory, 

Il l Pl) is a constant, and B(>l) and y (<1) are constdnts Which, in a simple form 

of the model, are 3/2 and 1/2 respectively. Our fits (shown in Figures 1 

and 2 of our pape/ [included as Appendix A2] with the further definition 
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('1 = 2a -2(lB) are consistent with a contribution from the first term of Eq. (2)M

only (implying fl1 '" 1 or y '." 0). In the Ey1on-Harilri model the first tenn 

of Eq. (2) represents annihilations due to the Pomcron exchange tentl in the 

total cross section. whereas the second term represents nondnnihilations due 

to PO/neron and meson (~xchange terms. Thus, the da ta support the conjecture 

tha t the ann i h 11 il ti on component in pp i nterac t i OilS is due to the Pomeron and 

not meson exchange contrihutions tu the tuta1 cr'OSs section. 

The Ey10n-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 

(3 ) 

(4 ) 

and hence. 

(5 ) 

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

total cross section. In fact, the enerqy dependence of AOT from Eq. (5) is 

uv(O)-l -0.5 
s ~ s , which is a 900d representation of lhe data (see Fig. 10). 

In both the "classical II and Ey10n-Harari models as well as related phenome­

lJno10gies ,14 it is argued that o(ann) n!i:lY equal A0T' 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 (IIOAO for example) which are available to PI> but 

which are not open to pp. Obviously, if the various models discussed above 

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

valid. the experimelltal relationship of AlIT to fl(ann) must he established. 
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We propose to do this with a high statistics sample (",12 K events) of 

"clean" 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 hi~Jh multiplicity 

final states in both annihilation and nonannihilation interactions belong 

to the dOlllain of the bubble chamber technique with its we1 J known high multi­

track efficiency; (2) annihilation cross sections are relatively large 

('\.3.5 mb at 100 GeV/c. see Fig. 10), further lendinq their study to bubble 

chambers; (3) ambiguities among ~ and n-{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 hdve been made up to 12 GeV/c 

l4 15to statistically separate the annihilation cOIlIPonenL - These are 

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 ellrlier, the Cambridge-MSU collaboration has been 

approved for a similar pp and pp experiment (OC-64) at 9 GeV/c at the SLAC 

40-inch hybrid bubble chamber facility. 13ecause of the similarities between 

these two experiments, we expect to be abl e to study the eneq,y dependence 

of lIlany of the annihilation properties by comparinq our 9 GeV/c data with 

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

b) S; nli..La!.i _tf~.s_l3~_~~.e~n_~_~_~~~2_'l<L.PF_ '".n!1J ~.i _l~_~J~J!'s_ 
Muirhead 16 has pointed out a number of intriguing similarities between 

the annihilation processes 

http:l3~_~~.e~n_~_~_~~~2_'l<L.PF
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+ -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->, f 2--, <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 virtual pp 

interactions in the u-channel for the reaction K-p -> 1\0 + 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 "enerqy crisis" observed in e+e- data. On the other hand, 

2 
a measurement of <Eneutral>/<Enegative> at 100 GeV/c (s '" 109 GeV ) with 

"clean" events free of nonannihilation contamination and comparisons with 

new data from hiqh energy e+e- experiments could be 1Il0st revealing. 

16Muirhead has pointed out that the processes must likely responsible 

+ ­for pp and e e annihilation are multiperiphera1 baryon exchange and one 

photon exchange respectively, as illustrated in Figures l5(a) and 15(b). 

Goldberg 17 has shown that the multiperipheral baryon exchan~le 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 lIloment what we can learn of 

fundamental importance (other than what may follow from phase space consi­

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

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 wi 11 be discussed later. It 

appears to us that the ~ 12,000 annihilation events (based en 0ann ~ 3.5 mb, 

see Fig. 10) should be adequate for a preliminary e+e-, pp annihilation 

comparison. 

c) MuJtiplicities 

The pp topological cross sections, shown in papers l -2 from E-311 that 

have been included as Appendices Al and A2, show 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 e'v~nts 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. 

d) Neutral and Strange Particle ProduEtion 

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

show that the differences in single particle production spectra occur 

mainly in the central region suggesting that the annihilation process is a 

more central co'llision than 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±, A and Ain a large number of 

events (see summary in Tat·le IV) ene might expect to study the process of 

----~ ...~.-- --------------­
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strangeness exchange in both pp and ~p interactions. For example, what is 

the rapidity gap distribution between the two strange particles? Bow locally 

is stranqeness conserved? The answers to these questions (alonq with the 

analogous questions relating to charge exchange) could be most revealing. 

With such data it will also be possihle to estinlate how often 

annihilations occur which yield K'sin the final stateand to make a CO\l1­

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 

followin~J the technique used at 24 (ieV/c1B . Usinn the identification of at 

least one charged kdon. one tries all mass combinations with particles of the 

opposite siqn to ')earch for a .p + K'\- signal. This is quite a reliable 

method for locating relatively clean. events due to the mass and width of 

the •. Then one stUdies the production of extra kaons (charged or neutral). 

This is particulilrly inleresting in that Blollel c.t. a).1B find no evidence for 

a vrevonderance of K production with .p's, in contradiction to Zweig's Rule. 

e) ~i!19_!£_!.EI.t~LcJ~_J nc]~~Jy~_p_i2...~.r_ipl!.t i o.n? 

Wi th the data that we obtain in this exp(~rilllent we will be able to 

make detailed comparisons between pp and pVinelastic interactions and between 

~p annihilations (HId pp interactions. The latter comparison studied as a 

function of x,Y,Pr etc .• should yield detailed information about the anni­

hilation process. It will also be inlerestinq to compare these data with 

similar pp data that already exist at incident momenta below ,,,20 GeV/c. For 

example, Fig. 16 shows the eM rapidity distrihution for pp • n+ + anything, 

for annihilation and notlallnfhilatinn intet'dctions cOlllbined, at 4.6. 9.1, 
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14.8 and 100 GeV/c. In vie'l4 of the strong energy dependence obsel~ved at 

y=O it would be most interesting to stu4y such distributions separately for 

annihilations and nonannihilations. Some preliminary studies5,6 a1.ng these 

lines using E-311 data have been made. 

f) Two-Earticle Correlations 

One of the interesting features observed in ~-p ind pp interactions 

at Fermi1ab energies is the strong dependence of the two particle correla­

tion function on the azimuthal angular separation for a pair of like pions 7, 

Figure 17 shows a strong like-particle correlation for tH/I 'V 0 and the absence 

of a correlation for A$ "'~. 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 K±~± correlations in 

a similar manner • 

. Another correlation which has been obset'ved at lower energies is 

that between neutral and cha'rged pions. Whereas a positive correlation is 

observed in pp interactions at 15 GeV/c where theannihi1ation-nonannihi1ation 

separation was not possible, the.corre1atton for pp annihilations at 4.6 GeV/c 

has been found to be negative. By identifying events with a proton, anti­

proton or antineutron, we should be able to study the ~°tr± correlation 

separately for annihilation and nonannlhilation 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 recolling system as well as single 
-I­

particle distributions of 'II'-,n the recoilirig 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 Pomeron 
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as well as to study the inclusive douhle Pomeron exc.hanqe process with high 

s ta ti s tics. 

-
Figure 1B shows a summary of the 4 and G bolly final states in pp 

interactions. By extrapolation to 100 GeV/c, one can estimate the numbers 

of events expected for various annihilation and nonannihilation findl states. 

These (lre given in Table IV alon!i with the analogous values for the DP expo­

sure. With the expec ted numbers of ppu\, - and ppn \ - events one wi 11 be able 

to make interestinlj comparisons at 100 GeV/c. The number of annihilation 

events expected in the low (;\:,6) multiplicities will be tuo slIIa11 to permit 

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

811 and up will he larqc enou~lh to pennlt some interesting stUdies. 

V I I I. st!Jdy.. of,thc..Eff i C.1 ~llcJ' ...!o.r.. S(Wd r~.~.tn.g 
l\.rJ!.lth.U.(~tj -"_~. Jr'OIlI..Nonann i hi Ld.tJo.n 

The efficiencies detennined in the previous sections are slllilmarized 

in Table V. In Table VI we show the separate efficiencies for detecting the 

fOlJr nOflallllihilation final states: (1) ppX; (2) PIlX; (3) iipx and (4) nnX. 

An important input into these considerations is the anticipated relative 

abundance of these fuur states. Assuming pp and Dr> (nunannihilation) reac­

tions are factorizable, the results of B~ggi1d t:.!-. aJ. 19 for PI' at 19 GcV/c 

suggest the above reactions should scale in accordance with the ratio 

p:n 	 0.7:0.3. We conclude will be 

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 

-larqer and more expensive il detector. On the other hand, dn) o (no n 

detector) !Jives an efficiency of n:.i~~. dCllIonstratin{J the importtltlt role played 

by the n detector. 
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Table I 

Momentum 
(.QgYLc) 

No. of Pion~) 
Pmduccd 

, , ,,!T_'3 J)capi ng.Mayne t 
No. X 0 f 11 I S Produced 
. ~.- ...-~.-. -. --­ -

11 's [scapi n~ Maqnet and 
lh ru 1x 1x3m ISIS 
No. '--'lor"ll-i s l}r'oduc'ed 
... 

0-5 1613::' 83B9 52.0 691 4.3 

5-10 3752 3734 99. ~) 2034 !:>4.2 

10-15 1692 1678 99.2 1522 90.0 

15-20 916 910 99.3 BU7 96.8 

20-30 919 913 99.3 910 99.0 

30-40 393 390 99.2 3139 913.9 

40-50 164 1~9 97.0 1S9 97.0 

50-60 63 61 96.8 61 96.8 

60-70 33 30 90.9 30 90.9 

70-100 12 10 133.3 10 133.3 

Tota Is 24079 16274 67.6 6693 27.B 
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Table II 

No. of 
Pions 
Produced 

% of Pions 
Produced 

_____C.• M_ :_JI~!'!J.3J)!~{~T_e__ .. 
Rackward Forward

No·.· No-:---- ·----·--~i.-

Total produced 

Leave magnet 

24079 

16274 

100.0 

67.6 

12043 

4310 

100 

35.8 

12036 

11964 

100 

99.4 

Enter 

Exit 

ll11xlm 

tmxlm 

ISIS 

ISIS 

at 2.1111 

at 5.3111 

12664 

6693 

52.6 

27.n 

1987 

375 

16.5 

3.1 

10677 

631B 

88.1 

52.5 
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Table III 


Thresholds and Photoelectron Jl~spgnse 

-~ ---.-'~. -~., .. -,,-..---~ ..-.. - ".. '-, ..~.- ... ~-."..-- ~-

Assuming: 	 1 atmosphere. 5111 length, and N :::: 2A (11-1 )[1-{PT/P)2]L 

with A 100 Cm- 1.'" 

II Pho to(' 1 ec trollS 
(leV/c) 	 -, ..- 'Ie - --_. ._.. _-­

N
II N NP I{I1

'%,11 e - '%oN 2 p (~ eP K TI 	 _(!I~:J)~Lq~ PCGe_Y/s;. ) . - i!~i.>~lg~1
-,,, .. -.~ 	 ~ -.~-.-

116 61.0 17 .3 100 - a 32.7 100 :1.2 2. 1 0 4.0 

~)O 2.9 

20 O.H 

100 52.6 14.9 95.5-4.5 44.02 100 4.4 3.2 0 4.7 

SO 4.0 

25 2.U 

20 2.0 

10 	 36.8 10.4 77.5-22.5 89.83 100 B.9 7.n 4.0 6.7 


50 B.6 
 " . 1 
;H', .) 7.4 .. 
p',} 4.7 

55 29.0 n.3 !J5.3-44.7 145.5 100 14.5 13.4 10.2 fl.5 


50 14.2 9.7 


35 13.B 4.6 


20 IL. 1 


10 • ::J

" r 

39.3 	 20.7 5.9 0-100 285 100 28.4 27.3 ;?4.1 11.9 

50 28.1 23.6 10.9 

25 27.0 9.0 

15 24.2 

10 w.n 

7 B.6 



ruble IV 

Estimates or Number of Events to lH~ Obtained 

Pictures 

[vents/pb 

Tota 1 events 

Elastic 

Inelastic 2 prong 

" 

" 
II 

!I 

1\ 

" 

" 
II 

II 

" 

y 

+ -PPll 11 

+ -
Pp211 211 

4n/6n/81T 

4 II 

6 " 

H fI 

10 II 

12 II 

14 " 

16 " 

lB II 

20 fI 

22 " 

Total Annihilation 

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

pp 

1,250,000 

3.Jn 

142,150 

25,060 

12,1 BO 

27,220 

27 ,900 

23,440 

13,900 

7.400 

3,040 

1 ,210 

400 

140 

30 

2,8BO 

1,960 

7,[\50 

>3,3[30 

c.1 .100 

,\,9 /34/34 

11 ,eHO 

Positive beam{b} 

pp 

1,000,000 

2.7 

103,9~)O 

lB.700 

12,020 

21,130 

1'0,050 

IS,S30 

9,(\60 

4 , ~~ 50 

1 ,6YO 

560 

1 3~) 

43 

l,H20 

1 .180 

2,2iB 

mm 

" 



Particle 

-
p 

-n 

I 
11 . 

p 

Ileaction 

~pX 

pnX 


npX 


nnX 


TOTI\L 

*AS5uminq p:n 

.. 27­

Table V 

Detection EfficienciP', for Individudl Particles 

Detector 

Dr! (Cerr'nkov) 

n Detector 

I ( II ) 	 OJ'1 (Is r Sand 361., (of forwat'd 
Cerenknv) hemisphere) 

UP J (I SIS) 	 5 ]'X, (0 f to fwa rd 
t,emisphere) 

I (p) 	 30-inch B.C. 707., 

Table VI 

Rc 1at i ve IIbunudflce* FfJi_c i ency X ~e1. Abundance.. _._ ..__• __ .. ___~ 4~,_ ~____ 

0.49 (1-0.0JxlJ.30)O.49 0.49 

0.21 O.QlxO.21 - 0.21 

0.21 { I-O.JOx.20)0.21 0.20 

0.09 O.BOxO.09 0.07 

1.00 	 0.97 

= 0./:0.3. 
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Fig. 2. pp Multiplicity distribution of events at 100 GeV/c 
used for study of the Dr!. 
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Esti~:ted LRboratory Distributions for pp ~ n X at 100 GeV/c 
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Fig. 9. Schematic view of Neutral Hadron Calorimeter 



-

I,..... 
D­

,0.. 

-39­

100r----r-----,--~I--"...--_.-----..--r--·-l·-·-----. 

rx pp ANNIIIILATION 

....... 20­
0. 

0..
-

-li 4 

II 

~ 2 

CTr{f>p) -o-r (pp) 

,,0.61 

/ 

I----~----~----~--~----~ I f 

I 2 10 20 50 100 200 500 

P (GeV/c)
1ab 

Fig. 10. Difference in total cross section for pp and pp 
interactions as a function of the incident beam 
momentum. Also shown as the measured annihilation 
cross section at low energies (see J. Whitmore, 
proceedings of the APS/DPF Meeting, Seattle, 1975). 
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APPENDIX Al 

Volume 598. number 3 PIIYSICS LETTERS to November 1975I. 

CHARGED PARTICLE MULTIPLICITIES IN 100 GeVIe 
pp INTERACTIONS 

R.E. ANSORGE. C.P. BUST, J.R. CARTER, W.W. NEALE and J.G. RUSHBROOKE 
Onwndbh ubonztory I, (Ambridge, E/wland 

1 
C. MOORE, R. RAJA, L. VOYVODIC and RJ. WALKER 
t1':rml Muionat ACC<'temtor IAbomlory 2, Htlltlvkl. Itt. 60510, USA 

W. MORRIS, B.Y. OH. D.L. PARKER,G.A. SMITH.J. WIUTMORE 
Mkhigtln Stille Uniurlily", I::. IAnling, Mich4,'fIn 48824, USA 

,., 
ReceiYecl15 September 1975 

Results IIrc presented on the topolopcal cross sections obtained for antiproton1'roton interactions ffom un expo­
sure of the Fcnnllllb 3O-inch bubble chamber to a 100 GeV/(~ neptive beam enriched in P·s. The pp Inelastic cross 
section Is found to be C'kld • 34.6 t 0.4 mb, and lheaverage inclasUcchargcd particle multiplicity to be (n) -6.74 t 0.05. 

In this lettcr we present the first rcsults of an in· 
vestigation of antiproton-proton interal~tions at 100 
GeV/e. From a 98000 picture exposure of the Fermi· 
lab JO·inch hydrogen bubble chamber and wide gap 
spark chamber hybrid systcm to a negative beam en­
riched in its, we have mea.SlIrcd thc elastic and in­
elastic topol('gical cross sec.:tions in 100 GeV/e pp and 
Jr.- p interactions. The antiproton data comprise the 
first detailed study ofthe PI' collision process above 
32 GeV/c. 

I 

The enricheu beam used in this experiment was ob­
tained from 300 GeV/e primary protons incident on 
a cupper target 1 km upstream of the Fennilab 30· 
blCh bubbJe chamber. Since a negatively charged 100 
GeV/c secondary particle beam contains only 
- 0.02 'P/"'- ,we ulled a new technique (11 to achieve 
a higher 'P/"- ratio. Downstream of the target a bend· 
ing magnet deflected charged secondary particles out 
of the bcam line acceptance. However, ncutral hyper­
ons and kaons decaying in the region beyond the 
bending magnet yielded some charged secondaries 

I Work supported in part by the Sclcrwc Research Council, 
U.K. 

2 Operated by the Universities Rescazch Association. 'nc:., 
under Contract with the Enel1Y Research and Development 
Adminlltration. U.S.A. 

i Wotk supported In port by tbe National Seien~ Foundation, 
U.S.A. 

having the correct trajectories for transmission to the 
bubble chamber. Antiprotons from XO dccay are se· 
lected preferentially since the negative pions produced 
in K~ uecay have an average transverse mOnlcntum 
double that of the antiprotons. In this way we ubtained 
a beam with 0.20 p's/ncgativc particle at thc bubble 
chamber. With the requirement of (a) nlOre than one 
pper pulse or (b) a deflection trirger on a tagged p 
beam particle before laking a picture. we obtained 
98000 pictures containing on avcrage 0.32 p's/negative 
particle, and because of the difference in tolal cmss 
sections, SO% of the events observcd in the bubble 
chan\bcr were from pp interactions. 

The results presented hcre come from a sample of 
S8 000 pict ures scanned for all interactions. After an 
event was found in the bubble chamber, a measure­
ment of the interacting beam track permitted a com­
parison [21 between the spatial position of that track 
and the position reconstructed from upstrcam multi­
wire proportional chambers (MWPC) in coincidence 
with a differential gas Cerenkov counter located SOO 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 [21 \lnd do not bias the rcsults in 

.any way. For the rcmainder 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 ,,-). We estimate that the back­
ground to identified antiprotons due to ineffiCiencies 
of the Cerenkov counter is <2%. 

A portion of the fitm (- 18%) has been rescanned 
in order to determine the scanning efficiencies for var­
ious topologies, and these were used to correct event 
numbers. All 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 undetected charged secon­
dary Interaction occurina 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 Dalit1. 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 l11Can number of nO·s produced 
per event as a function of charged multiplicity n, which 
was determined from measurements of observed., con­
versions in the bubble chamber. TIle final DaUtz COf­

rection amounted to a shift of events between topolo­
gies at a level of::; 3%. A small correction was also 
made for unseen VO', and electron pairs from., con­
versions. We find no evidence for any bias resulting 

Table I 
pP tOpolalica1 Q"01l sections at 100 GcVIe 

Plana Raw Com:ctcd CrOll! sections (a) 
number n events .:vcnu C7n(mb) 

0 II 13 0.061 1 0.019 
2 1816 Elalt. 1635 1.41 .10.38 

IneL 794 3.60 t 0.30 
4 1664 1117 8.05 10.20 
6 1165 lH21 8.25 to.20 
8 1521 1528 6.93 t 0.18 

10 937 901 4.11· t 0.13 
12 513 484 2.19 :t 0.10 
14 215 199 0.90 t 0.06 
16 82 80 0.36 :t 0.04 
18 26 26 0.12 t: 0.{)2 
20 9 9 0.041 :t 0.014 
22 2 2 0.009 t 0.006 

Total 8626 9275 42.04 1 0.09 (b) 

(a) Errors are statistical only except fur 2-prol18 cross sections. 
(b) Input value (rcf. [4 J). 

from use of the deflection trigger. We conclude that 
the final uncertainty in all these corrections is well 
within statistical errors. 

MOil 
The major correction applied to tbe raw data occurs 

for the two prong tupology. All two prong events have 
been measured and kinematic fits to the pp and ,,- p 17I) 

(n(/'elastic [3] hypotheses attempted. Elastic events were 
(1/ (IIcorrected for scanning losses, determined as a function 
(n>f/)

of I (the square of the four-momentum transfer from {, ",. 

target to outgoing proton), and then the elastic I dis­ !;, ~, 
tribution was fitted, for ItI ~ 0.08 (GeV/c)2 , to an ex­
pooential form da/dt .. A exp(bt) to concet for an ap­
parent loss of events below this value of Itl. We find a 
slope parameter of b .. 11.4 ±0.6 (7.7 ±0.4)(GcV/c)-2 ized I 

for 100 GeV/c PP (1I'-p) elastic scattering. Inelastic {41· 
events were corrected independently for scanninllos- mb " 
5es; we stress that no correction has been made to the ext", 
inelastic two prong cross section for a loss at small III cra~~ 

[3). lOG ( 
fn table I we present our measured topolo,ical agr~. 

cross sections for 100 CoV/e pp Interactions, n~)fmal-

~ p TOPOlOGICAL CROSS 
2

10 

s; 
E-o c 

• •a, ........... 

OIM! '. •• • • 

.......-.4 


~~--

• • •. 

.... 

F~.l 
muljl. 

fie. 1. Momentum and sdependcn" of pp topo1tliica1 ClOIS­ disp"
sections. The curves arc to luide the eye. "~ott. 
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multiplicity (n), and (b) the quantity (II )ID. w~cre D is t~o 
Jiig, 3. Cumparlson of pp and pp topolo.:ical CIOliS sectlo"''''dbpcrslon of the multiplicity distribution, for pp and pp antor­
100 GeV/c. The ppdataarofrom:el. (11·actions. The eurves are (0 guide the I:ye.,..­
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Table 1 

~t!~r_t~ 100 '!.c~~c ~.!'_ m~lt!.~I~~~: dbtribution 


MOll'lOnt. All charges NqlltiYe 

-~~!~~. 
(n) 6. 74 ~ 0:05 3.31 t 0.03 
(n{n-l» 49.25 t 0.68 10.63;1: 0.16 
Cn(II·-1)(n-2» 389 ± 8 32.1 ~ 0.8 
(n)/O 2.01 ± O.OJ 
h • {II (11·-1)- (n)2 3.85 t 0.22 -0.12 t 0.06 
/3 III (n(,1"-1){1I-2» 5.8 t 1.1 1.81 t 0.14 

-3Cn{n-I)(II)+2Cn)3 

ized to the tolal cross-section data for CarroU et al. 
(4). The pp elastic cross section of ael =7.41 ± 0.38 
mb would appear to be in good agreement with an 
extrapolation from lower energies. The total Inelastic 
cross s«tion is found to be 34.63 t 0.38 mb. Our 
100 GeVIe ,,-p topological cross sections (not shown) 
agree with previous data [SI within quoted eHors. 

• (GeV, 102 ,,] 

Fie. 2. Mo~ntum and 'dependence or (a) the average cltafged 

In fig. J we show the variation of the pp topologi­
cal cross sections with the square of the ems total 
energy! and the.beam momentulll. The general rea­
tures of this plot are similar to those observed, for 
example. in 1l'P collisions. In particular, we observe 
that the O.prong ClOSS section is falling rap'idl& and 
may be parameterized as 00 (mb) = S8 Pt.;~l.4 t 0.13) 

between Pab =IS and 100 GeVk. The 2.4 and 6­
prollg cross sectiuns are falling at 100 CeV/e while 
the cross s«tions for producing 8 Ilr mure charged 
particlesare still increasing at 100 GeVie. 

From inelastic cross sections given in table I. we 
compute various Illoments uf the pp mUltiplicity dis­
tribution (see table 2). We find an average charged par­
ticle multiplicity of (n) '" 6.74 t 0.005. In fig. 2(a} 
we show (II) as a function of the incident beam mo­
mentum for pp interactions, compared with the cor­
responding data obtained from pp interactions. It is 
seen 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 al higher momenta. 

In fig. 2(b) we show the ratio of the average multi­
plicity to the dispersion, D '" (1l 2)_(n )2) 1/2 for the 
pp and pp charged multiplicity distributions. As is 

10 
.. I 
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well·known, the high energy pp data seem to approach 
a constant value o(n)ID '=tI2. Above"" IS GeV/e the. ! 
pp data points are reasonably conmtent with this val· 
ue, though our 100 GeVle 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 GeVle PI' and pp data. First we note that the 
pp data (7] have an average multiplicity (n):.= 
6.32 ± 0.07. considerably lower than the pP value. To 
investigate this difference in more detail, we show in 
fig. 3 the inelastic 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 ~ 8) is sreater in PI' than in pp collisions. It wouid 
appear Raturallo expect that the dominant cause or 
tbis difference lies in the effects of the annihilation 
channels available in pp Interactions. This will be 
examined further In a subsequent paper. 

We thank the staff of the FNAL Neutrino labora­
tory. M. Johnson and S. Pruss in particular. (or help­
Ing to obtain the enriched beam used in this experi­
ment. 
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ON THE DIFfERENCE BETWEEN pp AND pp TOPOLOGICAL CROSS SECTIONS 

UP TO 100 GeV/c 


J.G. RUSHBROOKE, R.E. ANSORGE,C.P. BUST,l.R.CARTER and W.W. NEALE 

I 
: 1 Ctlv~ndilh IAbortltOl'yl. CtlmbridXtI, UK 
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Femli Hlltional Accekltltor I.llboltltory'l, BDtlll·iD,lII. 60$/0, USA 
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W. MORRIS', B.Y. OH, D.L. PARKER·. G.A. SMITH and J. WHITMORE 
Mlclliltlll Stlllt! UlIlvttrlity', E. Ltlnsing, MichiKDn 48824. USA 

Received IS September 1975 

New 100 (;eV/e PII data are used to find moments of the dlff'erence between the pp and pp topolopcal croll 
sections. The moan multiplicity for annUlilations at 100 (;eV/e is estimated to be 9.06 t 0.56, and the value or 
the quantity In)/D to 00 2.75 i 0.33, It is shown that R,," (OIl(PP) - OIl(PP)}/OIl(PP) appears at 100 CeV/e to have 
acquired an uymptotlc fonn, Rn ., -0(11, with Q and II !':{lnstant. 

Information on very high energy pp interactions has 
recently become available [I] in the form of topolog­
ical cross-sections and the moments of the charged 
multipliCity distribution at I 00 GeV/~. 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 behl!viour of the annihila­
tion process, which is known from present datl! 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 
a,tfpp) - 0n(PP)' where n is the prong number, in 
the momentum range 9 to 100 GeV/c, compare them 
with the properties ofpp annihilation data below 7 
GeV/c, and show that the experimental values of the 

I Wnrk supported by tile Sdence Resean:h Council, UK. 
J Operated by tb, Universities Research Association, Ine. 

under Contract with the EncllY Research and Development 
Adrnin~trati(ln, USA. 

3 Presently at General Atomic Company, San Dlcao, CA 
92138. 

4 Presently at Departillent uf Physics, Iowa Stllte Univcrsity, 
Ames, Iowa 50010. 

• Work supported in part by the National Science Foundation, 
USA. ' 

quantity Fl." = {a,afpp) - o,,(pp)}/on(PP)' for n ;;;, 4, 
appear to have acquired by 100 GeV/c an aymptotic 
form R,. .. S-OIpn, with a and If constant. 

We firstly estimate various moments of the charged 
mUltiplicity distribution for annihilations at 100 GeV/c. 
For this we have used the cross-section differences 
o,.(j5'p) - 0l/(PP) calculated from our pp data [I] and 
from the'l 02 GeV/c pp data of Bromberg et a!. [3Jt I , 

except for the case" =2, where the procedure of 
removing elastic events would unavoidably lead to a 
large error in this cross-section difference, even though 
its value is .:ertainly small. In the case of 2-prongs 
we have tlwefore used an extrapolation of the 2-prong 
annihilation cross section itllClf, for which measure· 
ments (4] have been made up to 7 GeV/~, and which 
can be represented to sufficient accuracy by the empir­
ical formula 01,ann(mb) ~ 1540 s-2.46. In calculating 
allnihilation moments we have also disregarded the 
contribution of O-prongs, since an apparently large 
O1'rong cross-section rrom fpp - pp) is almost cer­
tainly composed of non-annihilation states (51· 

'" 1 It wu found necessary to smooth some of these 101 GcWc 
cross-sections by ref,rencc to other pp data (see ref. (11) 
at neighbouring momenta; the adjustments were in no 
case ,fClltcr than 0.2 mb. 

I 
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(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 firebaU decays. Values of b in this range are 
in good agreement with pp annihilation data up to 
7 GeY/e as may be secn in fig. J(b). The large positive 
values ofIi - for pp interactions are then seen [101 
as a consequence of multiple cluster formation; each 
cluster has its own negative value off2 - (as with the 
annihilation fireball) but the effect of averaging over 
several clusters is to give a positive f2 - .As one goes 
to sufficiently high energy and more than one cluster 
is produced, one might then expect to see Ii - for pp 
annihilations turning up to positive values: Miettinen 
has predicted [21 that this could happen at a beam 
momentum of 10-20 GoY/c. The 100 GeY/e data 
point for (pp - pp) in fig. I (b) is suggestive of the 
onset of this type of behaviour, though it does imply 
that f2 - would probably not become positive until 
~3ooGeY/c. 

The existence of KNO scaling for pp annihilations 
below 7 CeYle has already been demonstrated (9]. in 
the sense that a single function .p(%) = (II)O,,/Oaon' 
where % .. "/(n) and 0ann 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 different from Slattery's fit [I J] to pp data 
in the momentum interval 50-300 GeV/c, which is 
the solid curve. The (pp - pp) data points up to 
100 GeY/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 annihilations at 
high energy we show In fig. 3(a) experimental values 
of the quantity 

0n(pP) - 0n(pP)
R = ---"-"--- (2) 

It 0" (pp) 

plotted against n for If ;> 4 for data in the momentum 
interval 6-100 GeY/e. We find phenomenologically 
that at each value of s, RII can be filled to an expres­
sion of the form 

(3) 

1.0 

t -\ 
\ 

• ""1$ OoVIC 
• 12 

• t 

t \ 

10~----------~~---------------, 
• 100 OeVIc (,.. -l1l>I 
o 3Z ".we • 
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• 
OoWe • 

1h'I1. "'....iII I 

If..
jk£-=:· 

0-01 I 
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\ 

o 2 
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<n> 

Fig. 2, Plots or on(n>/nl1ln venus n/Cn) for pp annihilation 
data below 1 GeY/c (dashed curve (9), ind ror (pp - pp) 
data at beam momenta up to 100 GeV/c as indicated. TIle 
solid curve is Slattery's fit 1111 to pp data in the momentum 
interval 50-100 GeV/c. 

The values of Q == InA/Ins and (i arc shown plotted 
against Ins in fig. 3(b), and we see signs of these para­
meters reaching fairly constant values at 100 CeY/e, 
which implies the existence of an asymptotic form 

R -+s-a(i1l (4)
n 

with Q =0.73 ± 0.04 and (i" 1.24 ± 0.02. 
It is interesting to compare this finding with the 

work of Eylon and Ifarari (121, who with a duality 
diagram model and unitarity considerations, have pro­
dicted that Rn should take the form 

(S) 

where QM(aB) is the intercept of the leading exchanged 
meson (baryon) trajectory, 'Ilt(';; 1) is some constant, 
and ~> J) and 'rl'< t) are constant& which, in a simple 

305 



-54­

Volume 59B, number 3 PHYSICS [.ETIERS 10 November 1975 
'V-' 

100.0,.-.-----------______....... 


R" 

UI 

0.1 

• 1.14 $oYk 

• ... ­

,,11...4:f 
I 

I 
I 

I 
I 

I 
t 

I 
I 

!+, 
I 

I 
I 

D'OO ........ 

o JI CI.""
• 1t.4$o"" 

· IUS_ 
a 11 1M"" 

0.0 0 

" 
Fig. 3(a}. Experimental nlues of the quantity 
R,,· {o,,(pp) - OIl(PP)}/OII(PP) plotted against ,,(~ 4) lor 
dala in the momentum interval 6-100 GeV/c as indicated. 
The ~tralght lines arc the results of flnlng lin expression 
Rn .. AtJ'I, with A and II frcc parameters, al each momentum. 

form of the model, are 3/2 and 1/2 respectively. Our 
Ot Is consistent with a COtltribution from the first 
term of eq. (S) only (implying 171 ~ 1 or "I ~ 0) which 
in the Eylon-Harari model comes from annihilations. 
Our Ilt also gives aM - aD = 0.36 ± 0.02, which seems 
plausible. and tJ =1.24 ± 0.02, in disagreement with 
the prediction p= l.su . 

In summary. this analysis of (pp - pp) and pp 

,,3 011 the olher h:tnd it is perhaps interesting to obserV\l that 
if the duality dbgr ..ms III 11Ie IMon-Harari model are 
interpreted leading to thc production of dust!!,." rather 
than charge pseudoscal:u mesuns, then ,illte the mean 
number of charged partk:les in cluslen produced in hadronlc 
Interactions iuoout two (13l. we should re-interpret the 
first term in cq. (5) to contain tIle factor ,'fl, Le. (.JiI)H. 
This would mean that "ffJ .. 1.225 i~ the correct predic­
tion, !':onsistent with our findings. 
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Fig. 3(b). Values of 0 I:" -InA/Ins and (J plotted apinst Ins. 
The curve, are to guide Ule eye. 

annihilation data at momenta up to 100 GeV/c indi­
cates thai ' 

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

(b) The ratio (t/)/D for pp annihilations is roughly 
constant from threshold to 100 GeV/c and greater than 
the constant value of ~ 2 achieved by pp interllctions 
above'" SO GeV/c. 

(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 asymptotic form s-crpn at 100 GeV/c. 
with Q and f3 constant. 

We are grateful to B.R. Webber for helpful discus­

sions. 
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'j COMPARISON OF NEUTRAL PARTICLE PRODUCTION IN l00GeV!c 

pp AND pp INTERACTIONS 

I D.R. WARD, R.E. ANSORGE, C.P. BUST, J.R. CARTER, W.W. NEALE llnd J.G. RUSHBROOKE 
Cilv~ndilh lAboratory'. Cilmbrldgt. Englllnd 

C. MOORE, R. RAJA, L. VOYVODIC and R.I. WALKER 
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Micllig(1ll Stall UnilltTslly ~. f. Lanting. Michigan 48824. USA 

Rec::oivcd 12 April 1976 

We lIerlvc c::ross1eCtions for the inclusive produc::tion in pp interaction. at 100 GeV/c of nO. K~ and hOMo of 
91.5t5.7 mb, S.2tO.4 mb and 4.8tO." mb respectively, which are all higher than pp cross-sections It this energy. We 
find Indications that these dilTtrences can be attributed to "annihilation" processes. 

Introduction. We present results on the production 
of,., ~, A0and 7\0 in pp interactions at 100 GeVIe. 
We also look for differences between pp and pp inter­
actions, which could be ascribe. to the effects of "an· 
nlhllation" processes. Both'the present experiment ani 
pp experiments at this energy suffer from limited sta­
tistIcs, but we find that cross-sections for the produc­
tion of neutral particles are in all cases somewhat 
hiaher in pp interactions than in pp interactions. In 
the case of AO 17\° producU.u (and possibly ,.'s) the 
difference appears to arise mainly in the neighbour­
hood ofy. =0, characteristic of a central production 
process. 

The data to .e described are the first on pp ..... neu­
trals above 14.75 GeV!e, and come from a 100000 
picture exposure of the 30" hydrogen bubble chamber 
at Fermila. to a tagged beam of negative particles, 
InformaU.n on the pp charged multiplicity distribution 

I I Work supported by the Science Rcwarch Council, UK. 
2 Operated by the Universities Resoarc::h Association, Inc., 

uRtler Contract with the EnellY Research and Development 
Administrati'ln, USA. 

, Presently at General Atomic Company. San Dle80, CA 
92138, USA. 

" Presently at Department of Physics, lowl State University, 
Ames, Iowa, 50010, USA. 

5 Work supported in part by tho National Science Foundation, 
USA.' 

at 100 GeVIe (l j and on the difference between pp 
and pp topological cross-sections [2 J 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 1015 yO's 
associated to events inside our fiiucial volume giving 
fits to A 0 

, K~ and AO decays, or,. ..... e+e- conversion. 
Ambiguities (affecting about 9% of the events) were 
resolved by observing ionizations where possible. and 
otherwise by cuts on the transverse momentum of 
the decays and on the X2 probabilities of the fits. 

The data were corrected for scanning and measuring 
losses, for losses ofv<"s decaying or converting outSide 
the fiducial volume, or doser than 3 em (2 cm in the 
case of K") to the production vertex, and for inter­
actions 01 the strange particles. The pair production 
cross-section was taken from ref. [3 J, and the strange 
particle cross-sections were COffected for branching 
ratios taken from ref. [4 J. A correction (- 2-3%) was 
made for the loss of 'Y's below 40 MeVIe using the sym­
metry of the reaction pp ..... "'I in the c.m. system. 

Cross·sec(iollS and multiplicities. In table 1 we give 
cross-sections for N'/Ao, K~ and rro production, the 
latter taken to be t o(pp .... 'Y). We have used events in 
both forward and backward hemispheres in the c.m. 
system for the 'Y's, since, apart from the loss of very 
slow 'Y's, no forward/backward asymmetry was found 
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Table I r 

Comparison of neutral particle cross-!!ections in pp and pp interactionut 100 GeY Ie. 

Char,ed Smoothed Smoothed t 
Multiplicity O(PP-lfO) n(pp_"O) o(pp-K~) o(pp-K~) o(pp-i\o/i\ol l1(pp.... AO/XV)I: 

nch mb mb mb mb mb mb _,____...____ .,____._____· ____.__~___~_____·~_~_~.u. r 
0 0.65:0.32 0.02tO.02 I2 4.8 10.8 7.2.1:1.5 0.26.1:0.11 0.3110.07. 0.4810.12 O.36:tO.14 
4 15.4 d.6 14.5t 1.0 0.97tO.15 0.77tO.15 1.14:1.0.18 l.l2tO.24 [. 

<'>6 22.8 .t2.8 22.8t4.0 1.27±0.17 1.1 1'0.15 1.24tO.20 0.80tO.J8 ':" 
8 23.0 12.0 20.3t2.2 1.39tO.18 0.8 tO.1 l.ootO.20 0.64±0.18 

10 11.6 t1.5 10.911.0 0.7l±0.14 06510.1 0.62tO.14 0.46tO.J6 
12 6.9 t 1.0 6.3= 1.0 0.46tO.ll 0.3 ,n.07 0.1410.06 0.041:0.04 
14 5.4 '* 1.2 2.St 1.5 O.JOtOOS O.O7±0.O7 0.16;1;0.08 
16 0.2 to.2 1.0±0.4 0.03.1;0.03 O.04~0.O4 
18 0.6 to.4 0.5tO.5 0.02tO.02 

Total l 91.5 1S.7 86 t6 5.2 10.4 4.1 ;,0.3 4.8 to.• 3.6 to.4 

(nch) 7.4Sl:0.J5 7.17"'0.19 7.2S:tO.22 7.05tO.24 6.4810.24 S.19tO.29
(,,(yo» U4~0.16 2.10tO.19 0.1510.01 0.1310.01 O.l4tO.01 O.ll:tO.O 1 

Raw no. of 628 230 157 

pp events (backward only) (backward only) 


Avcrase welghtb 52.5 l.SO 1.80 

a The erronon the pp cross..ections here include a S% systematic uncertainty in normalization. 
b F..xcluding scanning and measuring losses, Ind branchinJ raliol. 

within errors. For the K~ data, howevt~r. we have only 
used events in the backward hemisphere becaustl of the 
low detection efficiency for fast V's. hut by C·invari· 
ance the cross·section in the two hp,mispheres must 
be equal. The 1\01'1\0 cross-section likewise uses only 
events in the backward hemisphere, but a&ain C-inva­
riance implies that 1\0 and 1\0 distributions are related 
by a simple reflection about y. =0 in the C.m. Hence . 
we lose no infomlation on I\O{AO by using only the 
backward hemisphere. and 1- o(pp .... Aa(Ao) ;: 
a(pp"" AO);: a@p-+ AO). Table 1 gives cross-sections 
for different charged multiplicities at the primary 
vertex (corrected for undetected dalitz pairs and YO's). 
We also quote mearl associated charged multiplicities 
for yO production and mean numbers of 1\0/7\0, K~ 
and rro produced per inelastic collision. For comparison, 
the corresponding quantities arc given for pp inter­
actions. There arl" pp experiments at 102 GeY/c [51 
and 100GeV/c [6}, and rather than simply averaging 
their values, we quote "smoothed" values for 11"0 and 
~ cross-sections, taking account of pp data at other 
energies P1. There are no data on the topological cross-

C Unsmoothcd v3lue~ from ref. (51. sealed up to aUow for ho's. r 
sections for pp -+ AO, but thls is a small contribution, 
so we have taken the same topological dependence as 
for pp -+ AI). Fig. 1(a -c) shows the cross-section!'. with 
data at lower energies [8 J,and we also shew the energy 
dependence of the pp channels, for comparison. 

The cross-section for pp ... rro is higher by ...... 5.5 mb 
than in pp interactions, though this is less than one 
standard deviation. Fig. I(d) shows that ('1(11"0» as a 
function of nch 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
nent. in contrast to the behaviour found at 14.75 GeY/c 
IS}. This is also indicated by the correlation parameters 
flO = (rzon_> - (11 0 )("_>, which has the value at 
100 GeY/c ofO.94±0.24 for pp, compared to 1.1010.26 
for pp interactions. 

Fig. J(e) shows the variation of (n(Ki'» with I1ch 

for pp and pp ill!cractions. and likewise fig. 1(I) for 
AO{i\o. Again there is no clear difference between pp 
and pp, indicating that correlations between charged 
particles I'nd neutrals are similar in the two cases. We 
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call make an estimate of the "annihilation" component 
in pp-+ ~ and pp -+ AO(l'.0 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 8.4± 1.6 respectively which 
are probably both somewhat higher than for the overall 
samples of K~ and A°rAo events. Such an effect was also 
seen in the (pp - pp) multiplicity distribution of all 
events [21. 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 
section_ The mean chargcd multiplicity for (pp - pp) 
-+ 11

0 is also high, -10, though with large errors. 
Single partidedisrributiol!S. We now try to localise 

these cross-section differences in terms of single par­
ticle distributions. We nod the most useful of these to 
be the centre-of-mass rapidity .y•. Fig. 2(a-c) shows 
du/dy· for our ,,(, K~ and AO{fi..0 data, folded about 
y. =0 and halved in the founer casc. compared with 
pp data from refs. (5,6]. Fig. 2(d) shows the pp-+ AO 
and pp-+ 7\0 data separately (the latter reflected into 
the forward hemisphere). 

The do/dy· di5tribution for the ,,(,s, fig. 2(a), has 
the best statistics, and indicates that any difference 
between pp and pp cross-sections is mostly coming 
from the region ly·1 " 1.0. For Lv·' >1 the agreement 
is really rather close. For the K:. fig. 2(b), the diffe­
rence in cross-sections appears to be spread fairly uni­
formly over the range ofy*, though our statistics do 
not permit us to say whether the K's arc really behaving 
differently from the "('5. Fig. 2(e) shows the rapidity 
distribution for combined A0 rAo production (the small 
pp -+ 7\0 contribution was estimated by scaling the dis­
tribution at 200GeV/c 19 Jto the 100 GeV/c Closs·sec­
tion). Here there is good agreement between pp and pp 
in the proton fragmentation regiol1,Y*< --I, but a sub­
stantial excess in pp in the central regiun,y· > -I. This 
observation invites interpretation in terms of processes 
like pp-+ (Ai\) +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 ,enlral hyperons and anti hyperons t ! . 

The statistical significance of these effects is shown 
by mnkinga direct subtraction of the data of refs. [5.61 
from our pp cross-sections. In the regions ly*I>1 and 
ty*1 <1 we obtain fm o(pp-pp -+ "(): -1.1 ±7.5 mb 
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and 12.1:f: 11.2 ntb respectively, for o(pp - pp -+ K~): 
0.SO±0.28 mb and 0.60±0.37 mb. and for a(pp-pp 
-+ AO{AO): 0.16±0.36 mb and 1.16±0.42 mb. It is clear 
that both PI' and pp experiments with much better 
statistics are required in order to observe these effects 
in any greater detail. 

The transverse momentum distributions of AO{Ao. 
~ and"( have been examined, and show no convincing 
differences from pp data in their shape, essentiaUyjust 
differing in rmrmalb:ation. The mean transv.erse mo­
menta oh. K~ and AOrAo are 0.J6±0.01, 0.46±0.03 
and 0.52 ±O.04 GeV/e respectively. compared to mean 
values inpp interactionsat 102 GeV/c [5]: 0.175± 
0.020.0.42 to.04 and 0.54tO.06 GeVleu. 

Summary. We have derived cross-sections for the 
production of ,,(, K~ and A0/7\0 in. pp interactions at 
100 GeV/c.In an 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 AO(J..0 
production the differences are probably concentrated 
near y.::: 0, while for K~ t.here may be adifference at 
larger ly*1 as well. 

*1 	 In this connection it may be worth notin, that we have live 
events containing both AO and AO, corrcspondin[f to a cross­
section ~ 0.6 mb, compared with the Inclusive PP'" AO cross­
section. -0.2 mb. Further, In four out of these five events 
the AA effective mass is small; less than 3.S GeV/e'}.. 

U 	Thi$ V3lue is CPt} for A0 alone, and could be slightly afCected 
by the inclusion or AO',. 

(II R.E. AnSOrlt ct al., Phys. LeU. 598 (1975) 299. 
12) J.G. Rushbftloke et al., Phys. Lett. 598 (1975) 303. 
(3) T.M. KnlSel, OF.:SY report 70/3 (1970) unpublished. 

[41 Particle Data Group, Phys. Lett. SOB (19;4) 1. 

[S I J.W. Chapman et al.. Phys. Lett. 47B (1973) 465. 

(6J M. A15ton-Garnjost et Ill., Phys. Rev. Lett. 35 (1975) 141. 

[7] V. 810bcl et aI., Nucl. Phys. B69 (1974) 454. [11,24 GoV/c); 

K. Jaeger ct aI., Phys. Rev. 011 (1975) 1756 (12.4 GeV!c); 
II. Blumenfeld et al., PII)'5. LeU. 458 (1973) 525.518 
(69 GcV/cl; 
K. Jaeger et Ill., Phys. Rev. 011 (1975) 2405 {lOS GeV/cl; 
A. Sheps ot aI., Phys. Rev. D11 (1975) 1733 (303 GeVic); 

181 F.T. Dao ot al., Pllys. Lett. 51B (1974) 50S 114.75 GeV/cl; 
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PARTICLE IDENTIFIERS FOR HADRON PHYSICS 


Vera Kistiakowsky, Massachusetts Institute of Technology 


A worli.shop was held at Fermilab on May 7-8, i976. to discuss what 

system of particle identifiers would be optimum for further studies of hadron 

collisions with the Fcrmilab hybrid bubble chamber proportional wire 

chamber system. The meeting was attended by about 40 phySicists from 

various institutions. 

What Can Be Learned? 

The bare bubble-chamber experiments and the experiments with the two 

hybrid systems have already yielded many interesting results concerning 

hadron physics at Fcrmilab energies. For example, leading-particle studies 

have demonstrate. the factorization of the Pomeron. Inclusive l'p studies 

have shown that the leading particles and clusters retain the charge of the 

given incoming particle to low Feynman x and studies of the distribution of 

charge as a function of rapidity have indicated the absence 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 ot the two particles. The new results on pp charged 

multiplicities and a comparison with pp data have yielded hints of some of the 

interesting properties Qf high energy pp annihilations. 

T. Ludlam (Yale) diacussed some of the physics questions pertaining to 

particles produced in the central region of rapidity. The graph 011 the next page gives 

the diIferclltial cross sections Cor various particles from"- p int.eractiona at 147 

. GeV I c and it an be seen that, except for elastic scattering and beam and 



-t,,­
target fragmematl.oft. moat of the particle productloD 1& betwoen y • -1 and 

)' • +Z. Inve~gat1en. alr....y bein« carried out CIIl the char,. structure of 

the partl.cles in the central re,ton of r.pidlty I.ncIicate the presence of short­

range correlations and of local COlUlet'Vlltion of charI. and raise the question 

of whether neutral clusters ex\st. /U1 obvious extension of charge-transfer 

studies lies in simllar investigations of strangeness. With charged-particle 

identification it should be posslblo to lltudy strangeness transfer and it would 

be very tnterestlnf to determine whether the Quill predictiOll of local strange­

ness conservation i. verified. Turninr 

to two-body resonances, chargE-d­

particl. identificatton would permit in­

vestigation .....t K·••• and y* production 

&cd, together "11th previous results OIl 

po and A...... production, th.i.s would again 

permit an enlightening comparison 

betwc-endulrge- and strangeness­

deperAI:nt efrects. Since a photoo 

detector wtU IIhortly be purt of the 

hybrid system. this will permit ...0 

,..'P "'7 G.VIt'. 

..or' · · I • .--r-' ,,,~':~IU:;;:-1r., .• r..........
.- .. , 
.:1;0..1.-' •• 
..a.t I .* 

0.01 

-4 .,... 4 

The tractional differential a-oee 
section as a function oC c. m. rapid­
ity for p. w*-, n, and K~ produced
in 141 GeV/c "'-p interactions. 

IdenUficaUon and thus studies of p:t and w 

production. Fl..nally. the recent absenation at the JSR that in pp interactiona 

thet'll Is apparently a sillable cross sectiOIl (·1 rob) Cor events where both pro· 

tons come almost to rest In the center-.r-ma~s system raiaos the question 

whether the pions associated with such events are produce41n jets Or dis­

tribute<il lsotroplc:all,y•. In concluaion. a rich source of Worqtation WDu}d be 

-t5­

Opened up it clean 'IIIKlp separatlon were possible oyer most of t!le central 

region and if pt'Ogrammatic studies with several incid~ beams and reason­

ably good lltatlstics were carried out. 

i' J. WhItmore (MIchigan State) empbasilled the physics question which 

could be studied in pp and pp interactions, but also mentioned thilt interest in 

the central-re,ion physicll from the ...:t interactions which could be obtaintd 

in the same expollures. Ole topic of consi«erable interest 1& a measurement 

of the relative contributlolU of annihiiation arod nonaMihilaUon final states in 

pP interactions and the study of bary;;m annihilations at hi&h energy. The litlldy 

of the amdh.il:l.tlon channels i8 of poLrticular importance since tha process bas 

not been IIItudied ..t aU above apprcw.mately iZ GeVic and has not been studied 

in any .:Ietail above approximately 7 GeV/e. It is estimated that {or pp at tOO 
I 

GeNic IP-394) about 9710 of the nOll&nnihilatlon events could be identified by 0", 
-" 

a lIuliable combine_Han of partido identifiers, and the consequent ic:'entWcation 

of annihilation events would permit a comparison of the annihil:dion cron 

lIection with the difference !>-Iltweel\ the pp and pp tot....l cro.. sections, as well 

as a IItudy of the aonihilation multipUcity distributions and rehltecl topic•• 

_.. correlations and single particle inclusive studies would also be po.ssihle 

and would contribute to II. much better under»tandlng of th" annihilation chan­

nels a' hi,h ener,l... With respect to the centnl-region phYSics, in adcUtiOD 

to the topicS already mentioned, it would be interestl.nc to determine the cro.s 

- -..etlan. for production of KK and !iN pairs in pp, PP. aJ14 'lip lnteraetlona and 

to determine the propertles of such events. Studies of this variety would 

require _/K/p separation both for leAdin, partLdes and In the central region. 

a neutral-hadron detector. ami hi,h-atatistics ':ltPeriments. 



.. 

-i1­-tl.­
W. Wa.lker (Duke' reviewed the results of iwiron-nucl.us lnte:mcUon 

l$OOrl~r-~-r-'--r--r-'--.--r-' 
at1.tdies, which have shOV-'n that the multiplicity, momentum and rapidity tIls- lOOGeV/C: 

tributionll are very slmi1ll.r to those for hadron-nucleon colli.sions. The dlt­

ferenc:es. which are relatively am:1ll. indicate that the eharacterlsUc time jlOOO 
fox' particle produdion Is considerably longer tha.n the coUlsion ume f-:.!" I 

'l5 ... 
b;l.dron-nuclC\ls collisions. It is necessary to measure the I'roductiOll sp~ctra .0•

J500 
tor K's. ..' II and nudeans separately to further illumLnate this reBu.lt. 

Fermilab Hybrid System 

R. PlMlo (Rutgers) prellcntcd some pO!llsible configurations of the 

FermUab hybrid system with downstnam particle identl1iers and described The number of particles from simu1ll.ted lOO Gf!V/c .. p interactions as a 
function of rapidity: A) all particles. B) particles which leav. bubble chamber 

acceptance atudietl for theae systems. The next phaae ot the hybrid Bystem magnet. C} particles with p)o 5 GeV! c which leave bubble chamber mIIgnet 
and D) which pa.. through ISIS.

will include dmt chamber!) and a photon detector. a. well ... proportional 

wire chambers. A d""".."stream charged-parttcle ide~titier would be the next R. Yamamoto (Ml'I') described the photon detector and the resultll of 1 
0'1 

o.dditior: desired, and two pOBsibilities have been considered by the recent tests of thi.. dcvic., in the N-S beam. 'I'hill detector consists ot two N 
I 

Y «m) 

Proportional Hybrid System Con$ortium (PHSC). The first consists or three lead-Glass photon converter detee-tora, 
y:tGtv 

f. m x 1. m x 1 m scctlona of a rel..:ltlvistlc rise detector (ISIS) and the second each containing nve counters, and four I(lO 

..of .. 3 m di.&m x:} m t:tll Cerenkc.v detector (CANUTE). Both detectors can shuwer-eneriO' absorber detectors. A c 
~ 1S 

only lIepar-..te "/K/p /lUgv. 5 GoV/c and this corresponds klnema.tically to a 8cir:.til1ll.tio/l-counler hodoscope permita ~ 
.. 

Umitation,on the rcgion of rnpidity for which particle IdentificaUon is possible. an accurate location of the shower ver~ 50J 
Thill limitation is Ie•• sevue at hicher incident-panicle ITlOmenta ,lIJ'Id thus tex. The total energy of the showel' is 

2~ 

accept.:ance studh::s he\'e been carrted out at 300 GeV/c all well all 1.~,O GeV/c. .obtained by adding the converter and• '.M~Mo-~~lboth ba..ed on d:tta from the i47-QeV/c .. - p (£-154) expoBure. The grapb absorber pulae hei,htll, permitting very o 20 40 60 80 
Ene'!l)' «lcV) 

at the top of the next page IIhowIl the 300 GeV/c distributi.n of particles wi.th good emtriO' 1'C$Clut1on (.Q.E "O.UEt , 
Th", number ot events in the pho­

ton detector a. a function ot eneriO'p> 5 GeVlc ... a funcUon or rapidity which traverse a 3 m ISIS located 1.%5m where E is in GeV). Tellts with elec· 
with 15-GeV electroM Incident on 
the detectol'.

from the bUbble chamber eenwr. tron.s of variOll. enerJie8 have verifi.ed 

I' , , -. 

http:verifi.ed
http:iwiron-nucl.us
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W. prdiction. The figure at the bottom of pale i 7 show. the pW.8e-hei,ht five 75 cm wide by 50 cm high black luclt. mirrors "focusUt, the Ught on photo­

cSistributiOllIl of showe~. generated by 75-d,,/c particles talred as electrons tubell on either • .Ide of the beam line. CANUTE haa been desiped both 

by a Cereakov counter. The event. observed at low energie. aro probably mecbanicaU,. and opticall,. to operate with freon at pree.~rea from aUptly 

&om piona wblcb produce knock on electrons in the Cerenkov cOWlter; This above atmospheric up to .. atmospheres. With a fiUm, 01 45 paia of treon 

detector is currently being installed and will be used in Experiment 299 all iOO photoelectrons are produced by panieles with B "of order i B,nd thu. K/'ft 

S.~1l a .. the echedwe permitI.', 

Charg(!d-Particle IdentiCiera 

R. Lewis (SLAC) described the Cerenkov counter operating in the SLAC 

separation by pulse-hei,ht analysis i. poBllible. It can be seen from the 
11.6 GeVIt PULSE HEIGHT SPECTRA 

Cigure at the right that a good separation 

at K+ from ft+ is achieved at H.6 GeV/c. 240 & 

hybrid facility 11m:! sho....ed some experimental results 04 K/ft- eeparation 

obtained in a ."'p - K+Y* experl.ment at about 12 GeVlc. The !leure below 

Ilbo.a Ule experimental layout and the 3 m diameter by 3 m high cylindrical 

Cerellltov eounter (CANUTE). This 18 & segmented device with two row. of 

..... v... ('tl 

G. Smith (l',Uchigan Statel dis­

cussed the particle-idel1tWcation con­

eiderations necessary to a '1 GeV/c pp 

o!IlqIeriment to Ite carried out at the SLAC 

40-in. bybrio1 facility by a Cambridge­

"Michigan State collaboration IBC-(4) and 

considered the same questions for the 

tOO GeV/c pp experiment proposed for 

the Fermilab bybrid spectrom<!ter (P­

394'. The two euential components or 

the SLAC experiment are CANUTE 

'" ..J 
W 

200 

le 160 
:l 
u 

~ 120 

~ aot · f ,,­ '~'iJo"'~sf~~"__-'----' 
o '(A Z"::O 300 
CM';'JTE PJ'_'SE H(i':,HT 'AOCt:~J 

The number oC events as a func­
tion of pulse height for H.o GeVic 
" mesons and K mesons in CANt:TE. 

, 
01 
W 
I 

and tho UCLA neutron detector, suitably modUled. used for antinA!utrona. 

.it 
Thi8 device will cont&1n 2.6 layers of iron alternated with scintUlAtor aDd 

three hodoscopes for accurate location of the ii interaction. Thls device will 

have an ..rrieiency ot approximately 88~ for ii. A possible partic1e­

The layout 0: t.....:: SL:.C 4C-in. bt.:bble chamber bybrid system includini 
the Cerer.kov detector (CAI'.1.:TE). 

tdentilication scheme i;)r the Ferm..Ua.b iOO GeVIc pp experim"nt would Uavolv. 

a CANUTE-tyP't Cer'i!lnkov counter to .epa_t. 'II//K/p for central-rellf.oJ:l 
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the e!.ficienq for distinguishing _{KIpphyslc::s followed by a multi-cellZ m x 2m x Sm atmospheric pressure ., .500 o.".It 

Cerenltov coullter (Cz) similar to that constructed at Michigan Statl." for E· has been estimated. From about 5.5 

366, ..,hicn when ruled with approxi.mo.tely '.IS,. helium and 5,. nitro,en would QeV/c to U GeVlc K's can be i.denttfied. 

by pulse-height analysis. but there is anpermit a .'KIP separation between 53 CeV/e (K threshold) and too GeV/c 

overlap between the pulse-height distrl­(p !.hresholdl. AeceptaDCe calCUlations yield a 97f. overall detection efficienc7 

buttons (or ... K and p which results inCor p by C ' An antineutron detector ai.milar to tha.t planned for SLAC wculdZ 

(ollow the Cerenkov counters and would have abollt 90% acceptance. This. the mis1dentification of up to 30.,.. ot the 

together with the conversion efficiency, would yield &.n overall detection K-mesolls. Another problem whIch 

el!iciency of about 80% lcor antineutrons. These estimates, to(ether with seriously affects the detection eff[cl.enq 

cross-section information. yield a 13':0 estimated purity ot the annihilation oC such a detector is the overlap of 

sample. The cost for building C, would be apprOJCimately $UO,OOO Ibaaed Cerenkov light spots Crom different par­

on tht! construction colt of CANUTE) and tor C apprOJCimately $30,000 z· 
ticles. This C&1L'"IOt be imprOVE'd by 

I' J" 

I 
z IJ 

deereas!"" the CANUTE mirror size. 
J::oo

(based on the :ttichigan State E-366 Cerenkov cost). The laboratory' momentum 51 as 0"1 
a fUllction of labora~ory angle 9 for

since at 4 atmospheres of f ....eon the lIize I
V. Kiatiakowsky (::'UT) discussed the problems associated with using protons and K me6Qns produced at 

nrious c. m. momenta p' close to 
Cerer.kov detectors for central-region physics and presented some utimo.tes zero in 300 GeV/e iuteractions.of the spots is comparable to that of the 

mirrors. At 300 GeV{c. the acceptance of a CANUTE-type detector locatedof the sepantion expected (rom a CANUTE-type detector at 150 GeV/c and 

(, m Crom tho bUbble chamber would be 46% for particles with mOlneota. 5.5300 GeV/c. The graph on the following page gives the laboratory momentum 

.< p < H GeV/e. However, only 43% of the particles accepted would havep as a. functiCT( laboratory ar.gle II for K-mesons and protons produced 

suffi.cient separation to permit identification. The advantages of lIue.h a devicewith very low c. m. mom~nta p' by 300 CeV/c interactiolls. It is seen that 

the rea10n where particle separation would be deslred stretches from p • are that it is guaranteed to work and that entineering costs could be xniniJr.ind 

by copying ("..ANUTE (estimated cost about $UO,OOO). The disadVantages areapprOXimately 3 to t6 GeV/c. For lower inci.dent momenta, theae curve:. 
~ 

the li.mited region of ..{KIp separation, the lllnited particle sp...tlall'eBoluUon.are shifted do'>\-nward in laboratory momentum. Currently attainable K . 
and the ineompatibUi1;y or such a device and the photon detector.thresholds are;- S.3 GeV/c (4 atmolilpheres freon) due to lIaf~ considerations. 

J. Whitmore (Mkhi,an State) described the CERN External ParticleUsi.Da the experirael\tal resultl for the number of pOoto.lect.:'OIl8 in CA.."'ruTE, 

Identifier (EPI) and discu8sed the pros ud cons of constructiDg such a device 
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for t.I:W Fermllab hybrid sYltem. Thia device 1s beiDl built (75~ completed) 

for use at BEBe and estensive tests "hich have beell In&de with pE"Ototypes 

are very promising. This device measures the ionization or the particles In 

the recioa (3 t. 100 GeV/c) "here dE/dJc. for 1l. K, IUId P 1s different due to 

the rise at relativistic veIocm.. (aee figure below). Smce an individual 

!f ---- ~ ,.......... ',..... "} ,-- ,,~- I 1 

• II ...... , ......, ............. ", ! ~ 
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The relative ioni:zaticn as a fu,,,\cUon of momentum for 1\' mesons. K 
ml!'sona, and protons. The Ib.shcd line is tha.t -calculated by Sternhetmer. 
the solid line is hand drawn through the polntll which a.re the results of ex 
experiments earried aut by the group developln, the BEBC EPI. 

ionizaUon meal."Uremcnt can yield II. wide range of values for dEid.'f. with a 

probability ;ivcn by the Lanlb.u distl'lbution. the ioniution of a given p:l.rttcle 

tnUlt be sampled a larSfi number of Umell and an averag. or these mea.ure­

tnenta (or an eqw.n.lent quantity) used to typily the particle. With a large 

ellOll,h number 01 slI-mples. good resolution caD be achieved lor the <llatri­

bution of the ..ven,e values for a liven p3.rticle t)'pe at a given momentum. 

The CERN £PI w11l consist of: ua layers of 3Z irIcIiY1clu.al proportion.a1 

• 
..,. 
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counters. each of which is '" cm )( '" em )( 90"cm (lee f1pre below). The 

active volume of each proportional eounter is <leftned by eliht bJ,h-voUaee 

wirtUr and the devlce is fi..lled with 95,. ' ... V_of 

A-50" CH", Based on experimental 

studies. 5.50," FWHM resolution Ie 

anticipated for U8 6 em ionization 

samples suitably analyzed. The 

acceptance of an EPt located 4.5 m 

from the bl.lbble chamber center ba8 

been estimated I.lllin& data Crom a iOO 

GeV/c pp experiment (E-3H). and 

ro " • P,••"",_ """'... eft 
ICJft ••• 

.. '" .-tt"0I."L••• 

... l\tqh""~'lIJII""i-s..... 

A,.....", ., ~""hOJ'toOJ eoun,., c .... 

Schematic representation of the 
59.t" of aU particles and 91.3" of BEBC EPI. I 

Q'I 

alllorward-bemlspherc particles would enter the device. A consideration of c.n 
I 

the h'ack-overlAp problem indicates that in .-prong events. typicaUy, the 

Wormation from approximately 31" or the ceils must be discarded becaws8 

of particles passing through the same cell. with a corrcsp1mcing rf!ductiQn in 

resolution to 6.6,. FWUM (for 12S layers). In U-prong events, the loss is 

approximately "r. with es.entiaUy no decrealle in resolution. A recent 

estimatc made at CERN Cor the cost of a 64-layer EPI was StSa,aoo plus 

aalarie•• ,« 
W, Bugl (Tennessee) described another relatlri.U<:-riae detector and 

,,"sented some estimates or Us anticipated performance wIth the Fermilab 

hybrid system. This aedce ls a smaller version of IS15. the derice beinl 

developed. at 0Id0l'd. for use With the CERN rapid-qcll.nJ bubble-chamber 

bJbrid system. iSIS conalsts of •• m )( "m X 50 m drift chamber which 

http:rapid-qcll.nJ
http:proportion.a1
http:irIcIiY1clu.al
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eoata_ :)30 sJ.a.na.l wires with at.' cm spacinl (Illee tile lllustraUOll below). 

u.;Ictm
..d«:Iri 
CIIiII,..1d 

.J -". '3L """"l'..; 
- ~_-"t-,~ -•• 

Schematic reprcsonbtlO11 or the Oxford ISIS, 

The pulse-neleht relllolution predicted for UU!! mean olthe 3301.5 cm samples 

. 111 6.2" F\\1Ilt. The time resolution of tile algnal collection is 250 nsec and 

thus. with a 2 em/.."ec drift velocity, measl!rements on tracks within rOllgh~ 

i em of each other cannol bc used. A tuU-llcale ISIS has not yet been tested, 

-:rut enensive studies of both its drift clIamber and relativistic-rise aspects 

b.7.ve been-c.lrrieo out, There are some stringent constraints on gas purity 

and field will'ormity for operation with a full 2 m dritt space. but these dis­

appear if the drift-space dimension 111 decreased to 50 em. Such a device 

coWC be operated with commercial bottled gas (purity 2 ppm) and ~.~ olf-the­

shell power supply, Thus It is proposed that three sections or aim)( i m 

x t m ISIS-type device be constructed, each containing 66 wires at a 1.5 cm 

apacir.g. permitting a total of 1QS S.S em samples 01 ~"e ioniution and a cor· 

responding 7.0,.. FWHM resolution. The C'lg'Gre at the top of the neu page 

flves the percentaie or m11Si.chmtlIied K-mesons as a function of pariicle 

momentum correllPondinl to We resolution IUld tb1s device 1s seen to give, 

better than 70.,. K 1dentification from 5 to 30 GeV/c, The fi8\lre at the top 

of pal. 26 eives the rapkllt;r diBtrilIUUon both for all particles alI4 for tho.. 

.. 
, , 
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The percentage of K mesons which arc mislt1ej\titied in a relativistic rise I 

detector with 8% FWUl\{ resolution at a iunction of momentWll lor _/K/p 
• iO/i/1. 

which bath pall!! through ISIS and have moment=. S < P <: 40 GeV/e. At 300 

GaV/c, 18""of eU particles and .30~ 01 those escaping the magn.et satisfy 

these criteria. One topic of importance to aU varieties of particle identifiers 

is the questi';)n of clIarfed-parilcle background.. since'll. background particl« 

passina through tbe same ccll as a particle trom the event renders theinfor­

mation from that cell not 'lseable. A background study has been cr.rrled out 

usint the proportional wire counter dlP.tIl (01" several hundred event. clIosen 

at randoa'l tr.m E·iSf (,.-p at i41 GeV/c) and &-299 ( ...+p at no Gevlc'. 

The percent.ace of ceUa which must be discarded is emmated to be 25" lor 
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The numbeJ:' of particles as II, function of rapidity from a1mula.ted 300 
C'.eVIc. ".p interadi<m5: AI aU partid(l1s. HI tho~ partidell with S < P < 40 
Oev'c I'!'lUch .l'lflE throv.gh :l.3 in the figure on page Z1. 

:!"l ISS (t em ceUt!) M~ 510;0 for an EPI (6 em cells), c,;)thloc.':!.tcd Z meters 

from ~e bu':lble char..lber :::enter. 'Nit~ th~ '~ur.;'(-nt bubble chamber cQnfiillra· 

tlon. Impl'Q,,'cments in the background could be made by !'ed1.ictions in the 

amount of Ill&tte:~ downstream of the hU:>ble chL"11ber. The cost estimated by 

the adoreS group {or a t. m x t. m )( t m ISIS module is $ t 7,ZOO; thull, iDclud­

ing provision for conUniellcies. a conseiMlaUve estimate woulcl it••30,000 

per module. The fiX'st mod\lle coulel be constructed In 6·, montha and the 

rema.lDing modules could be completeiS with11'l a 3'"1" at a total cost or 

UOO.ooo plueaalaries. 

" 
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L Pless (MIT) presented a propoAJ. a(1'eed upon by the workabop tor a 

IS1stem which would pertnlt both "central-regt.on" phYlllclI (5-SO <:ieV/c} aM 

''leadlng-partide" physics (SO-tOO <:ieV/c}. Th18 system til shown in the 

y 	 figure belo.... and would consist ot three elements: an ISIS conSistin1J or 

three 1 mX t. m)( t. m aections lnterapersed with drift chambers (S-50 GeV/c). 

a Z mX 2; mX 5 m mulU-cell,almospberic pressure Nz-He Cerenkov detector 

lSO-l00 Oev/c), and tile pboton detector. The photon and Cerenkov detecto:rtl 
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The particle id:lntitication system proposed in the Mlcommendations of the 
workshop for the Fermill'.l:l 30-1n. bubble chamber hybrid system. U, 1Z, and 
13 are lmX 1m)( 1m ISIS-type modllles: C is a ~mX Zm)( Sm mulU-ceU 
Cerenkov detector; Pi is a proportional wire CGunterl and 0i' Oz. 0 3 are 
drift chatr.bers. The location 01 the photon detector (POI and possible location 
or II. future hadron calorimeter are also sbown. 

could not be used simultaneously and would be mounted on rails tor easy 

interchange. This arrangement would necessitate an addition to the present 

high-bay area which woulcl accommodate either the Cerenkov or the photon. 

detector when ¥lOt in use. At a tuture date. this could be expanded to Include 

a neutral-hadron calOrimeter for nlii detection. The workshop had been 

asked to _ider 12 aspects of particla identifier .,.stem.l (NALREP. p. t9. 

http:central-regt.on
http:throv.gh
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March. :1976). The proposed system has (1) operating parameters 01' ,,/K/p 

separation rrom 5-100 GeV/c and (Z) an acceptance that is reasonably well 

matched to the geometric profile or the particles leaving the uubble chamber. 

(3) The background sensitivity is acceptable and (4) the problems of gas 

handling and purity are minimi;eed 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 ofr-line computing 

are already solved in principle. (7) The system is compatible with photon 

detection a.nd high-resolution momentum measurements and (8) requires no 

drift chambers or proportional wire cOWlters other than those already in 

existence or under construction 1'01' the bybrid system. (9) A modest exten­

sion of the building will be necessary. but not a crane. (10) The maintenance 

requirements will be about the same as those of the present system, and (U) 

the system poses no safety problems. (12) The construction and testing or 

ISIS would be carried out by the PIISC and that or the Cercnkov detector, by 

Michigan State University. Conservative estil1)ates of the costs are respec~ 

lively $100,000 and $30,000. The construction, initial test and installation 

schedule would involve 6 to 9 months for construction, 1 to Zmonths for 

testing anu 3 months for insta.llation, ror a total of 12 to 1. 5 months. The 

PHSC would asstlme overall responsibility for the integration of these 

detectors with the proportional hybrid system. 
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