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ABSTRACT

An analysis is presented of the pulse distribution produced by anti-
protons of 1.2 Bev/c momenmm.ente.ring a lead glanss Cerenkov counter.
The calibration of the counter is described. Estimates of the efficiency of
containment of the relativistic secondary particles and electronic showers
from annihilation events are discussed and shown o be compatible with the
observed pulse height spectrim. Attenuation effiects in a copper absorber
preceding the counter, and in the first of two sections of the glass counter,
demonstrate interaction and absorption cross sections that are nearly twice
geometric and whichk probably increase as the antiproton kinetic energy de-
credases below 400 Mev, '
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I. Introduction

The work of Chamberlain, Segré, and Wiegand, and Ypailantis}‘ ant
their co-workers has demonstrated the production of particles in a target in a2
Bevatron which were identified by a charge- and mass-selector cystem 3
negative protons. The momentum interval selected centered at 1.2 Bov/c.
Coincident with their identification experiments, a2 study with a laaa&-glaa.a
Cerankov counter of the interaction of these particles in matter was purcued
by the above authors and has been reported in a2 preliminary letter. 2 It o
éhéw:; in that letter that the interaction cross saction is greater than geometric,
and that the energy release observed from the interactions in the gléss iz on tho
average considerably greater then that associaled with the ¥ mesons of the
same momentum passing through the glass.

In subseguent work alterations in the Cerznkov counter were made in order
to permit a better estimate of energy release and to extend the atudy of the

properties of the negative protons in their interactiorn with matter,

1I. Experimental Arrangement

in Fig. 1 is displayed the relation of the counters to the beam of particlze
emerging irom the mass -identifying 3ys§em of Reference 1, Threz charjes
have been made frorm the apparatus employed in Reference 2. Fizst: thae black,
light -absorbing face deserited in Ref, 2 on the downstream face of thn countow
was raplaced by reflecting aluminum feil. {The reason for thet H-hi Ye-ak"
wags explained in Ref. 2). Second: another Cercnkov counter, ivriinilcer with

the first, was mounted as shown in Fig. 1 to increcse tha delcciicn volurme.
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Third: the 6-in. -diameter scintillation counter /8" which preceded th
Ceresakov counter in Ref, 2, has been replaced by 2 13.in. ~diameter countaw,
so as to completely cover the entrance face of the glass 2nd possibly provide
a means of identifying antineutrons conceivably formed by charge-suchange
scattering in material ahead of S.

Each Cerenkov counter coneists of 2 cylinder of glase 12 in. in diamotar

and 14 in. long, viewed frorn one end by four 5.in, -diameter photomultiplicy

x

tubes with outputs combined. The composition of the glase, by weizht, is 52%

)

PO, 42% 5i0,, 3% Naz0, and 3% K,0: its density iz 3.89 g/cm™; and ite
refractive index for light of the sodium D-line is 1.649. The fovegoing com-
position and density account for a radiation length of 2.77 cm {1.09 in.) ard 2
critical energy of 17.5 Mev., Thus, in terrae of the radiation length, ea;,ah
counter is 12.85 units long and 5.5 units in radius.

The cutputs of cach Cerenkov counter and of the preceding scintillation
counter were separately displayed on an cscilloscope whose sweep was triggerod
by a signal from the mass.selector systefn indicating the passage of & peézsibie
antiproton. The oscilloscope traces ware phelographed, and subseguent idant.
ification of particular traces could be mads for those cases which Chamberlain,
Segré, Wiegand, and Ypsilantis finally designated as antiprotons after ex-

amination of their oscilloscope records.

In a manner similar to that previously described, 2 a calibration was
establichcd by passing the negative pion beam at minimum ionization throuph
the counters, the passage through being deterrmined by scintillation counters
placed before and hehind the glass. Rotation of the equipment through 180"
permitied calibration of both counters, and measurement of the anisotropy of
each, with regard tc cerenkov light collection from particles moving parallel
te the axiag. |

The picns lost about 200 Mev in each counte:, essentially all at ininimuarn
iorization (§=1); the average of the Cerenkov light pulses obtained {rom i
two directions of pazsage was asgcciated with 200 Mev of 2nergy coliveraed

by a shower or by relativistic particles into the glace,
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it was calculated that the average cosmic-ray muen passage through
the glase (the couater axiec remaining horizontal) delivered about 120 Mev.
Its Cerenkov light pulée was compatible with this snergy loss on tha basis of
the pion calibration as described, though there was a minor dependance upen
. the distance of the muon trajectory from the phototube face in either count:T.
Time constancy of electronic sensitivity was maintained by daily maonitoriag
with the cosmic.-ray muonsa,

Since the center-of-mass velocity of an annihilation eveat involving an
antiproton and a nucleon in the glass has <. ~0,4 {the antiprotons enter the
glass at 450 Mev, or below, depending upon absorber), the annihilaticn prod-
ucts do not depart far from spherical symmetry; thal most evenie cccur iz
large nuclei furiher tends to reduce directional predominance. Consequently
the averaged calibration described above is tzkern to be appropriate to the
annihilation products. '

We must recognize that not all the aannibilation particles or shower vill
usuzally be contained within the glass, and alac that & considerable fraction of
the energy may be carried away in uncharged or slow particles, which produce
no Cereakov light. Clearly, then, the assignments of energy io events in vhe

glass will represent only lower limits to the energien released,

IV, Ohbserved Fulse Spectra.

Figure 2 digplays the spectrum of the iotal energy release, a8 summat
from both counters, for particles that ware identified by the system given in
Reference i as antiprotons and that interacted in the gless. Spectra taken wild
and without abzorber ahead of the counter are cloe.ely similar, aad the data
are combined in Fig. 2. The strong interaction in matter is manifested by the
fact that nearly all the energy comes from the first counter, and the inier.
pretation of this is discuseed in the following section, .

The largest lower limit on energy release here gseen is about L1102 hizv,
and to such a lower-limit value we attach a 30% uncertainty owing to celibciion .
problems relating to unknown locations of interaction evenis and unknown <i .
rections of the trajectories of the secondary particles, The mest probebl. puice

height is about 450 Mav., A dizcussion of the puleeheighe 2poctiur o b2 (o-

.
2 o P

zected in this system, and its comparvison wilth that »oich e chiar o7 Ini

3
:
8
°f
€
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V. Comments on Interaction Cross Sections

) e 2 '
In our earlier communication evidence was presented that demonstrated

that the absorption cross section for the selected particles was about 1.5 to
2 times the geometric nuclear cross section. The work reported herein hes

developed further data in agreement with those results.

A. Attenuation in Copper

Because of divergence of the beam emerging from the mass-selecting
system, and because of scattering and absorption in counters and accessory
equipment ahead of the glass, not all the particles identified by mass slection
as antiprotons enter the Cerenkov counter even when nc absorber is in position.
Even though some particles miss the counter, the transmission of the 3-in,
copper absorber may be calculated from the fraction of the selected antiprotons
counted in the glass when the absorber ig present compared to the count without
absorber. The relevant data appear in Table I, and are interpreted as follows:
When the copper absorber was absent, a total of 75 bparticles identified as anti-
protons passed through the mass selector. Because of the divergence with
which they emerged, only the fraction 45/75 was collected and counted by the
glass., While the copper was in position, out of 93 passing through the maes
selector the glass counter registered the fraction 25/98; but calculation of
the n'ml_tiple Coulomb scattering in the copper leads to a 12% upwar& correction
of this fraction to 28/98. The transmission of the copper is then obtained from
the ratio of the last fraction to the first, namely: 0.48 = 0.12.

This attenuation of the beam is due tc absorption and to nuclear scat-
tering through angles greater than 7°, anC the mean kinetic énergy at which these
events are occurring in the copper is about 450 Mev. The attenuation cross
section is thus 1.2 # 0.4 barns, where the uncertainty quoted ie statistical
standard deviation., This is approximaéely 1.5 £ 0.5 times geometric x;\;cleaxi/3
T x A Te

In our earlier communication, baged upon independent data but comparable

crosa section when the latter is calculated {rom a radius of 1.25 i 10 m.

geometry, the copper-attenuation cross section was found te be 1.7 £ 0.7 times

geometric,
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Table I

Tabulation of observations on particles
identified by the mass selector as antiprotons

"S" refers to the scintillation counter préceding the glass, and S >0 means
that the particle (or a charged secondary) registered itself in the scintilla-
tion counter.

"Pulse ~0" means that the particie did not regieter in the glass, implying
that it produced less than abcut 30 Mev equivalent of electronic shower or of

path length at minimum ionization.

_ No absorber 3-in. copper absorber
. =~ SA) $=0
. Pulse~0 _ EE Ié 20 53
Pulse ~0 ) 45 0 . 25 G-
Total particlés 75 - 98

B. Attenuztion in Lead Glass

It was stated above that although Fig. 2 displays the spectrum of the combined

- pulses registered simultaneously by both Cerenkov counters; nearly all the contri-

bution is from the first counter. When no absorber is employed, protons or anti-

protons of initial momentum 1.2 Bev/c that survive interaction and scattering

penetrate at least one inch into the glass of Counter 2; and when the 3-in. copper

abgorber is in place, surviving protons penetrate about two-thirds the thickness

of Countar 1.In Fig. 3 we summarize the cbserved pulses in terms of the energy

division between the two countei's§ and it is seen that only about 10% of the in-

teractions counted at all in Counter 2, whether or not absorber was used.

Morsover, in no case is the pulse from Counter 2 greater than that {rom Counter 1.
These results imp'ly that all interactions observed occurred in the first

piece of glass, even with absorber absent, and moreover that the locations of

the interactions were well before the boundary between counters, since events
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near the boundary would in some cases give the larger energy release in
Counter 2. The fact that only about 10% of the observed interactions registered
at all in the second counter is consistent, for example, with the 10% solid
angle subtended by Counter Z at the center of Counter 1, all interactions being
assumed to occur near the central raegion of the first counter and to produce,
on the average, one secondary particle with range enough greater than 80 g/ cmz
of lead glags to give an observable pulse in the second counter.

If we attempt to estimate th; probability of finding no event for which the
"~ second counter pulse is larger than the;"'ﬁrsﬁ{with the copper absorber removed)
we find that an average absorption cross section of twice geometric would give
only a 10% probability, and an average cross section three times geometric
wduld give a 37% probability for obtaining no such event. The average kinetic
energy of the antiprotons in the glass was considerably lower than their energy
in the copper for the copper-attenuation experiment; and the low transmission
of the lead glass can be understood, inview of the copper-attenuation resule,
by assuming thé_average cross section to be about twice geometric for energies
in the 400-to-500-Mev region and to average possibly three or four times
geometric for energies between 150 and 400 Mev.

It is to be noted that the attenuation observed within the glass is seen
with "poor" geometry, and thus includes very little contribution from scat-

tering.

= The rough value of 1.9 £ 0.6 times geometric cross section obtained in
Reference 2 for absorption in the lead glass is a lower limit, because those
axially collimated antiprotons producing "zero" pulses in the counter were
there assumed to have passed through without interaction, whereas they
could have failed to survive passage through accessory material ahead
of the glass or they might have interacted in the glass but failed to de-
liver products yielding enough Cerenkov light therein.
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V1. Discnssion of Observed Pulse Spectrum

Quantitative inferences of energy release from the interaction events
should involve attention both to the upper limit on observed pulse size and to
the average size. On either basis estimates of expectations from antiproton
annihilation events can be compared with ohservations., These estimates will
require recognition of the annihilation modes and the likely nature and
multiplicity of secondary products, and of the factors affecting containment
of the Cerenkov-light-emitting secondary particles within the lead glass.

A, Expected Characteristics of Annihilation Events

It will be aséumed that the fundamental annihilation processes for an
antiproton in combination with either a proton or a neutron proceed through
emisgion of pions with conservation of isotopic epin. 3 It follows that, on the
average, one-third of the pions are neutral, and thus over a large number 6{
events one-third of the energy should be released as photons if the annihilation
were against free nucleons. Also, in View of phase-space weighting, 4 selection
rules, 3 and the statistical theory of such high-energy events, 5 the multiplicity
of pions produced in the free-nucleon case would be most probably about three,

though with decreasing probability it méy extend up to several pioans.

In the situation discussed herein, however, the annihilation processes
are occurring with nucleons bound in nuclei, and the pions produced virtually
must interact strongly with the adjacent nucleons, causing frequent production
of nuclear stars. Also, the proximity of more than one nucleon in the anni-
hilation would be expected to relax the selection rules, 3 which rather strongly
supprees two-pion annihilation,

The fact that considerable energy méy be released in star fragments is
unfavorable toward the present detection system, since neutrons are not seen
and protons below 190 Mev produce no Cerenkov light in the glass, Even a 500-
Mev proton entering along the beam axis produces a pulse in the "zero" category

under the electronic gain settings here employed.
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B. Efficiency of the Glass Ccounters

Since the contribution of the second glass counter to the pulse sizoo
was small, the following calculations of counter efficiency relate to the firut
counter alone. They treat separately the deteciion of neutral pions, chargad
pions, and nucleon secondary particles.
1. Neutral Pions. The decay mcdes that yield neutral pions and thus give rise
to electronic showers in the glass can produce the largest Cerenkov-light
pulses. The fraction of a shewer that will be contained in the glass czn be
calculated from shower theory and experimental data. The experimenéal
curves given for several elements by Kantz and Hofstadter5 and from Monte
Carlo calculatione by Yamagata and Yoshimine, 7 for a lead-glass medium
and by W:‘\].t;on8 for lead, bhave provided useful information. Containment
fractions were averaged cver the volume of Counter 1 for all directions of
ernission of shower particles initiated by photons cf a few hundred Mev energy.
The average containment factor obtained in this way was 50% to 60%. Since
the neutral pions are expected to possess considerable kinetic energy, so that
their decay photones will have energies Doppler-shifted into the hundreds -of -
Mev region, this fraction is believed to by typical of the efficiency for ob-
serving the annihilation energy delivered to the glass in the form of neutral
pions. |
2. Charged Pions. The threshold for charged-pion detection is 40 Mev. By
averaging over the directions of trajectories initiated within the volume of .
the glass of cne counter if is found that the average cbservable energy rises
to 100 Mev, when the pion kinetic energy reaches 200 Mev, and remains
neariy constant at this value for higher kinetic energies, Thus the observed
energy will depend upon multiplicity and energy division among the pions;
but if, for example, the energy of the annihilation were carried away by
three charged pions, the maximum observed energy could hardly exceed
300 Mev,
3. Nucleone. The efficiency for observing energy released in this form
is essentially zeroc. (See the comments on detection of nucleon secondaries

made at the e¢nd of Section 6-A).
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C. Expectad Pulse Spectrum

Under the assumption of annihilation with the tsrpical reiease of about 2
Bev (since some kinetic energy of the antiproton is typically available) we may
estimate the average pulee height to be expected upon the basis of the energy
calibration described in Section 3 for selecteddistributions of secondary preducts.

In events where no nuclear star is formed we expect on the average that
one -third the energy will be carried by neutral pions which will induce showers
50% to 607 contained in the glass. The charged pions are expected to contribute
up to 100 Mev each in pulse size. Thus for a 3-pion event, in which one pion is
neutral, an average pulse size would be about 550 Mev. Actually it might be
somewhat lower than this because such a 3-pion event, occurring in flight, would
be directed somewhat away from the photomultipliers of Counter 1, and the
light collection would be less favorable than normal. {(The counter anisotropy,
i.e. the pulse-height ratio for pions moving toward and away from the photo-
multipliers, is 1.5 to 1,) '

If all the pioixs were charged, an average pulse of 300 Mev would be ex-
pected for a three -pion event, and abcut 400 Mev for a five-pion event.

The more realistic assumption that star formation is likely will of course
lower both these averages. Consequently it iz to be expected that the most
probable pulse size will be in the vicinity of 400 Mev, and this is in conformity
with the data we obtain on the basis of our calibration. '

The largest pulses must be produced by favorable multiplicities of neutral
pions. However, even if all the annihilation enezrgy should be carried by a few
neutral pions which developed showers with random direction of particles, the
50% containment factor would limit the expected pulse size to about i Bev.

The observed pulse spectra are consistent with this picture with respect
to the value of the average puise height, and the fact that the largest pulse ob-
served is about 1100 Mev is understandable. That the particies producing these
pulse spectra are indeed antiprotons - -rather than another proton-mass particle
of negative charge--ig indicated, since a particle other than an antiproton could
surrender a self{-enexrgy of only about I Bev, and if its decay patterns were to
yield both charged and neutral pions it would be essentially impogsible for it
to yield an average pulse size of about 450 Mev as observed here. Only if
practically all the energy of such an hypothesized particle were delivered

always into photons or neutral pions could this result be obtained.
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VII. Attempt to Observe Antineutrons

In epite of the small solid angle (1/20 steradian) subtended by the lead- -
glass counter at the abzorber, it was hoped that antineutrons from the charge-
exchange scattering of antiprotons in the copper absorber might be detected.
Antinuetrons would not count in the 13-.in,-diameter scintillation counter ahead
of the glass, and yet would give a sgizable pulse in the lead-glass counter. The
effect could be separated from that due to occasional energetic y-rays from
annihilation in the absorber by interposing a converter of high-Z material
just ahead of the scintillation counter. :

Table I shows that of the 25 particles detected when the copper absorber
was in place, each was accompanied by a pulse in the scintillation counter.
These results yield an upper limit of about 60 mb for the production in copper
of antineutrons from 450-Mev antiprotons into a solid angle of 1/20 steradian,
This part of the exper ment should of course be repeated with a larger solid
- angle and better statiotics.
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Fig. 1. Schematic diagram of the lead-glaés Cerenkov counters with

associated scintillation counter and absorber.

Fig. 2. Histogram spectrum of Cerenkov pulses.
Pulse-height spectrum for events produced in the glass by
particles massg -gselected as an?iprotons. Data obtained with
and without absorber are combined. Smooth solid curve is
gspectrum in Counter 1 for particles in total beam without
absorber (i.e., 1.2 Bev/c negative pions); dashed curve is

same with absorber. Neither of the smooth curves ie normalized,

Fig. 3. Energy division t;etWeen counters.
Number of events is plotted vs ratio of energy observed

in Counter 2 to that in Counter 1.
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