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ABSTRACT 

An analysis is presented of the pulse dist::dbution produced by anti

protons of 1.2 Bev/c momentum entering a lead gl:a.os Cerenkov counter. 

The calibration of the counter is described. Estin:tates of the efficiency of 

containment of the relativistic secondary particles and. electronic ahowerjl 

from annihilation events a1•e di6cuesed and shown io be compatible with the 

observed pulse height spectr•jm. Attenuation effects in a copper absorber 

preceding the counter, and in the first o£ two sections of the glass counter, 

demonstrate interaction and abrJorption cross sections that are nearly twice 

geometric and which probably increase as the antiproton kinetic energy de

creases below 400 Mev. 
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INTERACTIONS OF ANTIPROTONS IN LEAD GLASS 

John M. Brabant~ Bruce Cork, Nahmin Horwitz, Buc.•t.on .T. Moy,~:t'~ 
Joaeph J. Murray, Roger Wallace. and William A. Wenze! 

Radiation Laboratory and Deparh'nent cf Phy11ico 
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I. Introduction 
.-~U~tP -~· 

The work of Chamberlain, Segre. and Wi~~gand, and Ypsilatltis 1 er.r.l 

their co-workers has demonstrated the product::.on of particles in a t;::.z•gct \n .,:1~ 

Bevah·on which were identified by a charge- and masa~selector cyotem <..3 

negative protons. The momentum interval aelected centered &.~ l. 2: Bcv/ c. 

Coincident with their identification experiments. a att.:A<l)r with a lt'.ad .. glat. :J 

Cerenkov counter of the interaction of these p;.u:ticles in matter was purr.;ucd 

by the above authors and has been reported in a preliminary letter. 2 It -:r::.: 

zhown in that lett:er that the interaction c1•oss a.action is greater l:han gcomct::ic, 

and that the energy release observed from the interactions in the gla6s ic o.n au_ 
average conaider.ably gl'eater them that assodat.ed will:h the tr- m~sons of the 

same momentum passing throu.gh the glass. 

In subsequent work alteration!3 in the Cerenkov counter we:;:e made in orcl~~.;:· 

to permit a better estimate of energy release and to ext,::md the aCt'td·y of th~ 

properties of the negative protona in their inte!·action with matter. 

II. E::ql'erimental Arrange::nenl: 

In Fig. 1 ia displayed the relation o£ thel 1:!ountera to the bear.:-1 of p<:l:r:tici..:n? 

emerging from the maas-identifying system of Reference lo 'rhl:'ee ehar.;JeG 

have ~en made from the apparatus employed i11 Reference l. Fi:;.·at: thG bl.eck, 

light-absorbing face described in Ref. 2 on the dovmot:>"eam face of th.•) ccun.b ._. 

was r~ptl.ac:.~d by &-eflecting aluminum foil. 1T!l·a reason fot· thel: H;-::n:. "r-~,11:'' 

w~u.> explained in Ref. Z). Second: another C.zlrcnkov c:,juntcr, it-:~. nL1 
. .:.:c:.: '.:Ji'.:h 

the first, "'"us mounted as shown in l"ig. l to in:::roc.s::: t1-.:;; de;cc~5.c:l v:·1.u·~•c. 
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Third: the 6-in. m(Uameter scintillation. CO'U.l'ltC::r i'.'S" which .Pl''i:CC;deci. the 

Cerenkov counter in Ref. 2, has been replaced by a 13-in. -dia:metel' countz:T, 

eo as to completely cover the entrance face oi tht! gl~.ss :.lnd poocibl;r provide 

a means of identtifying _antineutronc conceivably formed by cha1·ge -i!nccbG.nge 

scattering in material ahead of s. 
Each Cerenk.ov counter cone:lsts of a cylinder of glasa ll in. in diamct:;.: 

and 14 in. long, viewed from one emd by four 5 .. in, -diameter photomultip1ic:t 

tubes with outputs combined. The composifi:ion of the glasr., by weiJhl:, if~ 52~i.:t 

. PbO. 42% SiOz• 3% NazO, an:d 3o/o KzO: its d~meUy is 3.89 g/ c~1 3; and ite 

refractive index for light of tbe aooium D-Une is L649. The fo1·egoing com

positioD. and density account for a :radiation length ·of 2. "?7 em ( L 09 in.. ) ar;d a 

critical energy of 17.5 Mev. 'Thus. in terms o.f the radiation length, ea.ch 

counter is 1 Z.85 unite lcmg ancl 5. 5 units in rad~.us. 

The outputs of each Cerenkov counte? and of the pt·c<eeding scintillation 

counter were separately displayed on an osci1loseop0 whose sweep ~;aG tri.ggai•cd 

by a signal from the mas a -aelecto:r system indicating the passage o£ a pcn:;;ible 

antiproton. The oscilloscope traces wez·e photographed, and m.tbuequent i«bnt

ification of par~icular traces c:ould be made fen· those cases whkh Chambei'h:d.n, 

Segre', Wiegand, and Ypsilanti& finally designated as ~ntiprotoru:. afte:.t: ex

amination of their ovcilloecope records. 

llX~~!i!L 

Xn a manner aimilar to that previously described, 2 a calibration was 

established by passing the negative pion beilm at minimum ion7,za~h:m. throuc:h 

the coun~ers, the patSsage through 'being deterr,'lin!.~d by scintillation, com'lte:rs 

placed before and behind the glass~ Rotation of the e(ruipment thl'oug;h 180° 

permitted calibratior.1 of both cotmtera, and mt::~umren::cent of the anisot::.:'(.IPY of 

each. with :rega1·d to cereukov ligh~ coUec:tion frer.n p.a.rtide~,~;. movina parallel 

to the &ll;iE!. 

'The pions loet about 200 Mev in ec-.eh. countc:L.', er;sentially o.ll ''ll: :minimum 

ionization (f$::!.1)> the average of the Cer.enkov light puleet\ obtain·ed fr·.::>tu ~;;~-::· 

two directions of. pa~aage wao assoda.ted with ;:oc- Mev of :-moxgy cd.iv::..::-.:.d 

by a shower c!' by ::.-elativl.s~ic part:Lcleo into ~h!?- gb.:L 
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it was calculated that the average cosmic~-l~ay muon passage t.h:,;oc1~.g!J 

the glass (the counter t¥.xis !'emaining horh~on~ai) deli"''el~ec1 a.bout 160 !v'h;,•t. 

Its Cerenkov light. pulse was compatible with this energy looo on ths baci9 o.: 

the pion calibration as described, though thcra was a minor d~pender4cc UflOI.l 

the distance of the mt;~.on trajectory from the phototube face in eithe:r count;:r. 

Tin'le constancy of electronic sen.sitivity was maintained by daily m<;mitoJ>i.-tg 

with the cosmic -ray muons. 

Since the center-of-mass velocity of an annihilation event involiring ar4 

antiproton and a nude on in the glass has ~ <.. • ..,. OA (the antiprotons enten~ U.e 

glass at 450 Mev, or below0 dependir1g upon absorhe:i')~ the annihilation p::;::.d ~ 

ucts do not depart far from spherical symm~try; that most events cccu:-: i.: 

large nuclei further tenda to reduce directional p:redominat1ce. Consequently 

the averaged calibration described above is tal~;en. to be appropriate to ~he 

annihilation products. 

Vie must recognize that not all t'he annihilati-on pa.rliclea ox £1hower v•ill 

usually be contained within the glass, and also that a considerable fr?..ction of 

the energy may be carried away in uncharged or ;j(ow particles. which p:rcdu.ce 

no Cerenkov light. Clearly~ ther .. , the assignments ai energy to events in .:he 

glass will repreeent only lower limits to the euer.gien released. 

Figure 2 dieplays the spectrum of t.he toi:al en.t'H'gy release, as ;<~umm,;e 

from both countexs, fo:r. particles that!: wex-e idantHied by t:he s;ystem given in 

Refere"lC'.~ 1 as antiprotons and that interacted in the gh.ea. Spectx'a ta~::en ;;,H> 

and withoui: absorber ahead of the counter are closely aimi!a::.r. a1td the data 

are combined in l''"'ig. 2. The et:rong interaction in matter is manifested by the 

fact tha.t nea1•ly all the energy comes from the :first counter, and the ·i.nter .. 

pretation of this h diGcust~ed in the foUowing section. 

The largest lower limit an eneE'gj releaoe here seer. is nbm.tt i.:: OJ 

and to such a lower-limit value •Ne attach a 30% 1.:mcertainty O'INing t:> ccHb~c:.;;ior:.. 

problems :relatir~~.g to unknown locations of interaction events and unkno\Vll d .. 

rections of the b.•a.jectol"iea of the eecondary particlcG., The moct p:; :_b;:•bl. IR,~c•: 

height i.s about 450 Mev. A di:Jcuosion. of the pule~ -1wtrhl: :Jp<)ct.:..."Vr:; ':c i::~) ~ .:-
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V. Cfo.mrnenb~ on Ip.teraction Cro~s. Sections 

In our earlier communication2 evidence wau presented that demonstrated 

that the absorption cross section for the selected particles was about l. 5 to 

2 times the geometric nuclear cross section. The work reported herein hP.s 

developed further data in agreement with those results. 

A. Attenuation in Copper 

Because of divergence of the beam emerging from i:he mass -selecting 

system, and because of scattering and absorption in counters and accessory 

equipment ahead of the glase, not all the particlea identified by mass stection 

as antiprotons enter the C0renkov counter even when no absorber is in posi.tion. 

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 ie 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 15 particles identified ao anti

protons passed through the mass selector. Because of the divergea1ce with 

~hich they emerged, only the fraction 45/75 was collected and counted by the 

glass. While the copper was in position, out of 98 passing through the mass 

selector the glass counter registered the fraction 25/98; but calculation of 

the ~ultiple Coulomb scattering in the copper leads to a 12% upward correcticm 

of this f:raction 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 to absorption and to nuclear scat-

tering t.hrough angles greater than 7°, an~ ~he mean kinetic energy at which these 

events are occurring in the copper is about 450 Mev. ·The attenuation cross 

section is thus l.Z :t 0.4 barns, where the uncertainty quoted is statietica.l 

standard deviation. This is approximately 1.5 :1:: 0.5 times geometric nuclear 

cross section when the latter is calculated from a radius of 1.25 J' 10 • 13 x Al/l em. 

In our earlier communication, based upon independent data but comparable 

geomei:ry, the copper-attenuation cross section was· found to 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 preceding the glass, and S > 0 means 

that the particle (or a charged secondary) registered itself in the scintilla

tion counter. 

"FU~ ee- 0" means that the particle did not register in the glas·s, implying 

that it produced less than about 30 Mev equivalent of electronic shower or of 

path length at minimum ionization. 

No absorber 3-in. copper absorbe_~ 

.Pulse-o 

Pulse. >o 

Total particles 

B. Attenuation in Lead Glass 

45 

.sre-
0 

75 

5:::0 S=O -zu --rr-
25 o· 

98 

It was atated 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 countero When no absorber is employed, protons or anti

protor..s of initial momentum 1.2 Bev/c that survive interaction and scattering 

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

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

of Count.,r 1" In Fig. 3 we summarize the observed pulses in terms of the energy 

division between the two counters; and it is seen that only about lOo/o of the in

t~ractions counted at all in Counter Z, whether or not absorber was uaed. 

Moreover, in no case is the pulse from Counter Z greater than that from Counter 1. 

';rhese results imply 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 counte1•s, since events 



-8- UCRL-330Z 

near the boundary would in some cases give the larger energy release in 

Counter 2. 'Ihe fact that only about 10% of the observed interactions registet:.ed 

at all in the second counter is consistent, for example, with the lOo/o solid 

angle subtended by .Counter 2 at the center of Counter 1, all interactions being 

assumed to occur near the central region of the first counter and to produce. 

on the average, ()ne secondary particle with range enough greater than 80 g/cm2 

of lead glaos to give an observable pulse in the second counter. 
I 

If we attempt to estimate the probability of finding no event for which the 

second counter pulse is larger than the·first{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 

would give a 3701, 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, in Yiew of the copper-attenuation result, 

by assuming the average cross section to be about twice geometric for energies 

in the 400-to-500-Mev rGgioc and to average possibly three or four times 

geometric !or 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. 

(t 
The rough value of 1.9 :1: 0.6 times geometric cross section obtained in 
R~ference Z 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 Cerenltov light therein. · 
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VI. Dis.cus&..on...nf...O.hseJ:veg Pulse Soectrum 

Quantitative inferences of energy releaae from the interaction even_te 

should involve attention both to the upper limit on observed pulse size and to 

the average size. On either basis estimates of expectations from antipToton 

annihilation events can be compared with observations. These estimatee will 

require recognition of the annihilation modes arad 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 Ev-ents 

It will be assumed that the fundamental annihilation processes for an 

antiproton in combination with either a proton or a neutron proceed through 

emission of pions with conservation of isotopic spin. 3 It follows that, on the 

average. one-third of the pions are neutral, and thus over a large number of 

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 may extend up to several pions. 

In the situation discussed herein, bowever, 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 ~:rul~se 3 which rather strongly 

supprees two-pion annihilation. 

'fhe fact that considerable energy may 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 Counters 

Since the contribution o£ the second glass counter to the pulse :::inc::lo 

was small, the following calculations of counter efficiency relate to the firut 

counter alone. They treat separately the detection of neutral pions, charged 

pions, and nucleon secondary particles. 

1. Neutral Pions. The decay modes that yield neutral pions and thua give riac 

to electronic showers in the glass can produce the largest Cerenkov-Hghl: 

pulses. The fraction of a shower that will be contained in the glass can. be 

calculated from shower theory and experimental data. The experimental 

curves given for sevel'al elements by Kantz and Hofstadter5 and f:rom Monte 

Carlo calculations by Yamagata and Yoehimine, 7 for a lead~glass medium 

and by Wilson 8 for lead, have provided useful information. Containment 

fractions were averaged over the volume of Counter 1 for all directions of 

emission of shower particles initiated by photons of a few hundred Mev energy. 

The average containment factor obtained in this way was 50o/o to 60%. Since 

the neutral pions are expected to possess considerable kinetic energy, so that 

their decay photons will have energies Doppler-shifted into the hundredB-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. 

Z. Charged Pions. The threshold for charged-pion detection is 40 l•A:ev. By 

averaging over the directions of trajectories initiated within the volume of 

the glaso of one counter i.t is found that the average observable energy :i.'isea 

to 100 Mev. when the pion kin~tic energy reaches 200 Mev, and :remaina 

nearly constant at this value for higher kinetic energies. Thus the obse1·ved 

energy will depend upon multiplicity and energy division among the pions; 

but if. !or example, the energy of the annihilation were carried away by 

three charged pions, ths maximum observed energy could hardly e:n:ceed 

300 Mev. 

3. Nucleons. The efficiency for observing en.ergy rel~ased in this fox·m 

is essentially zero. (See the comments on detection of nucleon secondari~e 

made at the end of Section 6 -A) • 
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C. Expected Pulse Spectrum 

Under the assumption of annihilation with the typical release of about Z 

Bev (since some kinetic energy of the antiproton is typically available) we may 

estimate the average pulse height to be expected upon the basis of the energy 

calibration described in Section 3 for selecteddistributions of secondary producto. 

In events where no nuclear star is formed we expect on the aver~ge that 

one-third the energy will be carried by neutral pions which will induce showers 

SO% to 60% 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 fl'om the photo

multipliers, is 1.5 to 1.) 

If all the pions were charged, an average pulse of 300 Mev would be ex

pected for a three -pion event, and about 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 is to be expected that the most 

probable pulse size will be in the vicinity of 400 Mev, and thia is in conformity 

with the data w.e 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 energy should be carried by a few 

neutral pions which developed showers with random direction of particles, the 

50% contA-inment factor would limit the expected pulse size to about 1 Bev. 

The observed pulse spectra are consiotent with this picture with respect 

to the value of the average pulse height, and the fact that the largest pulse ob

served itt about 1100 Mev is understandable. That the particles producing these 

pulse spectra are indeed antiprotons --rather than another proton-mass particle 

of negative charge--is indicated, since a particle other than an antiproton could 

surrender a self-energy of only about 1 Bev, and if its decay patterns were to 

yield both charged and neutral pions it would be e~sentially impossible 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 o_r neutral pions could this result be obtained. 
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VII.. Attemp_t t_p Observe Antineutrons 

In spite of the small solid angle (1/20 steradian) subtended by the lead-

glass counter at the absorber, it was hoped that antineutrons from the charge

exchange scattering of antiprotons in th0 copper absorber might be detected. 

Antinuetrons would not count in the 13-in.-diameter scintillat~on counter ahead 

of the glass, and yet would give a ·11Jizab11~ 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 1 shows that of the ZS 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 proc:luction 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 statiotic'Be 
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LEGENDS 

Fig. 1. Schematic diagram of the lead-glass Cerenkov countera with 

associated scintillation counter and absorber. 

Fig. 2. Histogram spectrum of Cerenkov pulses. 

Pulse -height spectrum for events produced in the glass by -particles mass -selected as antiprotons. Data obtained with 

and without absorber are combined. Smooth solid curve is 

spectrum 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 is normalized. 

Fig. 3. Energy division between counters. 

Number of events is plotted vs ratio of energy observed 

in Counter Z to that in Counter 1. 
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