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ABSTRACT 

The charge excbanae of antiprotons into antineutrons and the subsequent 

annihilation of antineutrons have been studied in the 7 a .. inch liquid hydrogen 

l:t~Jibble chamber. The antiprotons were produced internally ln the Bevatron; 

channeled externally by colUmatlon, quadrupole fucusing magnets, and. bend

ing magnets; and separated from other negatively charged particles by a system 

of three velocity epectrometers. Analysis of the data for a run with an anti-

p;roton momentum of 1.65 Bev/c bas been completed. Three charse~change 

..... ... - ... 0 reactions have been studied: (1) p + p• n+n, (1) p + p- n + n +'If , 

(l) p + p - n + p + w.. The cross section for Reaction ( 1) plus Reaction (Z) 

was 7.82 •. 55 mb. The croes sections for Reaction (3) wee 0.99 •. Z4 mb, which 

implies on the basil of the etatletical model alone that the erose section for 

Reaction (Z) la also about 1 mbt· The angular differential cross section for 

~ Reaction (1) was strongly peaked forwel"d with a value at zero degrees of 

" 4.6e. 5 mb/er. However, the 13%contamlnatlon from (1) was included. Of the 

antineutrons produced in Reactions (1) and (Z), 122 annihilated ln the bubble 

chamber; the resulting annlbilatlon erose section wae 45.Z • 5.4 mb at a lab 

kinetic energy of 900 Mev. The average cbarged·plon multlpllclty ln the 

antineutron annihilations was found to be 3.5 • .3, which implied that the total 

pion multiplicity was 5.2 *· 4. The ratio of the number of antineutron annlhllations 

containing five charged plone to the number containing three charged pion&; and 
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the momentum distribution of the pions, have been compared with predictions of 

the statistical model. This model used the covariant phase-space integrals 

first proposed by Srivastava and Sudarehan and modified by Neuman. and the 

branching ratios given by Paia. Reasonable agreement was obtained for a volume 

five times that of a sphere with a radius of one pion Compton wave length. The 

center-of-mass angular distribution of the pions in the antineutron annihilatf.one 

was found to be, within statistics, and isotropic distribution. Three events were 

'*' found that fitted K0-meson production in antineutron annihilation. 
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AND THEIR ANNIHILATION IN HYDROGEN* 

C. Keith Hinrichs t • Burton J. Moyer, John A. Poirer, and Philip Mo Ogden 

Lawrence Radiation Laboratory 
Untverlity of California 

Berkeley, California 

JulyS, 1961 

I. INTRODUCTION 

''W· After several unsuccessful attempt&, the antineutron was identified 

by a counter experiment in 1956. 1 The antlneutrone were produced by the 

charge exchange of antiprotons on protons (p + p - ii + n) and identified by the 

large annihtlatton energy of the antineutrons in a counter. Other counter ex· 

pertments have studied the charge-exchange reaction on hydrogenZ--4 as well 

as on complex nuclei. 5 and in 1959 the charge exchauge of an antiproton into 

an antineutron and the aubaequent annihilation ol the anti.neutron were flrJt 

observed in a propane bubble chamber. 6 In all these experiments tt was aasttmed 

that the annihilation cross section for antineutrons was the same aa that for 

antiprotons. in order to estimate the charge-exchange erose section~S. In theee 

previous experiments, the emall value of the charge-exchange croas section, 

combined with the rarity of antiprotons themselves. permitted little more than 

confirmation of the process. and little light could be shed on the antineutron 

interactions. including antineutron annihilation. 

The antineutron interactions ln hydrogen are of particular interest 

because the reaction occurs in a pure iaotopic apin triplet state (T = l ), 

whereas the antiproton•proton interaction i8 composed of half isotopic singlet 

(T :c: 0) and half isotopic triplet states. It iB to be noted that antiproton-neutron 

interactions also occur in the pure isotopic triplet state, and in this reapect 

should be the same as ii-p interactions. Some recent results on antiproton-
"") 

neutron interactions have been obtained by deuteriummhydt,lDgen subtraction · 
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The experiment presented here sends a separated beam of 950-Mev 

antiprotons into the 7Z.:..inch hydrogen bubble chamber. and etudi.es not only the 

charge-exchange interactions and their angular dietribution but also the nature 

of the :-.atitineutron-proton annihilation. 

The performance of this experiment was ancillary to an experiment 

that successfully searched for the anttlambda in the reactlon p +p- 1\-+ A. 8 • 9 

This reaction has a threshold at antiproton energies of about 770 Mev, and 

dictated the energy of antiprotons used. 
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n. DESCRIPTION OF THE EXPERIMENT 

A. The Antiproton Beam 

UC:F(L-9S89 Rev. 

Antiprotons produced internally in the Bevatron were extracted and sent 

through a separating system to purify the antiproton beam. This eyatem waa 

.. 10 11 
patterned after the 1.17-Bev/c K beam of Eberhard, Good. and Ticho. ' 

The beam deeign consisted of quadrupole focuelng magnets, 0, velocity-selecting 

" spectrometers, SP, iron collimating eUta, S, and bending magneta, BM, arranged 

aa 8liown in Fig. 1. The purUled beam of antiprotons was then directed into the 

7'l•inch hydrogen bubble chamber where the various interactions were photo· 

graphed. The circulating Bevatron beam of 6.Z·Bev protons struck the aluminum 

target, producing the antiprotons. Those antiprotons with momentum 1.64 Bev/c 

paesed through a bole in an iron nose cone (labeled NC on Fig. 1) in the outer 

magnetic yoke of the Bevatron magnet, and entered the separator system. 
I 

The ratio of 1r- mesons to antiprotons produced was of the order of a few 

times 104 , a:nd: tWe.ielkborate beam optics of the experiment was required to 

separate the antiprotons from this overwhelming number of unwanted particles. 

Since a Detailed descrltplon of the beam design has been given previously, 9 

only the charactertstice of the target, the beam, and the optical system are pre-

sented here in Table I. A monitor telescope (labeled MT ori Flg. 1) was ~et up 

to look at 1-Bev/c w· mesons coming from the target, and by this means to in· 

dicate the relative number of protons striking the target. 

B. The ?l-inch Liquid Hydrogen Bubble Chamber 

lZ 
The bubble chamber is rough~y 71. in. long by ZO in. wide by 15 in. deep. 

The l·msec beam spill occurred attthe center of the sensitive time of the bubble 

chamber (approximately lS msec, under the operating conditions of this experiment). 

The light flash for the pidtures occurred about 4 msec after the beam spill, which 
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allowed au.fficient time for bubble growth and 'Kept distortion due to turbulence 

instsnlflc•nt. The rate of energy loss by ionization for antiprotons and pions 

in the beam differed by only about 2%. therefore no attempt was made to differ

entiate antiproton tracks from pion tracks on the basis of bubble counting. The 

average density of the hydrogen during beam spill hat been measured as 

0.0586 g/cm3. 

The bubble chamber magnet supplied an average field of 17.9 kgauee, 

with a measured variation over the volume of ~he chamber of approximately • 10% 

After each expansion three camerae located at three corners of a square 

took stereoscopic pictures of the chamber (this square wae 20 in. on a aide, 

located 74 in. above the chamber). 

The magnetic-field corrections and optical corrections for each of the 

three views as a function of position in the bubble chamber were taken into 

account in the analysis of the track pbotographa: 
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III. ANALYSIS OF DATA 

A. Classification of Reaction TyPe• 

The beam entering the bubble chamber was composed primarily of .,. .. and 

.-mesons and antiprotons. The .,.-mesons did not interact in the chamber and 

contributed only to the number of background tracka. The ,- mesons could inter-

act strongly, however, and conetitflted the largest source of corrections to the 

number of antiproton interactions . 

. The reactions with which this experiment was primarily concerned are 

p +p ... n+n, 

- - 0 p+p- n+n+v 

ii +p ... v'e and K's 

elastic charge exchange: 

\ 
inelastic charge exchange; 

antineutron annihilation. 

(1) 

(2) 

(3) 

(4) 

The inelastic charge-exchange reactions producing more than one pion 

were presumed to be unimportant and were neglected. (It will be shown in the 

next section that inelastic charge exchange with one pion produced is only about 

13% o£ Reaction ( 1), therefore it was as6umed that the charge exchange with two-

. pio~ pi'odaction ia even smaller. In fact no events were found to fit the reaction 

.... - + -p+p- n+n+tr +11' 1· 

The antiprotons also annihilated in various waya, some of which could 

be confused with the ctu~rge-excbange reactions 

p+p- (.l+Z)1fo, 

- .. , - 0 p;+p-1'1' +w +.tv' 

- + • 0 p + p ... 211' + Ztr + I. tr , 

p + p- 'If's and K's. 

where l. :: 0, 1, ... ; J. is limited by the energy available ln the reaction. 

(·:S) 

(6) 

(7) 

(8) 
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The pions could interact as follows: 

.. 0 0 
11' +p-v +n+.tv, (9) 

11' +p-v-+p+.tvo } 
+ 0 ( 10) 

-n +11' +n+.tn 

+ 0 
1i- + p - 2.n- + p + 1r + I. v • etc. (11) 

Reactions (1), (2.), (5), and (9) could not be differentiated in the bubble 

chamber and were c:baracterlmed by a beam track entering the chamber and 

ending in the volume of hydrogen. This type of event was designated as a 0-prong. 

Reactions (3), (6), and (10) could not be differentiated by inspection if the proton 

in Reactions (3) and ( 10) did not stop ln the chamber, and were all designated as 

2.-prong interactions. Similarly. Reactions (7) and ( 11) were designated as 4-

prong interactions. A few antiprotons were observed to annihilate into eix and 

eight charged pions, and were designated 6-prong and 8·prong, respectively. 

Th.e annihilation of an antineutron (Reaction 4) produced a ttneutral star" 

(i.e .• a star produced by a neutral particle) with one more positive track than 

the number of negative tracks. Thus n annihilations were designated as 1-, 

3-, 5-, or 7-prong. 

Figure Z is a bubble chamber photograph of a 5-prong n annihilation. 

The antineutron is presumed to have been produced at the 0-prong ending. · 

A Z-prong event fitting Reaction (3) is shown in Fig. 3. Here the anti-

neutron annihilated into a 3·prong a tar. 

B. Scanning and Measuring of Events 

Approximately 46,000 bubble chamber pictures were taken. (Each 

picture cons·.isted of three stereoscopic views. ) Tbey were all scanned by 

using scanning tables especially conetructed to view the 7Z-inch bubble chamber 

film. A "useful volume" was defined for the bubble chamber, which excluded 
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areas where the film showed poor track visibility or where the proximity of 

a physical boundary reduced the probability of observing an interaction. Inter-

actions occurring outside this volume were disregarded. 

For a track to be considered a beam track, it was required to satisfy 

three criteria on the scanning table; it must: 

1. enter the chamber at an angle within 5 degrees of the average direction 

of the beam tracke, 

2. have a curvature corresponding to a momentum of l.6:b. 2 Bev/c 

(see Fig. 4), 

3. cross the entrance boundary to the "useful volume." 

According to the ecan criteria, a neutral star was any interaction that 

did not: 

1. contain an incident beam track, 

Z. have a positively charged stopping track (l. e .• have an identifiable 

proton emerging), 

3. have one positive and one negative track (a "V"). 

Because a large number of recoil protons occurred in the chamber, 

lnteractione consisting of one positive track leaving the chamber were not con-

sldered as neutral stars. 

Scanning efficlenr:.ies for each type of event were determined by making 

two separate scans of the same film. 

Measurement of angles and momenta on the scanning table were difficult 

and inaccurate. To facilitate measurement of events, use was made of the 

13 
Franckenstein meaeuring projector, which determined a succession of track 

coordinates in two of the three stereoscopic views. An IBM 704 computer 

14 
program called P.ANO ("P" for momentum and "ANO" from angle) was used 

to analyze the track coordinates and calculate the track reconstruction. Momentum, 
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position, azimuthal angle, and dip angle at the beginning and end .of the track 

were calculated. 

C. Determination of Beam Compoeitlon 

The total number of tracke, corrected for a I canning efficiency of 95%. 

was 191,. 000. These tracks were due to antiprotons, pione, muons, and K 

particles. The muons did not interact, and the number of K particle• was neg

ligible. (The number of K particles, 100, wee determined from 10 K decays ln 

flight. 9 ) It was poaeible, therefore, to obtain tbe number of pion and p tracks 

from the number of pion and p interac:tlona and their known total interaction 

erose sections. 

The number of pion lnteraetlone was determined from the number of 

6 raye with kinetic energy greater than 6.0 Mev occurring on interacting tracks. 

(It la energetically impossible for a 1.63-Bev/c: antiproton to produce a 6 ray 

with energy areater than 3.1 Mev. 1S) A little more than one-third of the film 

was acanned for such 6 raye. Ualng the known croas eecdon for production of 

6 rays witb energy greater than 6.0 Mev by l.S-Bev/e plons 16 ..... tbat la, 3Z mb 17 ". 

we determined the number of plon interactions. , Thl• number, when corrected for 

scanning efficiency, waa (J.Z • 0.4) X 103• The remaining 18, 700 interactions 

were attributed to antiproton•. 

The total p cross section, 98 • 3 m'b, 3• 4 was reduced by 8 l:fo to account 

for scattering of lesa than 4.5 deg, which could not be detected reliably. From 

this reduced erose section and the effective path length in the useful volume of 

the bubble chamber, 6Z ln., we obtained a probability of 0.40 for production of 

observable antiproton lnteractlona. From theae numbers we conc:lud.ed that 

46,800 antiproton• entered tbe useful volume of the bubble chamber. Similarly, 

taking the pion erose aection of 34.5 a 1.0 mb, 18 and making a Z.6% correction 
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for emall-angle scattering, we found that 18,900 pions entered the useful 

volume of the bubble chamber'. 

The relative beam composition given in Table 1 was obtained from the 

above numbers. There were 43, 100 "goodu frames, which gave an average of 

1.1 p per frame, with 4.4 tracks per frame. 

D• Method Used to Calculate then Annihilation Croes Section 

To determine the annUsilatton cross section for antineutrons we must know 

the totat number of antlneutrone produced by the O·prong process (Reactions 1 

and Z) and the events in which an n star was associated with a O~prong. The 

number of n's produced in the Z·prong interaction was relatively small and was 

difficult to determine. Therefore only the 0-prong production of antineutrons · 

was considel'ed in determining the annihilation cross section 

1 Determlnation of the number of antineutrons produced by the 0-prong process 

-n The actual value of N0 will now be determined. The number of 0-pronga 

th.at gave antineutrons was given by 

( l Z) 

where N0 = number of 0 prongs occurring. 

N 0"' = number of 0-prongs produced by pions, 

N~ = number of 0-prong annihilations, 
vl' ann. 

N0 v = number of antiprotons that produced A X pairs 

The value of N0 wa& determined to be Zl49 from film scans corrected 

for a combined scanning efficiency of 0.98. 

The number Nov has been determined to be 11, by independent work.9 

The number N01r was obtained from the total number of pton interacttoua. 

(3.Z::t:.4)Xl03 , and from the ratio of the cross section for 0 prong production by 
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p~ons, 4 75 t .25 mb, 19 to the total pion interaction erose section corrected for 

smaU-angle scattering. The value for this number was NOw ; 453 :l:t·l. Thh 

wUl turn out to be the largest subtraction in Eq. (12). Therefore the method 

u~ed to determine N
0

n is quite valid . 

.An estimate for N0- was obtained from a scan for electron-positron p ann 

pairs pointing at the end of a O•prong beam track. These pairs were produced by 

0 decay 'I rays coming from the 11' 's produced by the 0-prong It was found that 

0 946:195 11' 's were produced by 0-prongs. 

The OMpr~mg reactions (Z), (S), and (9) all give , 0 meaons. 

0 20 
The average number of 1'1' •s produced by Reaction (9) is about 1.1 ::5:. 1. 

0 Then the number of 1r •s produced by 0-prong pion events is 1.1 (N011) =498 tt:81. 

The erose section for Reaction (2) can be estimated from the cross sections 

for Reaction (3) and the reaction p+p- n+p+ 'If+. Both of these turn out to be about 

1 mUUbarn. 21 Then on the baste of the statistical model alone. the cross section 

for Reaction (2) should be about 1 mb. 

II the cToss sections for Reactions (2) and (3) are assumed to be the same, 

the same number of events for each should occur. 22 The number for Reaction (3) 

is calculated ln Section IV :.,C as 205 • 50. Subtracting the numbers of w0•s from 

Reactiotts (9) and (2) from tbe total number of tr
0•s coming from 0-pJ"onge, we 

obtain 243 :t: 217 v0•a d\le to 0-prong annihilation. The statistical model (see 

Appencllx) predicts that the average pion multiplic:ity tn O·prong annihilations ts 4. 

Then the number oi 0-prong annihilations, N n::- , is 61 :t: 54 . .... .., ann 

When these numbers (wlth their associated errors) are combined in Eq. 

(12), the actual number of antineutro~e produced in 0-pronge is 

n N0 = 2149 • 453 .. 61 ... 11 = 1624 :t94. 



-11- UCRL-9589 Rev . 

. ~. ~4entiflcation of the annihila~~on etara ae1o~lated wlth a 0-prong. 

For a neutral star to be aeaociated with a 0-prong it was first required 

that the etar occur·dtn the forward hemisphere with· reepect to the O·prong. (It 

waa kinematically impossible ln the laboratory frame of reference for an anti• 

neutron to have a momentum component backward wltb respect to the antiproton.) 

The etar was then analyzed to determine that lt actually waa an antineutron atar. 

To d.o tble, the 0-prong and aa1oeiated atar were measured and proceaaed by 

PANO. The output from PANO was coded for an IBM 650 program called 

ANSAN (AntiNeutron Star ANal yale), which performed the relativiatle kinematic: 

calculations. Aasumlng Reaction (1) for the an.tineutron production, we deter• 

mined the laboratory-frame antineutron energy and the center-of-mae• angle 

between the i and p direc:tiona. In addition, the energy of the pions in the star 

and their momentum components parallel and perpendicular to the antineutron 

direction were calculated. i'ol' three-prong stare a co-planarity factor, which 

indicated whether the three tracks were coplanar, was aleo calculated. Events 

that were coplanar were analyzed for momentum balance to determine if the 

star was actually a scattering event, and thus not an antineutron annihilation. 

The ANSAN output waa analyzed to determine that (a) the energy of the 

star was too great for it to be due to other than annihilation, and (b) the vlaible 

energy and momentum unbalance, 1l any, were compatible with an ii annihilation, 

with the 'ii coming from the O•prong. 

A scan wae made to obtain the ·number of etara occurring in the backward 

hemisphere of the o ... prong. Tbla gave an estimate of tbe number of evente that 

were incorrectly assumed to be aeeociated. These were called false aaeoclatlona . . 
Tbere were several caeea in whlc:h more than one 0-prong occurred on the same 

frame with a poasible ii-atar aesodatlon. Tide gave an independent determination 

of the number of false aseocf.atlona. 

The numbers o£ real and false associations are given in Section IV. 
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3. The determination of the antiaeutron annihilation erose section 

For each associated etar-Orpxn:qg event, t. with lab angle 8i between 

then and. p directions, the probabUity P 1 of visible occurrence of the event 

was calculated. The weight Wl a l/P1 for each event could be thought of as the 

,, number of antineutrons that must have been produced at angle el so that the 

event was seen. The total number of antineutrons p-t:oduced by 0-pronge that 

would annihilate into .!!!!!:..• than one charged pion would then be given by the sum 

of the weights for all aesociated evente, J Wit This had to be corrected to 

account for 1-prong annihilations in order to obtain the total number of antineutrons • 

as ia discus sed later. 

The probability of seeing ao annihilation wae given by the formula 

'P = l - exp (- l n 0' ~ ). where I. is the distance the n could have gone before 

leaving the useful bubble chamber volume. 0'~ l& the erose section for anti

neutron annihilation into more than one prong, and n is the density of protons 

in the liquid hydrogen. 

Smaller statistical errore are obtained if the probability p ts averaged 

over position and azimuthal angle. Thie waa done by WEIGHT, and IBM 704 

program. Glven the pQeition, direction, and momentum of the p track at ita 

beginnh1g, this program reconstructed the p path through the chamber. At . 
each of six equally spaced points along tble projected path and for the given angle 

.• 81, i. was determined !or each of eight equally spaced azimuthal anFlee about the 

p direction. Then p was determined for each 1. and an average was taken. 

Each of the six points was weighted to ac:aQunt lor the attenuation of the anti• 

pt·oton beam in passing through the chamber. In tbie way WEIGHT calculated 

P 1 (equal to the averaged p) and w1 for each event. 

This antineutron energy (a function of the angle 61) varied over a large 

range (Fig. 5). To allow an energy dependence for the annibUation erose section, 
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the formula 

aa = 1F(a +lt)Z (' 3) 

was used, where k is the center-of-mass de Broglie wavelength for the anti-

neutron and a is a core radius. This formula was first proposed in connection 

with nucleon anti nucleon annihilation, by Koba and. Takeda. Z3 

Since it was not possible to eca.n for 1-prong annih.ilattone, the w1 cal

culated gave only the number of antineutrons that would have annihilated into 

more than one charged pion. To correct for this. each Wi was m.ultlpUed by a 

factor K., which was a function of the energy of the ii in that event. This factor 
1 

was calculated from predictions of the statistical model for annihilation and the 

branching ratios for the various modes of annihilation (see Eq. (.A-7) of the 

Appendix). Then ~ K1 w1 was the total number of antineutron• produced by 
1 

0-prongs. Thls number was finally corrected for scanning efficiency and fabe 

associations: 

-
N n = 

0 
1 

tlficiency (
Total- False) ~ K W 

'total 1 i i · 
( 14) 

This predicted value of N0 n was determined for eeveral values of a. 

n With the actual value of N0 determined above from the number of O·prongs 

observed, the proper choice of a can be made, and a
8 

can then be calculated 

from Eq. ( 13). 
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IV. EXPERIMENTAL RESULTS 

A. _Number and Claaeification of Aasoeiated Antineutron Stars 

Summaries of the aesodated. stare and their dassificationa wUl be found 

in Tables It and Ill. 

Eighty-seven possible associations ol 0-pronga with 3-prong atara (des

ignated (0, 3) events) were found. Of these, 83 occurred in the useful bubble 

chamber volume. The 3-prong stare of six events fitted w-p or p·p scattering; 

that le, tbe three tracks were coplanar and the momentum balanced. (These 

events occurred for unasaoclateci w•s or p•• that were not beam tracks.) All 

the remaining 77 event& were aaaumed to be good events. Two of the events 

collld not be measured or analysed accurately because of a missing stereo view 

or obstruction of the event by bubble chamber hardware in one view. Theae two 

events appeared to be good in all respects, and eince only six events were re

jected out of 83, it was thought beet to include them. Seventy-five (0, 3) events 

were measured, and all except one were found to be compatible with antineutron 

annihilation, with the ii produced at the O·prong. The one event that clid not fit 

bad too much violble energy in the star to have been produced by an n aesociated 

with the 0-prong. The &tar tracks were not coplanar, however, and one track had 

a large error in momentum; therefore the event was assumed to be good. 

Fifty-one possible associations of 0-prongs with S-prong etars, (0, S) 

evente, were found, Forty•four occurred in the useful volume. All the measur

able events were compatible with antineutron annihUatlon, with the ii' produced 

at the O·prongi however, six of the 44 events were unmeasurable. All six un

measurable events appeared to be good in all respects and were included. 

Only one association of a O·prong with a 7-prong star was found, and lt 

was compatible with n production at the 0-prong. 
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The "good events" were claaelfled as to tb.e reliability of their being the 

desired interactions. This was done a a follows. The measurable evente were 

analyzed by the ANSAN program described in Sec. III-D-Z). It was assumed that 

the ·star was not an annihilation but a nucleon-nucleon or •-nucleon interaction, 

with two of the positive traclu due to protons, and the minimum visible energy 

U~· ~· min was calculated. Umin included the kinetic: energy of the two particles 

assumed to be protons and the total energy of the other particles, which were 

assumed to be pions. The maximum klnetlc energy of a nucleon or a pion was 

presumed to be less than 1 Bev (the kinetic energy of the antiprotons entering 
via 

the bubble chamber was about 950 Mev). Thus lf Umin was found to be greater 

than 1 Bev. the event could not have been due to other than annihilation and was 
. . ria 

given the reliability classification I. U Umin was greater than the kinetic 

energy of a neutron coming from tbe 0-prong, but less than 1 Bev, the event was 
vis 

given classification II. Finally, if Umin plus the energy required to balance 

momentum (assuming the neutron was produced at the associated 0-prong) watl 

determined to be greater than 1 Bev, tbe event wae glven classification III. 

Unmeasurable events are listed under classification IV. See Table U. 

The number of false assoelations was estimated in three ways: 

l. Of the above events, two(O, 3) events and two (0, 5) events had two O·pronge 

on the same frame, and one (0, S) event had three 0-prongs on the same frame. 

Thus. if each 0-prong star were counted as an asaociation, there would be at 

least 6 false associations in 1Z8 events. U we assume tble ratio to hold. then 

there were (6/1Z8)X 121 = 5. 7 false associations in the lZZ events in Table II. 

Z. A scan was made for S- or 7 -prong stars occurring behind a O·prong. 

Two such events were found. Since there are 77/45 times as many 3-prongs as 

5- and 7-prongs, Z + (77/45)XZ::: 5.4 n stare are expected to occur behind 

0-pronga. The average length of a 0-prong track le about one-half the bubble 



'f 

'-

-16- UCRL.-9589 Rev. 

·chamber lensth. and if the nonasaoclated n stars ate uniformly dietributed 

throughout the chamber (which is a suitable approxlmatlon here). then equal 

numbers of nonaaaociated stare ahould occ,ur before and after the O~prong 

ending. This implies that about 5.4 falae aaeociationa occur in the 12Z events il ~ 

Uated in Table U. 

3. There were found about ZZO nonaasoclated antineutron atare and about 

2149 - l.ZZ z 2027 nonassoclated Q .. pr,onga (where 1149 is the total number of 

0-prongs and 122 ia the number of asaoclated events). These occurred on about 

43, 000 picturea. Then the number of cases having an unaaeociated O·prong and 

atar on the aame frame .. is 

_z.,_o;..;;z ... 7_ x 
43,000 

220 
-...;;;;..;;~X 43, 000 = 10.2 
43,000 

U the stars are uniformly dt.tributed and the average 0-prong length 

is one•half the bubble chamber lenath, hal£ of these case• will occur before 

the 0-prong encling and half wlll occur after. Thus, again we arrive at about 

5.1 false associations. 

B. The Annlh.llatlon Crose Section 

We calculated the ratio of S-prong to 3-prong stars, uaing those events 

wh.ich had an antineutron laboratory-frame klne.Uc: energy between 800 Mev and 

., 1000 Mev. In this range there were 33 5-prongs and 63 3-pronga, whieb gave 

a ratio R = O.Sl d:. 11. The average kipetic ene'rgy lot: the 96 events was 894 Mev .. 

This ratio is plotted in Fig. 6 aloni with predictions of the etatiltical model. as a t~~ 

function of ii kinetic energy, for varl0\18 values .of the volume parameter, \ , 

(see Appendix). A fit ia obtained for \ :: S • 1. 

Witb the choice of ~ = S, the correction factor for .J. +prong annihilation, 

K, was calculated as a function ol antineutron laboratory-frame kinetic energy, 
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and is plotted in Flg. 7. Since the antineutron energy h determined an appro-

priate value for K could be chosen for each event. 

The combined scanning ef!lciency for seeing 0-prong-etar associations 

for l-, 5-, and 7-prong stars was 0.975, and the number of false associations 

ct was taken to be 5.5. Putting these numbers into Eq. (14), with a correction 

to account for the fact that only 117 of the llZ events were measured and weighted. 

gave us 

117 

N 0n = 1.021 L w1 K 1
• 

i=l 
(15) 

The summation L W 1 Ki was determined fot- five values of the core 

-ll radius, a that ia, a = 0.80, 0.85, 0.90, 0.95, 1.00 fermi (1 fermi = 10 em). 

-n The resulting values for N0 and their errors are plotted in Fig. 8. The errors 

were determin.ed .from 

The actual value for N0 n obtained in Sectlon ni-D·l is also plotted as a 

line at N0° = 16Z4, with errore :~::94. The intersection of the two curves occure 

at a = 0.896. 
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-n . 
The values of the N0 obtained from both determinations are assumed to 

follow the Gauaalau, or sormal, error law. The ellipse in Fls. 8 is then the 

locus of points where the product of the probabUlty amplitudes for the two c!la

trtbutlons corresponds to the value at one standard devtatton. The error ln a 

la taken to be the maximum excursion of thla ellipse parallel to the a axla. 

Thus, a = 0.896 • .07Z, and from ltq. (13) the annthllatlon croaa section at 900 

Mev le 

t.r (ii'-p) = 45.1:1:5.4 milUbarne. a 

C. The Charge-Exchance Cross Sections 

The total charge-exchange cross section by the 0-prong mode is obtained 

from tbe equation 

-N n 

u (0-prong) = ---------
0
----------

ce total number of observable p interactions 

fJ 

a•-t (pp). (16) 

where at • (pt,) is the total P""P erose section corrected for small-angle scattering. 

An 8 o/<> correction to the tot-al cross aectlon for unobaervllblo small-angle scatter• 

lng gives 

Then 

u ( 0-prong) e 7.82 :l: .ss mb. ce . 



-16- UCRL-9589 Rev. 

The differential cros1 section as a function of angle was obtained by 

&umming the corrected weights for events in each interval .A(cos 6j) and norm

alizing this sum to the total cross section. 

(17) 

where 8 is the center-of-mass angle between the n and p dlrectiona. Thia 

distribution is plotted in Fig. 9 together wlth the angular distribution of the 117 

evente. The value at zero degrees is 

du (0 deg) . 
ce = 4.6 *. S mb/sr. 

dO 

To determine the cros1 eecti.on for inelastic charge exchange by Reaction 

(3), p tp .. ii + p + 'If-, each poealble ttar-Z-prong aesoclation was measured and 

processed by PANG. The star wat analyzed ae deecribed above to determine if 

it wae an antineutron annibllatton. Wltb only the energy of the n to be solved for 

in the above reactlon, the problem ie overdetermined. Two methods were used 

to flt tbe evente. The ANSAN program calculated the ii direction from the kin

ematics of the Z-prong interaction. A plot of the dltference between the calculated 

direction and the measured direction obtained from the purported ii annihilation 

point for each event indicated thoee events which fitted the reaction. Another 

l4 program. KICK was also utilized to fit the interaction. Tbie IBM 704 program 

adjueted the measured quantities of the Z·prong and the n direction under the 

constraint& of energy and momentum conservation to give the beat fit as deter-

Z mined by the smallest x value. 

Seventy poesible Z-prong-atar associations were proceuaed by KICK. Thll 

included 17 out of ZO events classified as "good" by the ANSAN analysis. R.emeasure.:. 

ment wa1 required for the other three events in order to be processed by KICK, but 

-·· -.• ·1'11 '.,., 
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was not poeaible because of damage to the film. The plot of xz for tbe 70 

event& ls given in Fig. 10. Of the twenty evente found to fit Reaction (3) for 

antineutron production witb an aseoclated antineutron annihilation star • one 

occurred outaide the useful bubble chamber volume and could not be included 

in the croes-sec:tlon calculation. Another event occurred for an antiproton 

tbat bad already acattered elastically. Since it bad already interacted, lt also 

could not be included in tbe cross-section calculation. The laboratory·frame 

kinetic: eneray of the antineutrons procluced in the Z-prong interaction is plotted 

in Fie. 11 for the 19 events occurring on unecattered p tracks. 

The sum of tbe weights for the aaaoctated events gave the number of 

reactions of tbla type that occurred. The cross section ~~as then obtained from 

the relation 

total number of observableif interactions 
(18) 

The annihilation cross section for the antineutrons determined by Jtq. ( 13) wlth 

a = 9.896 was divided by K to obtain a erose section for annihilation into more 

than one prong. This corrected annihilation croea section waa used by the 

WEIGHT program to determine the w1 for each of the 18 ttgood" events. 

I' or tbe 18 events L W i :e 105 • SO, corrected for a combined scanning 
l=l 

efficiency of 0.99. By use of Eq. (18) we obtained 

O'(p + p- n + p + tr- = 0.99=&:. Z4 mb. 

In Table III the ZO antineutron stare associated with Z-pronge are broken 

down according to the claseUicatione described in Section IV -.A. 

The center-of-mass angles between the antipToton and the other particles 

of the Z-prong interaction are plotted in Fig. lZ for the ZO events that fit the reac

tion. Tbe antineutron tends to go forward and the proton backward. with the pion 

having roughly an isotropic distribution. The distribution of antineutron azimuthal 

angle about the p direction ia plotted in Fig. 13. Zero azimuthal angle is de!lned 

by the direction of the proton. It ls seen that the antineutron and proton tend to 

go in oppoeite directions transverse to the antipr:oton direction. 
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D. The Nature of the Antineutron Annlhilat.lon Stare 

Ae was mentioned in Section IV -B, the ratto of the number of s .. prongs 

to 3-pronge was observed to be R = O.SZ It. 11 for the events that bad an anti• 

neutron kinetic energy between 800 and 1000 Mev. For all 142 stars (lZZ 

O·prong aesoc:latlone plus 20 2-pttong aeeoelatione)., the ratio is 0.64 •. 12; 

the kinetic ene:rgy dlstrlbutlon for the antineutrons extends from 75 Mev to 1100 

Mev (average, 765 Mev). This point is indicated in Fig. 6 by the eymbol @. 
ltighty percent of the 0-prong star aesoc:latlona bad an antln.eutron kinetic energy 

between 800 and 1000 Mev. Since the ratlo ll le a function of energy. the ratio 

calculated for the 96 events in thls energy range was thought to be the more 

realistic value. 

The average charged-pion multiplicity for ·the 14Z atars was 3.8 d:. 3. 

If an ad<!ltlonal lZ% ln the number of stare due to 1-prong annihilation is assumed 

to exist, the multipllclty becomes 3.5 •. 3. Tbe statistical model predicts that 

the number of charged pions is about twice the number of neutral pions, which 

would then imply that the total pion multlpltcity was 5.2 *. 4. The statistical 

model (see Appendix) predlcta a multiplicity of 5.1 for l·. = 5, and 5.3 for ~ = 6. 

The pion momentum distribution determined in the c. m. of the ii-p 

system ls plotted for l-prong stare in Fig. 14, and for S·prong stars ln Fig. 15, 

They are compared with the distribution predicted according to the statletical 

model for volume parameters ). = 5 and ). c 6. The areas of these curves are 

normalized to the numbers of pions plotted. Very good agreement te obtained 

for the 3-prong etara. Agreement is quite good for the 5-prong stare, but tbe 

observed distribution. may peak at a slightly lower energy than that predicted. 

It aho1.1ld be noted that the momentum distribution le a relatively weak function 

of the statistical-model interaction-volume. 
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The angle between the incoming antineutron c!trectlon and the pion di· 

rectl~n ln the c. m.. frame ot the n•p eyetem wae calc::ula,ted for each pion of 

the meaeurable event•. The dl•trlbutlon of thla angle waa toun.cl to be, within . ~-:: . .~· 

atatlltice, an isotropic dlatributton (aee Flg. 16). 

Te detect possible plon ... plon COI"relationa ln the annlhllatlOnl, the anale 

e1z between pairs of piona wae determ.lned ln tbe e. m. frame ot the 'ii-p ayatem 

for pairs with like and unlike charge. The number. of pair• with pair angle e12 

leas than 90 deg and the msmber with 'tz greater than 90 cieg wae then obtained. 

Theil rattoa 

number with e1z >90 deg 

number wlth e11 < 90 4eg 

corresponding to theae numbers are given in Table IV. 

Although the errore are large, a amaller value for yl. than for y Ia 

"' dearly lncUcated. These ratios abow that tbe angle between pions of like charge 

tends to be smaller than that between unlike pions. Stmllar results have been 

noted and dlecuesed for antiproton•proton annib.llatlona. ZS, i 6 The like-pion 

correlation• ean be explained, in part, by the intluenee of Bose-Einstein sta .. 
. 66 

tbtics for plons of llke charge. The total wave function describing a partie· 

ular state for an interacelon containing like bosona ie required to 'be un.eb.angeci t · ;) 

upon interchange of the like bosone. II the state function ueed in the matrix 

element of the statletleal model ls made eymm.etrle wttb. respect to pairs of 

like plona, the predicted value& for yl. (\Dd yp are such that yf& l$ greater 

than y I.. In thia model the correlations of like pions are due to the efieet of 

tbe Boae-Eineteln symmetrization, and do not consider any pion-pion interaction. 

This model ls only partially succeeeful, and req\lirea a radius for the the inter

action volume of tbree•quartere of a pion Compton wavelength. Wlth this emaU 

radius. the model does not predlct the observed pion multiplicity in annthllationa. 
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..... 

The total energy of llke and unlike pair a ol pions wati\ calculated tn the 

c:. m. frame of the two pions. The distribution ol ~mer glee th\J.e obtained appeared 
- ' 
. \{ 

to peak at a slightly lower energy for like palra than for unl~e( pairs; However, 

the statistics were poor owing to the emall number o1 stars. Thia result la 
- i ~. 
~I !_ 

compatible with y
1 

< y
11 

obtained above. 

All the frames containing 3·. 5- • or 7 -pron$ stare wer_. scanned for a 
( 0 

V pointing at the star. Only one event was found to\.fit a K coming from a 

star. and this 3·prong atar was not associated with t4ther a 0~ of Z~prong anti· 

. \.. 0 neutron production. In addition. two V's were found ~at fitted a 1< coming 

from a 1-prong annihilation. In one of these the antineu~ron came from a Z-prong, 
·~ 

and in the other the antineutron was produc;:ed by a O·prong,. For the latter case 

the 1-prong and the O·prong ending were only Z <leg apart as\measured from the 

V. It was therefore uncertain whether the K0 came from the l•prong or was 

produced by the O·pror1g. From these investigations lt was poeelble only to say' 

that K'a are probably produced in ii-p annihilations. and that perhaps the . K 

production in n-p annihilation is less than that ln p-p annihilation. 
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V. DISCTJSSION 

The value obtained for the antineutron annihilation c'roes section at 900 

Mev, u ann (n-p) r;: 45.! * S.4 mb, agrees .within statistics with the antiproton 

2.7 - - . annihilation cross section, u (.p-p) = Sl s3 mb. The p•p. annibtlation b ann 
composed of hal,f isotopic ainglet and half isotopic triplet statea' wb.ile n-p 
annihilation is a pure laotopic triplet state. The similarity of the annihilation 

erose sections indicates that the annihilation amplitudes for t.be singlet and 

triplet states are also similar. 

It should be noted that an error occurs in the determination of aartn(n-p) 

in that the energy for the n was determined on the basis of Reaction ( 1 ), 

p + p ... ii + n. It was eetimated, however, tha_t about U% of the antineutrons 

- - 0 were produced by Reaction (Z). p + p- n + n ,.. 11' , and would therefore have 

a lower energy more in keeping with the energy distribution for n1s produced 

in 2.-prongs (see Fig. 11 ). 

The values used for K, the correction for 1-prong annihilation, were 

calculated from the predictions of the etatlatical model for ).. = 5. However, 

there is aome indication that ).. may be closer to 6. Fortunately, K ie not a 

strong function of ).. and decreases by only about l% if ).. is changed from 5 

to 6. A more serious question is whether the etatietical·model prediction of 

1 Z.% for the 1-prong annihilation is in error. 

An analysis of the ratio of tb.e number of z-, 4-, and 6-prongs in p-p 
annihilation also giv-es a fit to the statistical-model predictions for a ).. of 

about 5 or 6. 27 

The total inelastic cross eectlon for antiprotons on neutron& 7 
is 

u. (p-n) = 65 :t:4 mb at 900 Mev. Since this is in a pure isotopic triplet state 
1 

also. it should be the same as the inelastic n-p cross section. Assuming 

this to be so implies that the inelastic n·p cross section not due to annihilaHan 
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is 2.0 * 7 mb. The proton-proton interaction is also a pure isotopic triplet state, 

Z8 a.nd its inelastic cross section at 900 Mev ls about 2.5 z 5 mb. 

The total charge exchange cross section 0' ce = 7.8 *. 6 mb is in agreement 

with previous results. 3• 4 
This result contains an inelastic: part due to Reaction 

(Z), which, from statistical .. model arguments, was estimated to be about 1 mb. 

• The angular differential ~rosa section for charge exchange, dO' /dfJ, plotted 
c:e 

in Fig. 9, also contains thb 13% inelaetic contamination. The inelastic differ· 

entiat cross section is probably similar to that for Rea.ctlon (3), p + p ... n + p + v-, 

which is not peaked aa strongly in the forward direction (see Fig. 12.). 

In four events of the 0-prong n production, the antineutron came off 

backward in the center-of-mass frame (see Fig. 9). Since there are estimated 

to be 5 or 6 false associations., some or all of the backward events may be {alee. 

However, the angular dietribution for the·false associatf6nssla expected to be 

isotropic. Therefore, at least some of these backward events are believed to 

be real associations, but may be due to Reaction (2), the inelastic charge-ex

change mode. Note that in two c:asea1the n went backward for Reaction (3) 

(see Flg. 12). 

On the basis of the statistical model, Z% of the antiproton-proton 

annihilations should be 0-prong annihilatlona. From the total number of anti

proton interactions, 18,728, and the annihilation and total p-p cross sections,. 

the predicted number of 0-prong p•p annihilation& was ZlZd: lS. The number of 

0-prong p annihilations determined from the number of electron-positron pairs 

(Section III·D-1) was 61 :l: 54. There apparently is disagreement here with the 

statistical model predictions for the fraction of annihilations producing all 

01 Z9 
'II' s. 
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APPENDIX 

Statistical-Model Predictions 

lO t-J- 36 · Several calc\laltions ·. have been made of the pion multlpUcity 

in nucleon -antinucleon annihilation according to the Fermi statistical model. 

3-The original form for the phaae space aasoclated with each pion, Qd p, aug.o; 

gested by Fermi, 30 was not Lorentm-invariant. Numerical evaluation of·tb.e 

phase-space integrals, however, can be greatly simplified if the covariant 
I • 

u.n d3- 33 t-:· 36 form 4;;- :
1 

p is used. Here 0, w, p, and fl. are, respectively, the 

interaction volume, energy, momentum, and mass of the pion. Thie modlflca-

tion seems plausible on the basie of field theory. Tbb covariant form ie ac

tually the expression obtained from the covariant S-matrix theory if it is assumed 

that the S matrix for the emission of n plons le independent of the energies and 

momenta of the emitted pione. In view of the crude nature M the Fermi model, 

such a simple modification may not be unrea•onable. For these reasons the 

covariant form for the phase apace waa used. 

With no consideration of eelection rul.ee and assuming that the matrix 

element for nucleon-antinucleon annihilation is constant, one obtains, .for the 

transition probability for a state of n pions in an isotopic epin state I, 

S (I) :: A <lg! (if:O); T (E) • 
n n, (!11') n n 

(A·l) 

Here 1'1 = c :: 1, G(l) is the isotopic spin weight factor, A la a constant independent 

of n, and T (E) is the covariant phase-space integral in the center~of•mass 
n 

frame at total energy E. 

J 
3- I n \ ( n \ I 

n d .. pi I 

L \ \ 7T 
I ·\ -T (E) :c .....:::.._ 6 \E .. I 6 Pt) · (A·Z) 

n i=l wi \ 
wi I \ I J \ {·;1 i:::l I 
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For a particular n and Ji: the only variable parameter inS (I) ts 0, 
n 

the interaction volume. Convenient variation of this parameter was achieved 

4 1 by setting 0 :: ~ a0 , where a0 = J' v J , (fl :: c = 1). Thus o
0 

is the volume 

"' of a sphere with a radius of one pion Compton wave length. 

Equation (A-Z) can be written 

;-· [r :-n d~i) t 
T (E) ; 4v J.l p 1 d w1 f 1T ~ 6 { E - w1 

n j l=Z wi \ 

I 

; 1)1 
n 

\ ( n 

\ \ - t,::--~· 

(__ wi / 6 \ pl + /. 
ic:Z i=l 

(.A·3) 

3- z where d. p = 4v p dp = wp dw. 

3-Since d p /w is Lorentz-invariant, the square bracket in the Lorentz 

frame wbere 

n 

L 
i=Z 

-pi = 0 and 

3-
d p·"' -· r 

w •• 
1 

n 
<:"""""' 

l__ w1• = E' becomes 

i=Z 

n 

\ 
-L 

i=Z 
)
, I 

- I p' i 
i J 

(A-4) 

which is just T 
1
(E') according to Eq. (A-Z). Hence, the recursion relation ie 

n-

From Lorentz invariance, (f 
i-Z 

= constant in all 

coordinate systems. z z z Thus we have (E') - 0 = (E-w1) - p 1 • defining E 1 • 

The maximum energy ~~ assumed by particle 1 corresponds toE'= (n-l)tJ.. 

(A-5) 
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z 
The upper limit to the integral in Eq. (A-5) h then ;

1 
:t E • n(n-Z)f!. . By 

~E 
means of Eq. (A-S), T (E) can be evaluated successively, where finally . n 

(A•6) 

Thus for a particular energy E and volume factor ~ the relative probabilitlea 

for producing various numbers of pions can be calculated. 

If it is assumed that all individual channels contribute, with the same 

weight, to the total traneition probability, the branching ratios for the various 

modes can be calculated for each number of pions emitted. For example, in the 

case in which n = 3, there are two modes of antineutron-proton annihilation: 

- 0 + n + p - Ztr + 11' , 

- + .. 
n + p - Ztr + 11' • 

37 The branching ratio& have been calculated by Pais ae Z/5 and 3/S, respectively. 

The values of T (E) calculated by Desai 35 and the branching ratios 
n 

37 evaluated by Pais were used to calculate the fraction of annihilations occurring 

by each mode, for values of n up to n c 8 a"ttd for various values of ). and E. 

(The annihilations with n greate.r than 8 ls less than lf., for the energies considered.) 

These calculations were performed by an IBM 650 program called PASBAR. Thla 

program aleo determined the average pion mul~iplidty. the ratio of the number 

of charged pions to neutral pions, and the fraction of annihilations giving 1-, 3-, 

5-, and 7-pronas (a 1-prong corresponds to one charged pion, a v+). In addition, 

the number 

1 
K(E) = fraction of 3 + 5 + 1 prongs ' (.A-7) 

which ls the correction for unobservable 1-prong annihilations, wae aleo calcu

lated. In Flg. 7 K h plotted as a function of antineutron laboratory-frame kinetic 

energy for ~ = 5. 
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The ratio of the number of s .. prong to 3-prong annihilations as a function 

of antineutron laboratory ... frame kinetic energy is plotted in Flg. 6 for various 

values of ~. 

The momentum distribution for one of the pions ln an annihilation pro

ducing n pions can be obtained by simply not performing the first integral in 

Eq. (A .. 3), 

dTn(E) _,____ ::: 41f 
dpl 

n \1 \ _,l 
L Pt,}JI' . (A-8) 

i=Z 
dS (E) 

From ltqa. (A•lL. and (A-8), d pl can be obtained. The momentum distri-

bution for pions in a 3-prong annihilation is then given by 

(A·9) 

where £3 • n is the fraction of the n pion annihilations giving ).ipTong stars. 

A similar relation gives the momentum distribution of pions in S-prong annihllatlons~ 

dSSPR 

d Pt n 
fs. ·. ;n 

dS (E) 
n 

The t3 , n and f 5, n are determined from the PASBAR output. 

(A -10) 

Equation (A-8) was evaluated for values of n upton = 8 by an IBM 709 

program which used the Monte Carlo method to evaluate the integrals. (A normal 

numerical integration for the larger n values would have required too much 

computer time.) 

Momentum distributions thus calculated, for ~ = S and ~ = 6 and an 

antineutron lab kinetic energy of 900 Mev, are given in Figs. 14 and 15, for 

3-prong and S-prong annihilations, respectively. The curves have been norm

alized to the n~ mbers of pions observed. 
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Table I. Summary of beam characteri•tics. 

Energy of proton& incident on the Bevatron target 

Aluminum Bevatron target 

Size 

Physical poeitlon 

Virtual position 

Antiproton beam 

Momentum at target 

R,adius to outside edge 

Azimuth f:NW quadrant 

measured from west 

tangent tank) 

Distance from Q 1 entrance 

(Distance from principal 

plane of 0 1) 

Horlzontall y 

Vertically 

Production angle (relative to internal 

proton beam) 

Solld angle accepted 

Transmission of total system 

Momentum (center cdbut;b:le chamber) 

Momentum bite (at bubble chamber) 

Average p flux per picture 

6.l Bev 

5 in. azimuthally 

1/l ln. radially 

1/8 ln. vertically 

59,.4 ln. 

22.34 deg 

190 ln. 

600 in. 

l30 in. 

1.64 Bev/c 

1•1 deg 

0.~0 msr 

0.33 

1.62 Bev/c 

s O.OZ Bev/c 

1.1 



Table I (cont'd) 

~epa ration 

S2,ec:trometer characterlstlcs 

Plate length 

Width of uniform field 

Plate spacing 

Average operating voltage 

Average angular separation 

lmaae widths W (vertical) at ellts 

. (lst/Znd/lrd eyetema) 

Magniftcatlon (vertical) per etage 

Spatial separation S of image per 

~:~tage (at eUts) 

W/S 

[

target 

Pion/antiproton ratios at 7Z-ln. bubble 

chamber 

Rejection ratios for pions 

System 1 

System 2 

System 3 

Total 

UCRL-9589 1\ev. 

19ft 

6 in. 

2·1/Z in. 

385 kv 

3.1 mrad 

O.Z0/0.18/0.4 in. a 

1.2/1.0/1.0 

0.5/0.40/0.40 in. 

0.40/0.45/l.Oa 

Z0,000/1 

0.40/1 



Table I (eont'd) 

Beam Composition and Total Flux 

Average beam composition at bubble 

chamber (p/w- /v. • /K-) 

Total number of antiproton• through 

chamber 

Number of antiproton interactions 

UCRL-9589 Rev. 

1.0/0.40/Z. 7 /O.OOZ 

46,800 

18,900 

(a) At the conclusion of the 1.65-Bev/c run, lt was found that 05 had a misplaced 

pole tip, which accounted for the poor image width at Slit 3. 

(b)This rejection ratio ie baaed on all visible pion background in the chamber. 

Much of the pion background actually bas a lower momentum than the antiproton 

beam proper. See Fig. 4. 
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Table II. Classification as to reliahlllty of stare associated with 0-pronge. 

Clas elficatlonL event l!fe (0,3) (0, 5) (0, 7) 

I Zl8 35 1 uvt• 
min > 1 Bev 

n 9 0 vt• 
rnln > KE (neutron) 

nx 45 3 u•te 
min and momentum 

unbalance > 1 Bev 

IV 2 6b 1 unmeasurable -77 44 1 Total = lZZ 

8 Includea one uncertain event described in text. 

b Although the star could not be measured on the six events, it waa ·.opossible to 

measure the 0-prong and the antineutron direction on three events. 

,, 

··( 
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Table Ill. ClassU:ic:ation of at.are associated with Z-prongs. 

ClassificationLevent ti,Ee 
a (Z, 3) u. 5~ (Z,7) 

I 4 9 z uvi: > 1 Bev 
mn •. 

II z vie U i > KE (neutron) mn 

Hf 
., 

uvis 2 and momentum min 

unbalance !>" 1 Bev 

IV 1 unmeasurahle 

8 10 z Total ZO 

8 Here the event type (Z, J) indicates a 3-prong star associated with a Z-prong, etc. 
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Table lV. The ratio y l for like, and yl' for unlike, pairs of ptOns of pi.~}r:s 

in annlh.ilatlon SJtara 

3·prong stars like 

unlike 

S-prong atara llke 

like 

like 

unlike 

3-prong plus S-prong llke 

stars 

unlike 

. .._. 

+ + (w. ~ 11' ) 

+ .. ('If .. , ) 

(, + - , +) 

(11'- - , .. ) 

(• + .. ,,. .. ) 

plus (11' .. _, .. ) 

+ .. 
(w ... " ) 

(,+ .. ,+) 

plua (v· -v-) 

+ -(11' .. '4' ) 

y
1 

= 1.74e0.43 

y =Z.Ol&0.36 ... ' 

+ '~l = 0.87&0.16 

"'J. .. :: 1.0&0.33 

yl. Ill: 0.90:t0.15 

y = Z.ll r.tt 0.3Z 

" 
"V l a:z_ 1.11 :t 0.15 

'Y :: 2.13. 0.24 ... -
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Figure Legends 

Fla. 1. Plan view of experimental arl"anaement. 

Fig. Z. Bubble chamber photograph of an antiproton char•• exchange i.nto 

an antineutron. The antineutron then annlhllated lnte five charged 

pions. 

Fie. 3. Bubble chamber photograph of the reaction p + p - i + p + •... The n 
then annlhUatect lnto three ehatgecl plone (arrow). 

Ftg. 4. Momentum dietdbutlora tor antiprotons and •"' mesons. 

l'lg. 5. Energy dhtrlbutlon of antineutrons produced by 0-prona charse 

exchange (117 events). 

Fla. 6. Statiattcal·model predictions for the ratio R o£ the number of 

S•prona to 3-prong annihilation stare. 

Fig. 7. Tbe co1"rectlon factor for l·prong annlhUatlone, K, aa a tunctlon 

ol antineutron kinetic energy. l. = 5. -
J'ig. 8. The number of antineutrons produced by o .. pronga, N0 °, ae a 

function of the core radius. a. 

Fig. 9. Differential croae section for charge exchange as a function of 

col ~ i-=-~· , and angular dietrlbutlon of the 117 event•. 
n·tP 

Fig. 10. x2 dletrlbutlon for event• to fit tbe reaction p+p- n+p+•-

(70 events). 

Elg. 11. Energy diatribution of antineutrons produced oy 2-prong 

cbarae exchange (19 events). 

Fig. lZ. Center·of-maes ansular distribution of the particlee ln the 

reaction p+p ... n+p+tr. relative to the p direction (ZO evente). 

Fig. U. Azimuthal angular dietributton of then about the p c:lirectlon ln the 

reaction p+p .... n+p+ , .. (ZO evente). Zero azimuthal angle le 

defined by tbe direction of the proton. 

:.:. 
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Fig. 14. Center-of-mass momentum distribution of charged pions 

in 3-prong annihilation stare. 

Fig. lS. Center-of-mass momentum distribution of charged pions 

in S-prong annihilation stars. 

Fig. 16. Distribution of the number of charged pions as a function 

c·m-
of cos e ± ..:.. . (Includes 3-. 5-. and 7 .. prong stars.) 

11". ' • ~l'l 
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Fig. 3. 
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