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CHARGE-EXCHANGE PRODUCTION OF ANTINEUTRONS 
AND THEIR ANNIHILATION IN HYDROGEN 

C. Keith Hinrichs 

· Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

March 14, 1961 

ABSTRACT 

A separated beam of antiprotons was sent into the 72 -inch 

hydrogen bubble chamber. The charge exchange of antiprotons into 

antineutrons and the subsequent annihilation of the antineutrons were 

observed in the bubble chamber. The antiprotons were produced 

internally in the Bevatron; channeled externally by collimation, 

quadrupole focusing magnets, and bending magnets, and separated from 

other negatively charged particles by a system of three velocity 

spectrometers. The antiproton kinetic energy was 950 Mev. Three 

charge -exchange reactions were studied: (1) p + p - n + n • 
- - 0 

(2) p+p:-n+n+'Tl', (3) p+p-n+p+'Tl' The cross section 

obtained for Reaction (1) plus Reaction (2) was 7.82 ± 0.55 mb. That 

found for Reaction (3) was 0, 99 ± 0.24 mb, implying on the basis of the 

statistical-model alone a similar value for reaction (2). The angular 

differential eros s section for Reaction (1} was strongly peaked forward 

with a value at zero degrees of 4.6 ± 0.5 mb/sr. However, the 13% con~ 

tamination from Reaction (2) was included. One -hundred and twenty

two of the antineutrons from Reaction (1) and (2) annihilated in the 

chamber, giving an annihilation cross section of 45.2 ± 5.4 mb. The 

average charged~pion multiplicity in antineutron annihilation was found 

to be 3.5 ±0.3, implying the total pion multiplicity was 5.2 ±0.4. The 

ratio of the number of annihilations containing five charged pions to 

the number containing three charged pions, and the momentum dis

tribution of the pions, have been compared with predictions of the 
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statistical model. This model used the covariant phase -space integrals 

first proposed by Srivastava and Sudarshan and modified by Neuman, 

and the branching ratios given by Pais. Reasonable agreement was 

obtained for a volume five times that of a sphere with a radius of one 

pion Compton wavelength" Three events were observed that fitted 

K
0 

-meson production in antineutron annihilation. 
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I. INTRODUGTION 

The existence of antiparticles was proposed mahy years ago 
1 -5 . 

by Dirac and others on the basis of symmetrical results obtained 

when the conditions of special rela:tivity were imposed on the Hamil

tonian formulation of the wave equation of quantum mechanics .. The 

subsequent discovery' of the positron in 1932
6 l~dto a long but in-
. 7-9 

conclusive search for the antiproton in cosm1c rays. · The com-

pletion of the Bevatron in 1954 allowed man-made production of antiprotons 

for the first time, and they were finally discovered in 1955. 
10 

Since their discovery, many experiments have been performed 

on the various processes involving antiprotons. (For a review article 

see ReL 11:) It should be mentioned that the cross sections involving 

antiprotons are large cOmpared with nucleon-nucleon cross sections. 
12 

Many theoretical papers have appeared on the interpretation of the 

antiproton cross sections, but perhaps the most promising approach 
13 

thus far given is due to Ball and Chew. Their theory does account 

for the large antiproton-proton and antiproton-neutron cross sections, 

but is applicable only at rather low energy. 

After several unsuccessful attempts, the antineutron was 

identified by a counter experiment in 1956. 
14 

The antineutrons were 

produced by the charge exchange of antiprotons on protons (p +p-+n +n) 

and identified by the large annihilation energy of the antineutrons in a 

counter. Other counter experiments have studied the charge ~exchange 

h d 15 -1 7 11 - 1 1 . 18 d . reaction on y rogen as we as on camp ex nuc e1, an 1n 

1959 the charge exchange of an antiproton into an antineutron and the 

subsequent annihilation of the antineutron were first observed in a 
19 

propane bubble chamber. The same reactions have since been 

observed at a higher energy with better statistics, in the propane 

bubble chamber. 
20 

In all these experiments it was assumed that the 

annihilation cross section for antineutrons was the same as that for 

antiprotons, in order to estimate the charge -exchange eros s section. 

In these previous experiments, the small value of the charge-exchange 

eros s section, combined with the rarity of antiprotons them selves, 
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permitted littl.e more than confirmation of the process, and little light 

could be shed on the antineutron interactions, including antineutron 

annihilation. 

The antineutron interactions in hydrogen are of particular in

terest because the reaction occurs in a pure isotopic spin triplet state 

( T = 1 ), whereas the antiproton-proton interaction is com posed of half 

isotopic singlet (T = 0) and half isotopic triplet states, It is to be 

noted that antiproton-neutron interactions also occur in the pure isotopic 

triplet state, and in this respect should be the same as n-p interactions, 

Some recent results on antiproton,..neutron interactions have been ob

tained by deuterium -hydrogen subtraction. 
21 

The experiment presented here sends a s~parated beam of 950-

Mev antiprotons into the 72 -inch hydrogen bubble chamber and studies 

not only the charge -exchange interaction and its angular distribution 

but also the nature of the antineutron-proton annihilation, The in

elastic charge-exchange reaction p + p- n + p + 1T was also observed, 

The performance ef this experiment was ancillary to an ex

periment that successfully searched for the anti lambda in the reaction 

p + p -+- A +A. 
22

• 
23 

This reaction has a threshold at antiproton 

energies of about 770 Mev, and dictated the energy of antipr,otons used. 
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IL DESCRIPTION OF THE EXPERIMENT 

Antiprotons produced internally in the Bevatron were extracted 

and sent through a separating system to purify the antiproton beam. 

This system was patterned after the l.l 7 -Bev/ c K-beam of Eberhard, 
. 24 25 

Good, and T1c{lo. ' The beam design consisted of quadrupole 

focusing magnets, velocity-selecting spectrometers, iron collimating 

slits, and bending magnets, arranged as shown in Fig. 1. The purified 

beam of antiprotons was then directed into the 72 -inch hydrogen bubble 

chamber where the various interactions were photographed. 

A. Beam Design 

The Bevatron was programed to accelerate protons to 6.2 Bev 

and then direct them upon an aluminum target. The target was located 

inside the vacuum tank of the Bevatron at a 599.4-in. radius and 22.34 

deg into the northwest quadrant from the west tangent tank. Some of 

the collisions between the protons and the aluminum nuclei in the target 

resulted in the production of proton-antiproton pairs. Of the many 

other reactions that occurred in:these collisions the production of pions 

was most significant to this experiment. The ratio of "IT- mesons to 

antiprotons produced was of the order of a few times 10 4
, and the 

elaborate beam optics of the experiment was required to separate the 

antiprotons from this overwhelming number of 1J.nwahted partie les. 

The charged particles coming from the target were momentum-analyzed 

by the internal field of the Bevatron. Those negative particles produced 

at 1 :!:: 1 degree relative to the beam direction and with 1.64-Bev/c 

momentum passed through a hole in an iron nose cone (labeled NC on 

Fig. l) in the outer magnetic yoke of the Bevatron magnet. This beam 

of selected particles entered the first of three separator systems. 
26 

Each separator system consisted of two magnetic quadrupole lenses, 
. 24,25 

one parallel-plate velocity spectrometer, and one slit. Each 

quadrupole lens consisted of a set of three quadrupole magnets. With 

these three quadrupole magnets, charged particles could be focused in 

both the horizontal and vertical planes. Particles entering the first 
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MU-21076-A 

Fig. l. Plan view of experimental arrangement. 
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quadrupole lens were rendered approximately parallel in the vertical 

plane and then passed i~to the velocity spectrometer. The parallel

plate velocity spectrometer utilized crossed electric and magnetic 

fields perpendicular to the beam direction, with the electric field vertical 

and the magnetic field horizontal. For a particular electric field E 

and magnetic field B, a particle of velocity v
0 

= E/B would traverse 

the spectrometer undeflected. Partie les with a different velocity v 
would be deflected upwards or downwards out of the horizontal plane 

by an angle ,6.() = e Y._ L (.!._ _ !_ ) 
cp d ~ ~O 

where 

V =voltage on plates,; 

e = charge on partie le, 

c = velocity of 1ight in vacuum, 

p = momentum, 

d = distance between plates, 

L -~ length of plates, 

~ = v/c ' ~0 = vo/c . 

(See Appendix A.) The second quadrupole lens refocused::the· object 

rays to an image, transforming the angular separation into a vertical 

spatial separation S at the slit (see Fig. 2). Particles with the proper 

velocity pas sed through the slit into the next separator system. After 

traversing the third separator system, the beam was sent into the 

bubble chamber. 

Particles from the target passing through the nose cone were 

focused in the horizontal plane by the first quadrupole (Ql) on the 

principal plane of the second quadrupole (Q2) (see Fig. 3). The 

momentum dispersion caused by the Bevatron field was thus trans

formed into a horizontal spatial distribution at Q2. The momentum 

interval accepted was determined by placing 30 inches of uranium 

collimation inside quadrupole Q2. AU the other quadrupole lenses 
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I 
Second 

lens 

Fig. 2. Schematic view of a separator system. 

MU -21666 
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Vertical Counters 
T NC Sp1 BM1 511 5p2 t512 5p3 ~513 BM2~ 

= ~~=~~~~=~~~=~~~:~ 
1" 2" 0.2" 2" 0.2" 0.2" 1 " 

-<:C: )><( )><( :><C 
Horizontal 

T LJNC Q1 I IQ2 I I Q3 Q-41 I Q5 Q6 

o o _L_Jo~--=-o~.c-o 
II -- r-1 r1 -- r1 --
1 .. 1 I I I I 1 I 

4" 3" 3" 

BM Coli 

MU-19002 

Fig. 3. Schematic drawing of the beam optics for the 
horizontal and vertical planes. . 
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(03 through Q6) were arranged as field lenses in the horizontal plane 

to give maximum transmis sian of the accepted momentum bite. Two 

bending magnets were also included in the horizontal optics. The first 

(BMl) was required to avoid a building support column (see Fig. l). 

A second bending magnet was placed after the third separator system, 

and in conjunction with lead and uranium collimation was used to clear 

off -momentum components out of the beam. 

The effectiveness of each separator system for rejecting the 

undesired particles (pions and muons) depended on the image width, 

W, and separation, S (Fig. 2). The separation was limited by the 

maximum electric field that could be maintained between the spectrom

eter plates. The width W is determined by target size, magnification 

of the lens system, multiple scattering in windows, and chromatic and 

spherical aberration of all electric ·and magnetic fields in the system. 

Multiple scattering in the Bevatron exit window and the first separator 

system's entrance window, and the spherical aberrations of the first 

system, were the most important contributions to the width W. Under 

typical operating con'tlitions the pion image had a width W of 0.2 m. 

(full width at half maximum) and a separation S of 0.4 in. The charac

teristics of the target, the beam, and the optical system are listed 

be low in Table I. Much of this information was compiled in Reference 

23. However, the numbers for beam composition and particle flux 

have been determined in Section III-E. 

' ;; 
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Ta"Qle I. Sumt:rJary of "Qearb .c.haracteristic.s 

Antiproton beam 

Momentum at target 

Momentum (center of bubble chamber) 

Momentum bite (at bubble chamber). 

Production angle (relative to internal 

proton beam) 

Solid angle accepted 

Transmission of total system 

Average P flux per picture 

Aluminum target 

Size , 

Physical position 

Virtual position 

Radius to Qutside edge 

Azimuth (NW quadrant 

measured from west 

tangent ·tank) 

Distance Q (1) entrance 

(Distance from principal 

plane of Q1) 

Horizontally 

Vertically 

1.'64 Bev/c 

l.62 Bev/c 

±0.02 Bev/c 

1 ± 1 deg 

0.20 millisterad 

0.33 

1.1 

5 in. azimuthally 

1/2 in. radially 

1/8 in. vertically 

599A in. 

22.34 deg 

.. 
·':f::f.·: 

190 in. 

600 in. 

230 in. 
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Table I (cont'd) 

Separation 

Spectrometer characteristics 

Plate length 

Width of uniform 

Plate spacing 

Average operating voltage 

1 
p 

1 
D. ( i3 ) parameter 

Average angular separation 

Image widths (vertical) at slits 

(lst/2nd/3rd systems) 

Magnification (vertical) per stage 

Separation S per stage 

W/S 

Pion/antiproton ratios at 

Rejection ratios for pions 

System 1 

System 2 

System 3 

Total 

target 

72-in. bubble 

chamber 

19ft 

6 in. 

2-1/2 in. 

385 kv 

0.092 (Be;/c)-
1 

3.1 millirad 

0.20/0.18/0.4 in. (a) 

1.2/1.0/1.0 

0.5-=/0.40/0.40 in. 

0.40/0.45/LO(a) 

20,000/1 

0.40/1 

5.0 

100 
1 o(a) 

5 X 1 0 4 (b) 

., 

\ 
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Table I (cont'd) 

Beam Composition and Total Flux 

Average beam composition at bubble 

chamber (p/rr- /fl- /K-) 

Total number of antiprotons through 

chamber 

Number of anti'proton interactions 

1.0/0.40/2.7/0.002 

46,800 

18,900 

(a) At the conclusion of the 1.65 -Bev /c run, it was found that Q5 had 

a misplaced pole tip, which accounted for the poor image width at 

Slit 3. 

(b)This rejection ratio is based on all visible pion background in the 

chamber. Much of the pion background actually has a lower momentum 

than the antiproton beam proper. See Fig. 4. 
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Fig. 4. Momentum distribution for antiprotons and lT mesons. 

. ' 
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A_vertical target dimension of l/8 inch was used to maintain 

a small image width W at the first slit, using a magnification in the 

first system of about 1. It is desirable to have the protons interact 

in their first pass through the target. To enhance this probability the 

dimension of the target along the beam direction (azimuthal dimension) 

was made rather long, 5 in. The radial dimension, l /2 in. was 

relatively unimportant, since almost all the beam hits the target with

in l /4 in. of the outer edge. The probability of making an antiproton

proton pair is roughly proportional to density qf nucleons in the target. 

If the nuclei are large, however, too many antiprotons annihilate before 

they leave the nucleus. As a compromise between these effects, 

aluminum was chosen as the target materiaL 

To initially set up the beam, thin scintillation counters were 

used to study in detail the size and shape of the focus at the position of 

Slit 1 as a function of the various magnet currents. The intense pion 

beam was used in this study. In this way the first separator system 

was tuned to transmit pions with no electric field in the velocity 

separator, After the first system was tuned, the first slit was placed 

in position and the second and third systems were tuned in a similar 

manner. 

After the beam was initially set up and tuned for transmission 

of pions, a different method was used to tune the systems for anti

protons. An array of scintillation counters was mounted in front of 

each slit. This arrangement consisted of a vertical stack of seven 

thin (02 in. high) separate. scintillation counters, and was called 

a septad counter. The output of each counter in the sandwich was 

integrated during the b.eam spill and displayed consecutively on an 

oscilloscope trace. When the beam was centered about the separation 

between two adjacent counters in the sandwich, equally high deflections 

for these two channels appeared on the oscilloscope. By centering a 

separation between the counters on the centerlines of the slits, one 

could steer the pion beam into each slit by adjustment of the magnetic 

fields in the spectrometers. From a determination of the spectrometer 
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magnetic fields required for each system to transmit the pion beam, 

first with no voltage applied to the spectrometer plates (B
0

) and 

second with the operating voltage applied (B ), the magnetic field (B-) 
TI p 

required to transmit antiprotons could be calculated from the equation 

where 13 and 13- are the velocities oLthe pions and antiprotons of 
TI p 

the beam (corresponding to the 13
0 

defined above). 

After the spectrometer magnetic fields were adjusted for the 

transmission of antiprotons, the septad counters were moved off the 

center line of the slits and centered on the rejected pion beam. Future 

control over small variations in high voltage on the spectrometer plates, 

or of the magnet currents, was attaine~ by adjusting them to keep the 

rejected pion image centered on the septad co.unters. The intensity of 

the rejected beam at the third slit was so low that septad counts had to 

be scaled for several Bevatron pulses in order to monitor the operation 

of the third system. 

This adjustment procedure was repeated periodically in order 

to n1aintain optimum transmission of antiprotons and rejection of pions 

over the long period of operation of this beam. 

Three scintillation counters, P 1, P
2

, P 3 , were placed in the 

transmitted beam. Counters P 1 and P
2 

were placed just after Slit 

2 and Slit 3, respectively, and P 
3 

was placed just ahead of the 72-

inch hubble chamber. The outputs from these counters were sent intp 

two coincidence circuits. The signals were delayed so that antiprotons 

passing through the three counters could be scaled at one coincidence 

circuit while pions could be scaled at the other. With this electronic 

monitoring system, relative numbers of antiprotons and pions entering 

the bubble chamber could be determined, thereby giving an indication 

of the accuracy of the beam adjustment. A one-to-one correspondence 

between scaler counts and particles in the bubble chamber was never 

achieved, owing to the short beam spill employed. 

~·' 

,. 
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Another monitor system. was set up to look at 1-13ev/c TI mesons 

coming from the t<:t.rget. It ,consisted of a counter telescope containing 

two 1 -in .. -diameter scintillation counters and a 2 ~in. -diameter 18 -in. ~ 

long lucite Cerenkov counter 1 and was set up roughly paralle 1 to the 

main beam (labeled MT on Fig. 1). During the initial setup of the beam, 

when low intensities of the Bevatron beam were used, a threefold 

coincidence of the three counters allowed the monitoring of the relative 

number of protons hitting the target. During the experimental running, 

when the full Bevatron beam intensity was used and too many pions 

entered the telescope during the short spill time to be scaled accurately, 

the ou~put of the lucite Cerenkov counter was integrated and displayed 

on a chart recorder. This gave a continuous recording of the relative 

number of protons hitting the target, so that slow var.iations in 

Bevatron operation (resulting in reduced beam on the target) could be 

determined and corrected. 

The material defining the slits was iron. This iron was 

magnetized so that those pions entering the iron would be deflected 

away from the beam. It was hoped that this would reduce the number 

of pions scattered back into the beam; however, the effectiveness of 

this magnetic field was never clearly demonstrated. 

B. The 72-Inch Liquid Hydrogen Bubble Chamber 

The bubble chamber is roughly 72 inches long by 20 inches 

wide by 15 inches deep. 
27 

The one-millisecond beam spill occurred at 

the center of the sensitive time of the bubble chamber (approximately 

15 msec under the operating conditions of this experiment). The light 

flash for the pictU.r:e:s. occurred about 4 msec after the beam spill, 

which allowed sufficient time for bubble growth and ketp distortion 

due to turbulence insignificant. During much of the run a temperature 

gradient was indicated by the greater densities of tracks in the warmer 

upper areas of the chamber than in the cooler lower areas, and 

dipping tracks would fade out before leaving the bottom of the chamber. 

The rate of energy loss by ionization for antiprotons and pions in the 
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beam differed by only about 2 o/o, therefore no attempt was made to 

differentiate antiproton tracks from pion tracks on the basis of 

bubble counting. The average density of the hydrogen during beam 

spill has been measured to be 0.0586 g/cm
3

. 

The bubble chamber magnet supplied an average field of 17.9 

kilogauss, with a measured variation over the volume of the chamber 

of approximately ± 1 Oo/o. 

After each expansion three cameras located at three corners 

of a square took stereoscopic pictures of the chamber (this square 

was 20 in. on a side, 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 photographs. 

- ' 
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III. ANALYSIS OF DATA 

The classification of reaction types is presented below 1n 

Subsection III-A. This is followed in succeeding subsections with ex~ 

planations at the methods used in the analysis at the experimental 

data. Since the analysis is somewhat involved, most of the ex~ 

perimental numbers will not be introduced until Section IV. 

A. Classification of Reaction Types 

The beam entering the bubble chamber was composed primarily 

of 1-1. and rr mesons and antiprotons. The 1-1. mesons did not inter

act in the chamber and contributed only to the number of background 

tracks, The rr mesons could interact strongly, however, and con

stituted the largest source of corrections to the number of antiproton 

interactions. 

The reaction with which this experiment was primarily 

concerned are 

p+p --il+n, elastic charge exchange; (1) 

p+p-+n 
0 

+n+rr 

p+p--n+p+rr 

n + p -+ rr' s and k' s 

(2) 

inelastic charge exchange 

(3) 

antineutron annihilation (4) 

The inelastic charge -exchange reactions producing more than 

one pion were pre,sumed to be unimportant and were neglected. (It 

will be shown in tl~e next section that inelastic charge exchange with one 

pion produced is only 13% of Reaction (1), therefore, it was assumed 

that the charge exchange with two-pion production is even smaller. 

In fact no events were found to fit the reaction j5 + p -+ n + n + rr + + rr -). 
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The antiprotons also annihilated in various ways: 

- '0 
p + p - (f + 2) iT 

+ r - 1T + + 1T- + .e 1To p 

+ - ~ 0 
p + p - 21T + 2TI + ..t 1T 

p -i-p-TI 1 s andk's, 

(5) 

(6) 

(7) 

( 8) 

where f = 0, 1, · •. · 

reaction. 

f is limited by the energy available in the 

The pions could interact as follows: 

- 0 
1T +p~ * (9) 

( 10) 

1T - + ~ 0 + p - 2TI + p + TI + ..t 1T , etc. (11) 

Reactions (1), (2), (5), and (9) could not be differentiated m 

the bubble chamber and were characterized 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 in the chamber, and were all designated as 2 ~prong inter

actions. Similarly, reactions (7) and (11) were designated as 4-prong 

interactions. A few antiprotons were observed to annihilate into six 

and eight charged pions, and were designated 6-prong and 8-prong, 

respectively. 

The annihilation of an antineutron (Reaction (4)) produced a 

"neutral star 11 with one more positive track than the number of negative 

tracks. Thus n annihilations were designated as 1-, 3-, 5-, or 7-

prong. 

i. 

- ' 
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Figure 5 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 2-prong event fitting Reaction (3) is shown in Fig. 6. Here 

the antineutron annihilated into a 3-prong star. 

·Approximately 46,000 bubble chamber pictures were taken. 

(Each picture consisted of three steroscopic views.) They were all 

scanned by using scanning tables especially constructed to view the 

72 -inch bubble chamber film. The scanning machines were constructed 

so that any combination of the three stereo views could be projected 

simultaneously onto the scanning table. Two of the projected views 

could be moved relative to the other so that the position of the tracks 

in the bubble chamber could be roughly determined. A "useful volume" 

was defined for the bubble chamber, which excluded 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 tracks, 

2. have a curvature corresponding to a momentum of L6 ±0.2 

Bev/c (see Fig. 4), 

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

According to the scan criterion, a neutral star was any inter

action that did not 

1. contain an incident beam track, 

2. have a positively charged stopping track (i.e., did not 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, interactions consisting of one positive track leaving the 

chamber were not considered as neutral stars. 
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p 

ZN-2 745 

Fig. 5. Bubble chamber photograph of an antiproton charge 
exchange into an antineutron. The antineutron then 
annihilated into five charged pions. 

- f 
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ZN-2741 

Fig . · 6. Bubble chamber photograph of the reaction 
p + p -+ n + p + TT-. The n then annih i lated into 
three charged pions {arrow ). 
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Scanning efficiencies for each type of event were determined by 

making two separate scans of the same film, and assuming statistical 

independence between the two scans. Formulae for the scanning 

efficiencies are derived in Appendix-B. 

Measurement of angles and momenta on the scanning table were 

difficult and inaccurate. To facilitate measurement of events, use was 

made of the Rranckenstein measuring projector, 
28 

which was specially 

designed to handle 72-inch bubble chamber film. Track coordinates 

were measured on this machine in two of the three stereoscopic views, 

digitized, and punched on paper tape. A tape -to -tape converter trans

ferred this information from the paper tape to a magnetic tape which 

was read into an IBM 704 computer. A computer program called PANG 
29 

("P" momentum and "ANG" from angle) analyzed the track co-

ordinates. The analysis included a determination of the three

dimensional coordinates of the points along a track and a least-squares 

fitting of the points with a space curve. Optical correction and cor

rections for energy loss of the partie le and for variations of the mag

netic field along the track were made in doing the fit. Momentum, 

position, azimuthal angle, and dip angle at the beginning and end of the 

track were calculated. Errors for the momentum and angles, in

cluding the effects of Coulomb scattering, were also computed. 

B. Method Used to Calculate the Annihilation Cross Section 

To determine the annihilation cross section for antineutrons 

we must know the total number of antineutrons produced by the 0-prong 

process (Reactions (1) and (2) ) and the events in which an n star 

was associated witha 0-prong. 

1. Determination of the number of antineutrons produced by the 0-

prong ·process. 
n 

The actual value of N
0 

will now be determined. The number 

of 0-prongs that gave antineutrons was given by 

N n 
0 

= N N TT 0 - 0 
N p ann. 
/0 

N v 
0 

( 12) 

' f 
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where N
0 

=number of 0-prongs occurring, 

N
0 

lT =number of 0-prongs produced by pions, 

N
0

P ann. =number of 0-prong annihilations; 

N
0 

v = number of antiprotons that produced Ali pairs. 

The value of N 0 was determined to be 2149 from film scans 

corrected for a combined scanning efficiency of 0.98. 

The number N
0 

v has been determined to be 11, by in-
23 

dependent work. 

To obtain N
0 

'IT , interacting tracks were scanned for 0 rays 

too energetic to have been produced by antiprotons, which implies 

that these 0 rays must have been produced by pions (muons do not 

interact). Details of the calculation are given in Appendix C. The 

best value for this number was N
0

lT = 45 3 ± 61. This will turn out 

to be the largest ~ubtraction in Eq. (12). Therefore the method used 

to determine N
0 

n is quite ~alid. · 

An estimate for N
0

P ann .. was obtained from a scan for 

electron-positron pairs pointing at the end of a 0-prong beam track. 

These pairs .were produced by decay gamma rays coming from the 'ITO, s 

produced by the 0-prong. Thirty-two such events were found, with a 

combined sc'anning efficiency of 0. 97 (indicating 33 pairs actually 

existed). Thirty pairs and their associated O"·prongs were measured 

and analyz'ed by PANG. The gamma-ray energy obtained from the 

total energy of the pair determined the pair-production eros s section. 
30 

These data were processed by the WEIGHT program described below 

in Section III-B-3 and gave 1726±355 for the number of 'I rays. 

Corrected for scan efficiency and the two unmeasured events, this 

number became 1892±390. Since 'ITO decay gives two gamma rays, 
0 

946 ± 195 lT 
1 s were produced by 0 -prongs. 

The 0-prong reactions(2), (5), and (9) all give 'ITO mesons. 

The average number of 'ITO 1 s produced by Reaction (9) is 
31 0 

about 1.1 ±O.L Then the number of lT 's produced by 0-prong pion 
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events is 1.1 (N
0

1T) = 498±81. This leaves 448 ± 211 
0 

1T 1 s due to 

0-prong annihilation and the inelastic charge exchange of Reaction (2)o 

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

cross sections for Reaction (3) and the reaction p+p-+n+p+1T+ 

Both of these turn out to be about 1 millibarn (see Section IV -C and 

Reference 32)o Then, on the basis of the statistical model alone, the 

cross section for Reaction (2) should be about 1 mbo The total 0-prong 

charge-exchange cross section calculated in Section IV-C is 7091mb. 

If the cross section for Reaction (2) is assumed to be 1 mb, then about 

13o/o of the 0-prongs giving an n also give a 1TO The value of N
0 
n 

is about 1625; therefore, about 205 1r
01 s co~e from Reaction (2) 0 This 

number, altE-ough small compared with N
0 

n is to be used in part to 

correct N
0 

n , which in turn determines the cross sectio~s for charge 

exchange....:. Since the number i~ small compared with N
0 

n , it does not 
n n 

affect N
0 

or the err or of N
0 

stronglyo The numbers given here 

were arrived at by successive approximations of the interrelated 

quantities. 

Since the cross sections for Reaction (2) and (3) are assumed 

to be the same, the same number of events for each should occur o 

The number for Reaction (3) is calculated in Section IV -C as 205 ±50. 

It is then assumed that 205 ~50 1T0 1 s come from Reaction (2), leaving 
0 

243 ± 21 7 1T 1 s due to 0 -prong annihilation. The statistical mode 1 

(Appendix D) predicts that the average pion multiplicity in 0-prong 

annihilations is 4. Then the number of 0-prong annihilations, 

N p 
0 

ann. 
is 61 ±540 

When these numbers (with their associated errors) are 

combined in Eqo (12), the actual number of antineutrons produced in 

0-prongs is: 

N n = 214 9 - 45 3 - 6 1 - 11 
0 

1624±94. 
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Determination Of the annihilation stars associated with a O~prong. 

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

required that the star occur in the forward hemisphere with respect 

to the 0-prong. (It was kinematically impossible in the laboratory 

frame of reference for an antineutron to have a momentum component 

backward with respect to the antiproton.) The star was then analyzed 

to determine that it actually was an antineutron star. To do this, the 

O~prong and associated star were measured and processed by PANG. 

The output from PANG was coded for an IBM 650 program called 

ANSAN (AntiNeutron Star ANalysis), whichperformed the relativistic 

kinematic calculations. Assuming Reaction ( l) for the antineutron 

production, we determined the laboratory:-frame antineutron energy 

and the center-of-mass angle between the n and p directions. In 

addition, the energy of the pions in the star and their momentum 

components parallel and perpendicular to the antineutron direction 

were calculated. For three-pong stars a coplanarity factor, which 

indicated whether the three tracks were coplanar, was also calculated. 

Events that were coplanar were analyzed for momentum balance to 

determine if the star was actually a scattering event, and thus not an 

an tine utr on. annihilation. 

The ANSAN output was 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 visible energy and momentum unbalance, if any, were 

compatible with an n annihilation with the n coming from the 0-prong. 

A scan was made to obtain the number of stars occuring in the 

backward hemisphere of the O~prong. This gave an estimate of the 

number of events that were incorrectly assumed to be associated. 

These were called false associations. 

The numbers of real and false associations are given in 

Section IV. 
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3. The determination of the antineutron annihilation cross section 

For each associated star-0-prong event, i, with lab angle 

ei between the n and p directions, the probability pi of having 

seen the event was calculated. The weight Wi = 1/Pi for each event 

could be thought of as the number of antineutrons that must have been 

produced at angle f:\ so that the event was seen. The total number 

of antineutrons produced by 0-prongs that would annihilate into more 

than one charged pi'on would then be given by the sum of the weights 

for all associated events, ~ W. . This had to be corrected to account 
:1. 1 

for 1-prong annihilations in order to obtain the total number of anti-

neutrons, as is discussed later. 

The evaluation of the weights W. proceeded as follows. The 
1 

probability of seeing an annihilation was given by the formula 

p = [ 1 - exp ( _£ n a~ )] ' where .R. is the distance the n could have 

gone before leaving the useful bubble chamber volume, a 1 is the a 
cross section for antineutron annihilation into more than me prong, 

and n is the density of protons in the liquid hydrogen. 

The probability obtained by the above method is subject to 

various biases. These have been described and treated by G. Lynch. 
33 

A similar treatment is used here. To remove these effects of bubble 

chamber geometry, the probability p was averaged over position and 

angle. This was done by WEIGHT, an IBM 704 program. Given the 

position, direction, and momentum of the p track at its beginning, 

this program reconstructed the p path through the chamber. At each 

of six equally spaced points along this projected path and for the given 

angle ei ,' .R. was determined. for each of eight equally spaced azimuthal 

angles about the p direction. Then p was determined for each .R. 

and an average was taken. Each of the six points was weighted to 

account for the attenuation of the antiproton beam in passing through 

the chamber. In this way WEIGHT calculated pi- (equal to the averaged 

p) and W. for each event. 
1 

The antineutron energy (a function of the angle 8. ) varied over 
1 

a large range (Fig. 7) .. To allow an energy dependence for the anni-

hilation cross section, the formula 

\ 
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T !.9 b ( Mev) n 
MU-23150 

Fig 0 7 0 Energy distribution of antineutrons produced by 
·o -prong charge exchange ( 117 events) 0 
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(13) 

was used, where }t is the center -of -mass de Broglie wave length for 

the antineutron and a is a core radius. Thies formula was first 

proposed in connection with nucleon-antinucleon annihilation, by Koba 

and Takeda. 
34 

Since it was not possible to scan for !-prong annihilations, the 

W. calculated gave only the number of antineutrons that would have 
1 

annihilated into more than one charged pion. To correct for this, each 

Wi was multiplied by a factor K. , whichwas a function of the energy 
1 

of the n in that event. This factor was calculated from predictions 

of the statistical model for annihilation and the branching ratios for 

the various modes of annihilation (see Eq. (D-7) of Appendix D). Then 

~ K. W. was the total number of antineutrons produced by 0-prongs. 
. 1 1 . 

Jyhis number was finally cor~ected for scanning efficiency and false 

associations: 

1 
Efficiency (

Total - False) 
Total ~ K. W. 

i 1 1 
( 14) 

This predicted value of No~ was determined for several values 

of a. With the actual value of N
0 

n determined, above from the num

ber of O~prongs observed, the proper choice of a can be made, and 

a can then be calculated from Eq. (13). a 

C. Method Used to Calculate the Charge-Exchange Cross Sections 

The total cross section for charge exchange by the reactions (1) 

plus (2) was determined from the relation 

a 
ce 

' ( 0- ron = ( p g) total number 

N n 
0 

of observable p interactions) a,' (j>p), 

( 15) 

-~ . 
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whE:re O't' (pp) is the total p-p cross section, with an So/o correction 

for smail-angl.e scattering which was not observable in the bubble 

chamber. 

The differential cross section as a function of angie was deter

mined by summing the corrected weights for events in each interval 

D. (cos e. ) and normalizing this sum to the total cross section: 
J 

(] (0 -prong) 
ce ( 16) 

2TI' A (cos 6.) . J 

where e is the center -of -mass angle between the n and p directions. 

To determine the cross section for inelastic charge exchange 

by Reaction (3), p + p - n + p + T1' , each possible star- 2 -prong 

association was measured and. processed by PANG. The star was 

analy:z.ed as described above to determine if it was an antineutron 

annihilation. With only the energy of the n to be solved for in the above 

reaction, the problem is overdetermined. Two methods were used to 

fit the events. The ANSAN program calculated the n direction from 

the kinematics of the 2-prong interaction. A plot of the difference 

between the calculated direction and the measured direction obtained 

from the purported n annihilation point for each event indicated those 

. e·vent:s which fitted the reaction. Another program, KICK, 
35 

was also· 

utilized to fit the interaction. This IBM 704 program adjusted the 

m('•asured quantities of the 2 -prong and the n direction under the 

constraints of energy and momentum conservation to give the best fit 
~ 2 

as df.'ten:ninocl by t:H~ sma.llest x"' value. Those events with a X 

less 1han E1 were assumed to actually proceed by the above reaction. 

A plot of the number of events against X 2 will be found in Fig. 12. 

Both methods gave the same events as fitting the desired reaction. 

tlse was made of the n annihilation cross section for annihilation into 

mort~ than .one charged pion in processing each associated event by 
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WEIGHT. The sum of the weights for all associated events gave the 

number of reactions of this type that occurred. The cross section 

was then obtained from the relation 

I 

~ w. 
1 1 

a ' (pp) 
t 

total number of observable p interactions 

D. Methods Used to Determine 

the Nature of the Antineutron Annihilation Stars 

( l 7) 

The momenta for the pions in the stars were calculated in the 

center-of-mass frame of the n and p, and the momentum distribution 

plotted for three -prong- arid fi_v,3 :-Pl' ong annihilations. These distributions 

and the ratio of the number of 5-prong to 3-prong stars were compared 

with predictions of the statistical model (Appendix D). The only 

variable parameter in the statistical model, the interaction volume-, 

was determined by these comparisons. 

The angle between the charged pions and the antineutron was 

also evaluated in the c. m. frame of the n and p for all annihilation 

stars. 

The angle between pairs of pions with like charge and pions 

with unlike charge was determined in the c. m. frame of the n and p, 

and the ratio, '( , of the number with this angle greater than 90 degrees 

to that less than 90 degrees was calculated. Differences in these 

results between like and unlike pairs of pions were looked for, to detect 

possible pion correlations. Also, the total energies of like and unlike 

pairs of pions in the c. m. frame of the two pions were calculated for 

each combination of pions. The results of these investigations appear 

m Section IV -D. 

To determine if K' s were produced in antineutron annihilation, 

each frame with a 0 -prong or a star was scanned for a V pointing at 

a star or a 1-prong. The few events found were measu~ed and analyzed 

by PANG and KICK, to try to fit them to K 0 production in the anni

hilation. 

·. 

- " 
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Eo Determination of Beam Composition 

The total number of tracks was 191, 000, corrected for a 

scanning efficiency of 95%. 

We can write 191,000 = N + N + N- + NK, where the N's 
fl. 7T p 

are the numbers of muons, pions, p's, and K particles, respectively. 

Furthermore, N = 
iT 

N-· = 
p 

number of iT interactions 

p . t 
7T ln 

number of p interactions 

P-p int 

where P . t and P- . t 
7T ln p ln 

are the probabilities for interactions of 

pions and p' s, respectively, and 

P . = 1 - ex.P (- aiT' nx) = 0.1697, 
iT 1nt 

P- . = 1 - exp (- a-' nx ) = 0.400 , 
p mt p 

x = path length of a non interacting track in the 

bubble chamber = 62 inches, and 

a 1 and a-' are the total cross sections with 
iT p 

corrections for small~angle scattering. 

From Table G-Il of AppendixC, the number of 7T interactions 

is 3207 and the number of p interactions is 18728. 

Then 

and 

3207 
N 

7T 
= = 0.1697 18,898' 

N -= 18728 = 46 820 
0 400 ' ' p 0 

N = K 
100 and was determined from 10 K decays m 

flight. 
23 
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N = 191,000- 100- 18,89-8- 46,820 = 125,182. 
fJ. 

The beam composition was obtained from these numbers: 

N- IN IN INK = 1IOAOI2. 710.002 . 
p 'IT fJ. 

There were 43, 076 good frames. This gave an average of 1.1 

-p 1 frame, with 4.4 tracks per frame. 

.. 
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IVO EXPERIMENTAL RESULTS 

Ao Number and Classification of Associated Antineutron Stars 

Summaries of the associated stars and their classifications 

will be found in Table II and IlL 

Eighty-seven possible associations of 0-prong with 3-prong 

stars (designated (0, 3) events) were found. Of these, 83 occurred 

in the useful bubble chamber volume. The 3 -prong stars of six 

events fitted 'IT-p or p-p scattering; that is, the three tracks were 

coplanar and the momentum balanced. (These events occurred for 

unas sociated 71" 1 s or p' s that were not beam tracks. ) All the re

maining 77 events were assumed to be good events. Two of the events 

could not be measured or analyzed accurately because of a missing 

stereo view or obstruction of the event by bubble chamber hardware 

in one view" These two events appeared to be good in all respects, 

and since only six events were rejected out of 83, it was thought best 

to include them" Seventy-five (0, 3) events were measured, and all 

except one were found to be compatible with antineutron annihilation, 

with the n produced at the 0-prong. The one event that did not fit 

had too much visible energy in the star to have been produced by an 

n associated with the 0-prong. The star tracks were not coplanar, 

however, and one track had a large error in momentum; therefore 

the event was assumed to be goodo 

Fifty-one possible associations of 0-prongs with 5-prong stars, 

(0, 5) events, were found, Forty-four occurred in the useful volumeo 

All the measurable events were compatible with antineutron anni

hilation, with the n produced at the 0-prong; however, six of the 44 

events were unmeasurable 0 A 11 six unmeasurable events appeared 

to be good in all respects and were included. 

Only one associati?on of a 0-prong with a 7-prong star was 

found, and it was compatible with n production at the 0-prong. 

The "good events" were classified as to the reliability of 

their being the desired interactions. This was done as follows o The 
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measurable events w~re analyzed by the ANSAN program described 
• .~ ~ J • t 

in Sec. III-B-2. It was assumed that the star was not an annihilation 

but a nucleon-nucleon or rr-nucleon interaction, with two of the 

positive tracks due to protons, and the minimum visible energy uvi~ 
. ·' · m1n 

was calculated. UVl~ included the kinetic energy of the two particles 
m1n 

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

which were assumed to be pions. The maximum kinetic energy of a 

nucleon or a pion was presumed to be less than 1 Bev (the kinetic 

energy 

Mev). 

of the antiprotons entering the bubble_chamber was 
· vis 

Thus if U . was found to be greater than 1 Bev, 
m1n 

about 950 

the event 

could not have been due to other than annihilation and was given the 

reliability classification I. If U:vi_s was greater than the kinetic 
m1n 

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

the event was given classification II. Finally, if u::n plus the 

energy required to balance momentum (assuming the neutron was 

produced at the associated O~prong) was determined tobe greater 

than 1 Bev, the event was given classification III. Unmeasurable 

events are listed under classification IV. See Table II. 

Table II. Classification as to reliability of stars associated with 0 -prongs 

Classification/ event Lrne 
.·./ l: 

(0,3) (0,5) (0,7) 

I 21(a) 35 1 uvi~ > 1 Bev 
m1n 

II 9 uvi~ > KE (neutron) 
m1n 

III 45 3 uvi~ and momentum 
m1n 

unbalance > 1 Bev 

IV 2 6(b) 1 unmeasurable 

Total .77 44. 1 122 - Total 

(a)Includes one uncertain event described in text. 

(b) Although the star c auld not be measured on the six events, it was 

possible to measure the 0-prong and the.antineutron direction on three 

events. 

•. 
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The number of false associations was estimated as follows: 

Of the above events, two (0,3) events and two (0,5) events had two 

0-prongs on the same frame, and one (0, 5) event had three 0-prongs 

on the same frame. Thus, if each 0 -prong star was counted as an 

association, there would be at least 6 false associations in 128 events. 

If we assume this ratio to hold, then there were (6/128)x 122 = 5.7 

false associations in the 122 events in Table IL 

A scan was made for 5- or 7 -prong stars occurring behind 

a 0 -prong. Two such events were found. Since there are 77/45 

times as many 3-prongs as 5- and ?-prongs, 2+77/45x2 = 5.4 n 
stars are expected to occur behind 0-prongs. The average length 

of a 0-prong is about one-half the bubble chamber length, and if the 

nonassociated n stars are uniformly distributed throughout the 

chamber (which is a suitable approximation here)', then equal numbers 

of nonassociated stars should occur before and after the 0-prong ending. 

This implies that about 5,4 false associations occur in the 122 events 

listed in Table II. 

There found about 220 nonassociated antineutron stars and 

about 2149 ~ 122 = 2027 nonassociated O~prongs (where 2149 is the 

total number of 0-prongs and 122 is the number of associated events). 

These occurred on about 43,000 pictures. Then the probability of 

having an unassociated O~prong and star on the same frame is 

2027 
43,000 

X 
220 

43,000 

and the total number of such cases is 

2027 
43,000 

X 
220 

43,000 
X 43,000 = 10,2. 

If the stars are uniformly distributed and the average 0-prong 

length is one -half the bubble chamber length, half of these cases will 

occur before the O~prong ending and half will occur after. Thus, 

again we arrive at about 5.1 .false associations. 
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We calculated the ratio of 5-prong to 3-prong stars, using those 

events which had an antineutron laboratory-frame kinetic energy be

tween 800 Mev and 1000 Mev. In this range there were 33 5 -prongs 

and 63 3-prongs, which gave a ratio R = 0.52 ±. 11. The average 

kinetic energy for the 96 events was 894 Mev. This ratio is plotted 

in Fig. 8 along with predictions of the statistical model for various 

values of the volume parameter (see Appendix D). A fit is obtained 

for A = 5 ± 1. 

With the choice of A = 5, the correction factor for 1-prong 

annihilation, K, was calculated as a function of antineutron laboratory

frame kinetic energy, and is plotted in Fig. 9. Since the antineutron 

energy is known, an appropriate value for K could be chosen for 

each event. 

B. The Annihilation Cross Section 

The combined scanning efficiency for seeing 0 -prong~ star 

associations for 3-, 5-, and 7-prong stars was 0:975, and the num

ber of false associations 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 122 events were measured and weighted, gave us 

117 

N
0
n = 1.021 L 

i = 1 

W.K. 
1 1 

( 18) 

The summation,\ W. K. , was determined for five values of 
L 1 1 

the core radius, a (a= 0.80, 0.85, 0.90, 0.95, 1.00 fermi; 1 fermi= 
-13 n 

10 em). The resulting values for N
0 

and their errors are 

plotted in Fig. 10. The errors were determined from 

[
\ 2 ] 1/2 
~ (Wi Ki) 

1 
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Fig. 8. Statistical-model predictions for the ratio R of the 
number of 5-prong to 3-prong annihilation stars. 
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Fig. 9. The correction factor for 1-prong annihilations, K, 
as a function of antineutron kinetic energy. A. = 5. 
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n 
The actual valu~ for N

0 
obtained in Section III-B-1 is also 

plotted as a line at N
0 

n = 1624, with errors ± 94. The intersection 

of the two curves occurs at a = 0.896. 

The values of the N
0 

n ob!~ine"d. from both determinations are 

assumed to follow the Gaussian, or normal, error law. The probability 

amplitude is then of the form 

f (x) = const. exp 

whe'l~e a = standard deviation, 

and x = average value of x. 
-1/2 

At one standard deviation the probability amplitude falls to e 

times values at x = x. Thus the ellipse in Fig. 10 is the locus of 

points where the product of the probability amplitudes for the two 

distributions has fallen to e -
1

/
2 

of the value at a = 0.896 and 

( 1 9) 

N
0 

n = 1624. The error in a is taken to be the maximum excursion 

of this ellipse paralle 1 to the a axis. Thus, a = 896 ± .072, and from 

Eq. (13) the annihilation cross section at 900 Mev is 

a (n-p) = 45.2±5.4 millibarns. 
a 

C. The Charge -Exchange Cross Sections 

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

is obtained from Eq. (15). The total number of observable antiproton 

interactions is obtained by subtracting the number of pion interactions 

from the total number of interactions (see Appendix C). This num

her is 18728±412. The number of 0-prong antineutrons is 1624±94, 

d h l - · · 98 3 b 16 • 17 A sm · t. an t e tota p-p cross sectlon 1s ± m . n -,o correc 1on 

to the total cross section for unobservable small-angle scatter1nz 

gives 

a't(p-p) = 90.2 ± 3 mb. 

Th:en 

a (0 -prong) = 7.82 ± 0.55 mb. 
ce 
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The differential charge ~exchange cross section as a function 

of angle was obtained with the use of Eq. (16), and is plotted in Fig. 11 

together with the angular distribution of the 117 events, The value at 

zero degrees is 

dO' (0 deg) 
ce 

= 4.6 ± .5 mb/sr. 

Seventy possible 2-prong-star associations were processed 

by KICK, as de scribed in Section III-C. This included 1 7 out of 20 

events classified as "good" by 1he ANSAN analysis, Remeasurement 

was required for the other three events in order to be pr:uce:s·sed by 

KICK, but was not possible because of damage to the film. The plot 

of X 
2 

for the seventy events is given in Fig. 12, Of the twenty events 

found to fit Reaction (3) for antineutron production with an associated 

antineutron annihilation star, one occurred outside the useful bubble 

chamber volume and could not be included in the cross -section cal

culation. Another event occurred for an antiproton that had already 

scattered elastically. Since it had already interacted, it also ca;1ld 

not be included in the cross -section calculation. 

The laboratory~frame kinetic energy of the antineutrons 

produced in the 2 -prong interaction is plotted in Fig. 13 for the 19 

events occurring on unscattered p tracks, The cross section for 

Reaction (3) was determined by means of Eq. (17). The annihilation 

cross section for the antineutrons determined by Eq, (13), with a= 0.896, 

was divided by K to obtain a cross section for annihilation into more 

than one prong. This corrected annihilation cross section was used 

by the WEIGHT program to determine the W. for each of the 18 "good" 
1 

events. 18 

For the 18 events, [ 

i= 1 

. W. = 205 ±50, corrected for a combined 
1 

scanning efficiency of 0.99, we obtained 

O'(p + p ...... n + p + 1T ) = 0 0 99 ± .24 mb. 
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Fig. 11. Differential cross section for charge exchange as a 

function of cos e~· ~. ' and angular distribution of the 
n,p 

117 events. 
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Fig. 12. X 
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distribution for events to fit the reaction 
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Fig. 13. Energy distribution of antineutrons produced 
by 2-prong charge exchange (19 events). 
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In Table III the 20 antineutron stars associated with 2~prongs 

are broken down according to the classifications described in Section 

IV-A. 

Table III. Classification of stars associated with 2-prongs. 

Classification/event type(a) (2, 3) (2, 5) (2; 7) 

I 4 9 2 

II 2 

III 2 

IV 1 

Total 8 10 2 

Uvi~ > 1 Bev 
m1n 

Uvi~ > KE (neutron) 
mln 

vis 
U . and momentum 

m1n 
unbalance 

> 1 Bev 

unmeasurable 

Total 20 

(a)Here the event type (2, 3) indicates a 3-prong star associated with 

a2-prong, etc. 

The center -of -mass angles between the antiproton and the 

other particles of the 2-prong interaction are plotted in Fig. 14 for 

the 20 events that fit the reaction. The antineutron tends to go forward 

and the proton backward, with the pion having roughly an isotropic dis

tribution. The distribution of antineutron azimuthal angle about the 

p direction is plotted in Fig. 15. Zero azimuthal angle is defined by 

the direction of the proton. It is seen that the antineutron and proton 

tend to go in opposite directions transverse to the antiproton direction. 
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Fig. 14. Center -of-mass angular distribution of the 
particles in the reaction p: + p-+ n + p + 1T- relative to 
the p direction (20 events). 
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Fig. 15. Azimuthal angular distribution at the n about the 
p direction in the reaction p + p -+ n + p + 1T- (20 events). 
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D. The Nature of the Antineutron Annihilation Stars 

As was mentioned in Section IV -A, the ratio of the number of 

5-prongs to 3-prongs was observed to be R = 0.52±.11 for the event 

that had an antineutron kinetic energy between 800 and 1000 Mev. For 

all 142 stars (122 0-prong associations plus 20 2-prohg associations), 

the ratio is 0.64 ± . 12; the kinetic energy distribution for the anti

neutron extends from 75 Mev to 1100 Mev (average, 765 Mevp. Thie 

point was indicated in Fig. 8 by the symbol A. Eighty percent of the 

0-prong star associations had an antineutron kinetic energy between 

800 and 1000 Mev. Since the ratio R is a function of energy, the 

ratio calculated for the 96 events in this energy range was thought to 

be the more realistic value. 

The average charged-pion multiplicity for the 142 stars was 

3.8 ± .3. If an additional 1 2o/o in the number of stars due to 1-prong 

·annihilation is assumed to exist, the multiplicity becomes 3.5 ± .3. 

The statistical model predicts that the number of charged pions is 

twice the number of neutral pions, which would then imply that the 

total pion multiplicity was 5.2 ± .4. The statistical model (Appendix D) 

predictsamultiplicityof 5.1 for A.=5 1 and5.3fo:r A.=6. 

The pion ~omentum distribution determined in the c. m. of 

the n-p system, is plotted for 3-prong stars in Fig. 16, and for S

prong stars in Fig. 17. They are compared with the distribution 

predicted according to the statistical model for volume parameters 

A.:::': 5 and A.= 6. The areas of these curves are normalized to the 

numbers of pions plotted. Very good agreement is obtained for the 

3-prong stars. Agreement is quite good for the 7-prong stars, but the 

observed distribution may peak at a slightly lower energy than that 

predicted. 

The angle between the incoming antineutron direction and the 

pion direction in the Com. frame of the n-p system was calculated for 

each pion of the measurable events. The distribution of this angle 

was found to be within statistics, an isotropic distribution. {See 

Fig. 18). 
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To detect possible pion-pion correlations in the annihilations, 

the angle, 8
12

, between pairs of pions was determined in the c. m. 

frame of the n-p system for pairs with like and unlike charge. For. 

( + - +) . a 3 -prong star 1T , TT , TT there 1s one like pion pairing 

[n+ (1)- n+(Z)J , and two unlike pairing [,,+ (1)- n-] and[tt+(Z)- 11]. 
. Similarly, for the 5-prong stars there are three like pion pairs and 

six unlike pairs. The numbers of pairs with pair angle 8 12 ·less 

than 90 degrees and the number with 8 12 greater than 90 degrees 

are shown in Fig. 19. The ratios 

'{ = 
number with 8 12 > 90 degrees 

number with e 12 < 90 degrees 

corresponding to these numbers are given in Table IV. 

Table IV. The ratio 'YJ.. for like, and 'Yu for unlike, pairs of pions 

in annihilation stars 

3-prong stars like ('IT + TT +) 1.74±0.43 'YJ. = 
unlike (TT 

+ TT-) 2.02±0.36 'Yv. = 

5 -prong stars like + + + 0.87±0.16 (TT - TT ) 'YJ.. = 

like (TT - TT-) 'VJ.. = 1.0±0.33 

like ('IT + + 
- TT ) 

plus (tr - - TT-) = 0.90±0.15 'YJ.. 

unlike (TT 
+ - TT-) :: 2.21 ±0.32 'Yu 

3-prong plus 5-prong like (TT 
+ +· 

- TT ) 
stars 

plus (TT - 1.11±0.15 -TT 'Y£ = 

unlike (tr + ) 2.13±0.24 - 'IT 'Yu. = 

--
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·Fig. 19. Number of pair angles greater and less than 
90 degrees, for like and unlike pairs. The ratio y 
is also given. 
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Although the errors are large, a smaller value for Yp_ than 

for yu is clearly indicated. These ratios show that the angle be

tween pions of like charge tends to be smaller than that between un

like pions. Similar results have been noted and discussed for anti-

'h'l · 36 • 37 Th l'k . 1 . b proton-proton ann1 1 ahons. e 1 e -p1on corre at1ons can e 

explained, at least in part, by the influence of Bose -Einste.in statistics 
37 

for pions of like charge. The total wave function describing a 

particular state for an interaction containing like bosons is required 

to be unchanged upon interchange of the like bosons .. If the .state 

function used in the matrix element of the statistical mode 1 is made 

symmetric with respect to pairs of like pions, the predicted values 

for Yp_ and yu are such that yu is greater than Yp_ . In this model 

the correlations of like pions are due to the effect of the Bose -Einstein 

symmetrization, and do not consider any pion-pion interaction. This 

model as presented in Ref. 37 is only partially successful, andre

quires a radius for the interaction volume of three-quarters of a pion 

Compton wavelength. With this small radius, the model does not 

predict the observed pion multiplicity in annihilations. 

The total energy of like and unlike pairs of pions was calculated 

in the c. m. frame of the two pions. The distribution of energies thus 

obtained appeared to peak at a slightly lower energy for like pairs 

than for unlike pairs; however, the statistics were poor owing to the 

small number of stars. (See Fig. Z.::OJ) This result is compatible with 

Yp_ < yu obtained above. For Yp_ < yu more pairs of like pions 

were emitted with more nearly the same direction than unlike pairs, 

thus giving the smaller total energy in their center of mass. 

All the framescontaining 3-, 5-, or 7-prong stars were scanned 

for a V pointing at the star. Only one event was found to fit a· K
0 

coming from a star, and this 3-prong star was not associated with 

either a 0- or 2-prong antineutron production. In addition, two V's 

were found that fitted a K
0 

coming from a 1-prong annihilation. In 

one of these the antineutron came from a 2-prong, and in the other the 

antineutron was produced by a 0-prong. For the latter case the 1-

prong and the 0-prong ending were only 2 degrees apart as measured 

•, 
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from the V. It was therefore uncertain whether the K
0 

came from 

the 1-prong or was produced by the 0-prong. From these investi

gations it was possible only to say that K' s are probably produced 

in n- p annihilations, and that perhaps the K production in n - p 

annihilation is less than that in p- p annihilation, 
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V, DISCUSSION 

The value obtained for the antineutron annihilation cross sec-

tion at 900 Mev, a (n - p) = 45.2 ± 5.4 mb; agrees within statistics 
ann 

with the antiproton annihilation cross section, 
38 a (p - p) =52± 4 

ann 
mb, The p - p annihilation is composed of half isotopic singlet and 

~alf isotopic triplet states, while n- p annihilationis a pure isotopic 

triplet state. The similarity of the annihilation cross sections in

dicates that the annihilation amplitudes for the singlet and triplet 

states are also similar. 

It should be noted that an error occurs in the determination 

of a ( n - p) in that the energy for the n was determined on the ann 
basis of Reaction ( 1), p + p -+ ti + n. It~ was estimated, however, that 

13 ± 3 o/o of the antineutrons were produced by Reaction (2), 
- 0 . 

p + p - n + n + 1T , and would, therefore, have a lower energy more 

in keeping with the energy distribution for n' s produced in 2 -,prongs 

(s.ee Fig. 13). 

The value.::;used for K, the correction for 1-prong annihilation, 

were calculated from the predictions of the statistical model for A. = 5. 

However, there is some indication that A. may be closer to 6. For

tunately, K is not a strong function of A. and de12reases by only about 

2 % if A. is changed from 5 to 6. A more serious question is whether 

the statistical-model prediction of l2o/o for the 1-prong annihilation is 

in error. 

An analysis of the ratio of the number of 2-; 4-, and 6 -prongs 

m p- p annihilation also gives a fit to the statistical-model predictions 

for a A. of about 5 or 6. 
38 

21 
The total inelastic cross section for antiprotons on neutrons 

is 0. (p ~ n) = 65 ± 4 mb at 900 Mev. Since this is in a pure isotopic 
1 

triplet state 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 annihilation i,s 20±7 mb. The proton-proton inter

action is also a pure isotopic triplet state, and its inelastic cross sec

tion at 900 Mev is about 25 ± 5 mb. 
3 9 The inelastic p - p eros s section 



-63-

16' 17 at this energy is about 59 :1:: 3 mb; this implies an inelastic p - p 

cross section not due to annihilation of 7±5 mb, which may be dif

ferent from that for the n - p case. 

The total charge -exchange cross section a ::: 7.8 :1::.6 mb 
6 ce 

. . h . 1 1 ' 1 7 Th. 1 . 1s 1n agreement w1t prev1ous resu ts. 1s resu t conta1ns an 

inelastic part due to Reaction (2), which, from statistica 1-mode 1 

argttments, was estimated to be 1.0 ::ll: .24 mb (see Section III~B -1). 
' I 

The.' angular differential cross section for charge exchange da /dn 
ce 

plotted in Fig. 11, also contains this 13o/o inelastic contamination. 

The inelastic differential cross section is probably similar to that for 

Reaction (3), p + p _. n +p + iT which is not peaked as strongly in 

the forward direction. See Fig. 14 for a plot of the c. m. angle for 

the n in Reaction (3). 

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

came off backward in the center-of-mass frame (see Fig. 11). Since 

there are estimated to be 5 or 6 false associations, some or all of 

the backward events may be false. However, the angular distribution 

for the false associations is 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-exchange mode. 

Note that in two cases the n went backward for Reaction (3) (see 

Fig. 14). 

On the basis of the statistical model, 2% of the antiproton

proton annihilations should be 0-prong annihilations. From the total 

number of antiproton interactions, 18728, and the annihilation and 

total p- p cross sections, the predicted number of 0-prong p- p 

annihilations was 216 ± 19. The number of 0-prong p annihilations 

determined from the number of electron-positron pairs (Section III-B-1) 

was 61 ±54. There apparently is disagreement here with the statistical

model predictions for the fraction of annihilations producing all n°'s. 
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APPENDIX A 

Derivation of the For mula for Particle Deflection 

in the Paralle 1-Plate Velocity Spectrometer 

In the velocity spectrometer, crossed electric and magnetic 

fields are imposed perpendicular to the initial beam direction. 

In the laboratory frame, the force on the particle is given by 
-+- _.., _. _,.. 
F = e (E - v x B). If we transform to the frame of reference of a 

partie le traveling with velocity v 0 , we have 

E' = Yo (E 

B' 

- _. -in the approximation that v, E, and B are mutually perpendicular. 

In this frame the particle is at rest and the force is given by 

F' = e · E' = e y
0 

(E - v
0 

B). For a particle to be undeflected, F' = 

0 and E/B = v 0 . For a particle of different velocity F' = e y (E- vB). 

The momentum obtained from this force is p:J_ = F' t' , 

where p_
1 

= momentum perpendicular to the direction of 
I L .r 

t =--
v y ' 

and L = length_ of plates. 

_. 
v, 

6.8 L 
The deflection L8 is equal to p_

1
_/ p , and therefore we have 

1 
y ey (E - vB). If the spectrometer is tuned for v 

0 
, then = 

B 
E = 

and 

pv 

1 

vo 

6.8 = L 
pv 

E(~ __ 1 ) . 
v vo 

Now E is equal to V /d, where V 1s the voltage on the plates and d 

is the distance between plates, and if the velocities are written in the 

form 

v 
f3 = c: ' f3o = 

.. 
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the equation for particle deflection in a parallel-plate velocity 

spectromete.r· becomes 

e V = 
pc d L (~ - ~J 
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APPENDIX B 

Derivation of Scanning-Efficiency Formulae 

Consider two independent scans, where N 1 events were found 

by Scan 1 and N 2 events were found by Scan 2. Of the N 1 events 

found by Scan 1, A individual events were not found by 2, and of the 

N 2 events found by Scan 2\ B individual events were missed by 1. 

Then C = N 1 - A =. N 2 - ~) is the number found by both scans. 

The total number of different individual events found by both 

scans is 

/ . 

·'----- N"'f A + B + C . 
I 

Suppose the actual total number of events (that is events both 

found and not found) is NT then we have 

Where € 1 and €
2 

are the scanning efficiencies of Scan 1 and Scan 2, 

respectively, 

Similarly, (1 - E 1 ) E2 NT = ~:, 

Solving these three equations for E 1 , E 2 , and NT , we obtain 

N = (C +A) (C +B) 
T C 

The combined efficiency E 12 is defined by N = E 12 NT. 

Thus' E 12 = E 1 + € 2 - E 1 E 2 · 

.. 
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APPENDIX C 

Determination of the Number of 'IT Interactions 

Pions could make delta rays with greater energy than could 

antiprotons, Thus those 6 rays on interacting...t.r-acks too energetic 

to have been produced by p were produced by pions, (Muor~s did not 

interact, and the number of K mesons was assumed negligible.) The 

cross section for producing 6 rays was calculated from theory, which 

is known to fit experimental results welL The cross sections for 'IT -p 

interactions obtained from other experimental work were also used 

in calculating the number of pion interactions and the number of pions 

producing 0-prongs, 

If 6 rays on all interacting tracks are considered, the number 

of interactions due to pions, N'IT , is given by 

(C -1) 

'!TO 
where N = the observed number of 0 1 s with energy greater than 

E . on interacting tracks, 
m1n 

N'IT = number of pion interactions, 

P'ITO = probability for an interacting pion to make a 0 ray with 

energy greater than E .. 
mln 

The value of E . must be chosen to be greater than the maximum 
m1n 

0 ray energy that can be produced by an antiproton. 

when 

p"O = (I -e -ncroX) • (C-2) 

n = density of protons in the liquid hydrogen, 

ao = cross section for a pion producing a 0 ray with energy 

greater than E . ' m1n 

x = average path length of an interacting pion in the chamber. 
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'X. 
1T 

1 - ( 1 + L/'X. ) exp (- L/'X. ) 
1T 1T 

1 ~ exp (-L/'X. ) 
1T 

(C -3) 

where L = length of a noninteracting pion pas sing through the cham-

ber; \ = :A.r-
0 

, where 0 ' is the total 1r· -p cross section 
1T n 1T 

1T 

corrected for small-angle scattering, which is not observable in the 

bubble chamber. 
-For the case 'X. > > L, we have x 

1T 
L/2. 

Knowing N'IT() from scanning the film, we can determine the 

number of pion interactions, N'IT . 
1T 

The number of pions producing 0-prongs, N0 , can be deter-

mined from 

N 1T = N'IT 
. 0 (C-4) 

where o
0 

is the cross section for Reaction (9)-~the cross section for a 

a pion to produce a 0 -prong. 

An alternative method for determining N0 1T would be to scan 

for 6 rays on 0 -prong tracks only. Then formulae similar to Eqs. 

(C-1, 2, 3) could be developed to give N01T directly. However, the 

number of 6 rays on 0-prong tracks was much less than the number 

on all interacting tracks; this smaller number would lead to greater 

statistical errors for N
0 

1T than the method described above. When 

this method was· tried, the· results obtained agreed within statistics 

with the results obtained in the other method; however, as expected, 

the errors were much larger. 

J.. ... 
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The pion momentum varied widely, with an average of about 

1.5 Bev/c (see Fig. 4). This corresponds to a pion kinetic energy of 

about 1370 Mev. At this energy the total 1T - p cross section is 

at ( 1T- - p) = 34.5 ± 1 
0 

40 
mb, and the cross section for reaction (9) is 

ao (1T + p ... 1T + n + 1r
0 ) = 4. 7 5 ± 2 5 ·. 41 

The elastic differential cross section at zero degrees, 

da el (0 cleg)/dn = 11.6 mb/sr, was determined from dispersion 

relations. 
42 

Elastic pion scattering could not reliably be seen in the 

bubble chamber for scattering of less than 4.5 degrees. This corres

ponded to a center-of~mass angle of 9.25 degrees. It was assumed 
. 43 

that the differential cross section has the form 

dO - constant · dn- [

J 1 (k R sin 8 )] 
2 

sin B (C -5) 

where k = p c. m. /li is the wave number of the pion in the 1T- p 

center- of -mass frame, and 8 is the center- of -mass scattering angle 

of the pion. R was chosen to be one pion Compton wave length, 

1.41 x 10-
13 

em. .The integral 

9.25 deg 

f ~ dn, with 
dO (0 deg) = · 11.6 mb/ sr, gave a correction for 

dn 
0 deg 

small-angle scattering of 0. 9 mb. Thus we have 

a 1 = 3 4. 5 - 0 . 9 '= 3 3 . 6 ± 1 . 1 m b . 
!Jl' 

(C -6) 

The average path length, L, of a noninteracting pion in the 

useful volume of the bubble chamber was measured and found to be 

62.0 ± .5 m. With these values for Land a 1 Formula (C -3) gave 
1T 

x = 76.9 em= 30.3 in. (whereas L/2 = 31 in.). 

Th · k' t' T max f a th e max1mum 1ne 1c energy, e , or a ray at a 

. 1 f d d . . b 44 
parhc e o mass m an momentum p can pro uce 1s g1ven y 
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2 2 
p c 

2 4 + 2 4 + 2 2 ( 2 2 + 2 4) 1/2 ' me c m c mec p c m c. 

where m is the mass of the electron. 
e 

(C- 7) 

For an antiproton with momentum 1630 Mev/c, the value of 

Temax is 3.1 Mev. However, a large number of Compton electrons 

with about this energy occurred in the chamber, and could sometimes 

mistakenly be connected to a beam track. To remove this possible 

error and errors due to corrections for scanning-table measurement, 
min 

the lower cutoff for 0 ray energy was chosen at Te = 6.0 Mev. 

The maximum kinetic energy for a 0 ray produced by a pion 

with momentum 1500 Mev/c is, from Eq. (C-7), Temax = 109.3 Mev. 

The cross section for production of a 0 ray by~ particle with zero 

spin (the case for n' mesons), is given by 
45 

.da~0 (T rr, T ) 2 2 1 c- 13 2 T:~aj e 2rrZr = m c 
13 2 T 2 dT 

e e e 
e e e 

where Z = charge number of nucleus = 1 for hydrogen, 

r 
e 

13e 

= classical radius of the electron= 2.818x1o-
13 

em, 

= v /c, where v = velocity of the electron. 
e e 

(C -8) 

The integral of Eq. (C-8) from 6.0 Mev to 109.3 Mev gives the 

cross section for 0 rays: ao = 31.6mb. 

The probability from Eq. (C-2) is then 

p rrO = -2 
8.22x10 

l 

' . 
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A little more than one-third of the film was scanned for 6 rays 

with a diameter greater than 0,5 inch, which occurred on interacting 
I 

tracks. The 0.5.._-inch di,ameter corresponded to about 5. Mev/c 

momentum, One hundred events were found, with a combined effi

ciency of 93,6o/o , which indicated that there·actually were 107 events 

(of the 100 events, 21 occurred on O~prongs}. ·Fifty-seven of the 6 rays 

were measured on the scanning table. Optical corrections and cor

rections for loss of energy by ionization were applied. The distribution 

of the number of 6 rays versus momentum agreed within statistics with 

that predicted by Eq, (C ~8}, except at the low-energy cutofL The 

number of events with momentum between 5. Mev/c and 6 Mev/c was 

less than predicted, owing to the corrections applied to the measure

ments. For this reason the low-energy cutoff was taken to be Te min = 

6,0 Mev, corresponding to a momentum of 6.5. Mev/c. Therefore, only 

84.3o/o of the 6 rays were counted, This gave 90 ±: 13 6 rays above 

6.5. Mev/c momentum, of which 19±:5. occurred on 0-prongs. These 

6 rays occurred on a total of 7488 interactions in the useful bubble 

chamber volume, 

The total number of interactions and the combined scann~ng 

efficiencies for the complete sample of fihn are given in Table C -I. 
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Table C-L Total number. of interact.ions 

and combined scann,ing efficiencies 

Total number of interaction Combined 

Interaction corrected for scan efficiency scanning effi

Clericy 

0-prong 2149 0.98 

2 -prong 12831 0.98' 

4-prorig 5992. 0.99 

6-prong 946 0.97 

8-prong 17 1.00 

all interactions 21935 

Considering all 6 _rays, we see that if 90 occurred on 7488 

interactions, then 264 ± 32 0 1 s should have occurred on the 21935 

interactions. From Eq. (C -I), we have 

N 1T 
0 

= 
264 

8.22 X 10-Z 
= 3207 ± 385; then by Eq. (C-4), we obtain 

= 3207 4. 75 mb 

33.6 mb 
= 45 3 ± 61. 

From these numbers, the number of pion and antiproton 

interactions were determined. The results are given in Table C -II. 

Table C '-Il. The number of pion and antiproton interactions. 

0-prong 

All interactions 

Antiproton 
Total interactions Fion interactions interactions 

2149 

21935 

453 ± 61 

320'? ± 385 

1696 ± 77 

18728±412 
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APPENDIX D 

Statistica~-Model Predictions 

. . 46-52 . ' 
Several calculat1ons have been made of the pion multi-

plicity in nucleon-antinucleon annihilation according to the Fermi 

statistical model. The original form for the phase space associated 

with each pion, n d 
3 p suggested by Fermi, 

46 
was not Lorentz

invariant. Numerical evaluation of the phase -space integrals, how

ever, can be greatly simplified if the covariant form 49 - 52 ~. d
3 

p 
is used. Here n, w, p , and fJ. are, respectively, the interaction 

volume, energy, momentum, and mass of the pion. This modification 

seems plausible on the basis of field theory. This covariant form is 

actually the expression obtained from the covariant S-matrix theory 
. 53 

of Feynman if it is assumed that the S matrix for the emission of n 
·. . . ~ 

pions is independent of the energies and momenta of the emitted pions. 

In view of the crude nature of the Fermi model, such a simple modi

fication may not be unreasonable. For these reasons the covariant 

form for the phase space was used. 

With no consideration of selection rules 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 spin state I, 

S (I) =·A G(I) 
n n:- T (E) . 

n 
(D -l) 

Here 11 = c = l, G (I) is the isotopic spin weight factor, A is a constant 

independent of n, and T (E) is the covariant phase-space integral in 
n 

the ~enter-of-mass frame at total energy E. 

T 
n 

n 

i=l 

(D -2) 
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For a particular n and E the only variable parameter in 

Convenient variation of this S (I) is n , the interaction volume. 
n 4 l 

parameter was achieved by setting Q = }.. n0 , where n0 = 3 TT 5, 
fJ. 

(1i = c = l ). Thus n0 is the volume of a sphere with a radius of one 

pion Compton wavelength. 

Equation (D-2) can be written 

where - 2 d 3p = 4rr p dp = wp dw . 

w. 
1 

(D -3) 

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

Lorentz frame, where 

n r 
i=2 

... , 
p. = 0 and 

1 

n 
\ w.~ L 1 = E 1 

, becomes 
i=2 

n 

I 
i=2 

which is just T n-l 
(EI) according to Eq. (D -2). Hence, 

relation is 
wl 

T (E) = 4TT [ pldwl Tn-l 
(EI.) 

n 

{D -4) 

the recursion 

(D-5) 

.• 
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n 
2 

n 
2 -From Lorentz invariance, 

i=2 

coordinate systems. Thus we have 
2 2 2 

(E 1
) ~ 0 = (E - w

1 
) - p

1 
, 

defining E 1
• The maximum energy w1 assumed by particle 1 

corresponds to E' = (n-1)f.1. The upper limit to the integral in Eq. 

(D-5) is then W'1 = E 2
- n (n ~ 2)f.1 . By means of Eq. (D-5), T (E) 

2E n 

can be evaluated successively, where finaUy 

(D-6) 

Thus for a particular energy E and volume factor A. the relative 

probabilities for producing various numbers of pions can be calculated. 

It it is assumed that all individual channels contribute with the 

same weight, to the total transition 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: 

+ 
n + p- 2n + 1T 

The branching ratios have been calculated by Pais
54 

as 2/5 and 3/5, 

respectively. 

The values of T (E) calculated by Desai
51 

and the branching 

ratios evaluated by Pais~ 4 were used to calculate the fraction of 

annihilations occurring by each mode, for values of n up to n = 8 

and for various values of A. and E. (The annihilations with n 

greater than 8 is less than 1o/o.) These calculations were performed by 

an IBM 650 program called PASBAR. This program also determined 

the average pion multiplicity, the ratio of the number of charged pions 

to neutral pions, and the fraction of annihilations giving 1-, 3-, 5"", 
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+ and 7 -prongs (a 1-prong corresponds to one charged pion, a lT ). In 

addition, the number 

K(E) = 
1 

(D-7) 
fraction of 3 + 5 + 7 prongs ' 

which is the correction for unobservable l-prong annihilations, was 

also calculated. In Fig. 9, K is plotted as a function of antineutron 

laboratory-frame kiri.etic energy for A = 5 . 

The ratio of the number of 5 -prong to 3 -prong annihilations as 

a function of antineutron laboratory~frame kinetic energy is plotted in 

Fig. 8 for various values of A . 

The momentum distribution for one of the pions in an annihi

lation producing n pions can be obtained by simply not performing 

the first integral in Eq. (D-3). 

{IT 
i== 2 

From Eq. (D-1) and (D-8), 

w .. 
1 

dS (E) 
n 

n n 

-I + 

i=2 

(D-8) 

can be obtained. The momentum 

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

=L f 
3,n 

dS (E) 
n 

(D -9) 
n 

where f 3 is the fraction of the n pion annihilations givbf?.g 3-prong 
,_n 

stars A similar relation gives the momentum distribution of pions in 

5 -prong annihilations: 



r 
f 
5,n 
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d S (E) 
n 

The f
3 

. and f
5 

are determined from the PASBAR outpuL 
, n , n 

(D-10) 

Equation (D-8) was evaluated by an IBM 709 program called 

ADEIMANTUS, for values of n up to n = 8. ADEIMANTUS used 

the Monte Carlo method to evaluate the integrals, because a normal 

numerical integration for the larger n values would have required 

too much computer time. 

Momentum distributions thus calculated, for A = 5 . and A = 6 

and an antin:eutron lab kinetic energy of 900 Mev, are given in Figs. 

16 and 17, for 3 -prong and 5 -prong annihilations, respectively. The 

curves have been normalized to the numbers of pions observed. 
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