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ANTIPROTON ANNIHILATION AT REST IN DEUTERIUM'~ 

W. Chi now sky and G. )Kojoian t 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

November 3, 196 5 

SUMMARY 

Annihilation of antiprotons at rest in the Lawrence Radiation Labora-

tory's 15 -inch deuterium-filled bubble chamber has been studied. Particular 
. . ' 

.. ·-. . 
emphasis was on investigation of the characteristics of the antiproton-neutron 

annihilations. With a total of 2071 observed events, the ratio of the number 

of annihilations on protons to that on neutrons was found to be 1.33::1::0.07. The 

observed momentum distribution 9f·pr·oton .recoils racc<;>mpanying th~ neutron-

annihilation products deviates strongly from the deuterium internal-momentum 

distribution and cannot be explained by final-state pion-proton interactions. 

Three -body effects are considered. Multiplicity and momentum cl.istributions 

of the annihilation products are in agreement with predictions of a Lorentz-

invariant phase -space model with an interaction volume of radius about 2.2-

pion-Compton-wavelengths. Annihilations yielding K mesons accounted for 

0.05±0.01 of the neutron annihilations . 
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1. Introduction. 

The antiproton-annihilation process at rest has been extensively studied 

in hea_;y elemerits( 1 , Z), arid in hydrogen( 3 , 4 ). The results show a dominance 

• · ~.. of statistical factors. An important conclusion for the understanding of the 

·.I 

_ ... · 

'.'." 

dynamics of the annihilation is that in proton annihilations at rest, essentially 

all absorption takes place in the S state of protonium. This is the only "selec-

tion rule" e~tablished as yet. A possible dependence on isotopic spin can be 

established by studying the ch-aracteristics of the antiproton-neutron annihila-

tion. To this end, we present here some features of antiproton-deuteron anni

hilations (S). 

1_ • 

2. Exe;rimental arrangern~nt. 
. .·. 6 ' ' 

A separated beam() of 790-MeV/c antiprotons was slowed down by 

suitable absorbers and brought to rest in the Lawrence.Radiation:Laboratory 

15;.;.izich deuteriurri•filled bubble-~c-harilber~-') in a magnetic field of 12.3 kilogauss. 

The intensity of the. beam was 1 p per 12 pictures with a J:>ackground of ~ 1 

light track per picture. A total of 40 000 photographs yielded 2578 annihilation 

events within a restricted fiducial volume of the chamber, so chosen that 

tracks in a well-illuminated portion of the chamber were long enough for esti-

mating bubble density and thus identifying protons among the annihilation pro-

ducts. All film was scanned twice and all events were measured with a digi-

.~ .'-. tized measuring projector, "Franckenstein." Background tracks were easily 

separated from the much more heavily ionizing antiproton tracks,. and thus 

were not a source of confusion. 

\.' 

3. Results: Ann~~hatio~s at rest. 
~-. ~ 

'.:. 

3. 1 Ratio 'ibf neutron to proton annihilations.-Annihilations produced 

by antiprotons at rest in deuterium represent, in fact, the great majority of 
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observed events. Such events were selected by requiring consistency of the 

measured initial momentum of the incoming antiproton with that inferred from 

the length of the track. All events with the measured p momentum within two 

standard deviations of the momentum inferred from range were included in 

this sample. The scatter plot of Fig. 1, showing the inverse of initial momen-

tum vs length of track, clearly indicates a strong clustering of events near the 

locus expected for interactions of ·particles at rest. It is estimated from this 

plot that our. sample of 2071 events at rest, of a total of 257 8 events, includes. 

less than 5% events in flight. Events with identified strange particles, not 

included here, are discussed separately below. 

Of these annihilations at rest, 468 events had an odd number of charged 

prongs with total charge -1. These events presumably also include a recoil 

proton of momentum < 80 MeV I c, insufficient to produce an observable track. 

Deferring the question of possible three-body annihilation effects, we consider 

these unambiguous examples of antiproton-neutron annihilations. In addition, 

among the events with zero total charge in outgoing prongs, 263 had positive 

tracks which stopped in the chamber and were identified as proton recoils. 

Further, 159 contained a proton identified on the basis of bubble density; this 

type is subject to error due to possible inclusion of pion t;racks .with large dip 

+ angle and of K tracks. The distribution in dip angle of these tracks is, how-

ever, quite consistent with that expected from isotropy. Indeed, only 10 of 

the proton tracks had dip angles greater than 70°. The contamination of pions 

in this sample is thus considered negligible. It is known{4 ) that K mesons are 

produced in 6.8% ofpp annihilations at.rest. Assuming that:::: one half oLsuch 

stars yield positiveiK mesons, we expect than some 40 K+' s to be produced. 
;. ~ ,, 

Of these, only thol~ with mome~ta from about 300 to 500 MeV I c might be 
•; '.·~ 

confused with protJns. A phase -space distribution of momenta implies that 

• •. 
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in this region will occur about 40% of the total of positive K mesons produced, 

so that perhaps 16 K+' s are possible contaminants. In fact, 10 K+' s were 

+ 
identified in this momentum region, so we estimate 6 ± 3 K · 's included in the 

• sample of tracks called protons, distributed approximately uniformly from 
"· 

.) .. •. 

... 

·. ~ 

300 to 500 MeV /c. Thus, the observed spectrum is not much distorted by the 

inclusion of misidentified positive K mesons. 

With these 890 examples of annihilations on neutrons and 1181 on 

protons, we obtain for the ratio of a~nihilation rates R(pp)/R(pn) = 1.33 ± 0.07, 

including 62 zero-prong events. This result is insensitive to effects of pion-

nucleon final-state interactions. - 0 Charge -exchange reactions rr p _.. rr nand 

0 + "h'l ' ' 1 1....- . ' 1 'IT p .... 'IT- n cause a neutron ann1 1 atlon to s1mu ate a proton aw:sorpt1on, w 1ereas 

th ' . fth ' 0 - d + 0 
e oppos1te lS true o e reactlons 'IT n .... rr p an rr n - 1r p. All these re-

actions may be expected to proceed at approximately equal rates. The over-

all n-p "exchange" rates may then be qualitatively estimated for the five-pion 

state, the dominant configuration. With the assumption of a statistical distri

b~tion of charges(?)' the pp annih1iation yields, on the average, 1.6 rr+'s, 1.6 

-, d 1 8 o, d h - 'h'l . . ld 1 2 +, 2 2 -, d 1 6 'IT s, an . rr s, ant epnann1 1atlony1e s . rr s, . rr s, an . 

1r
0

' s. With these fluxes the neutron-proton exchange is essentially zero. A 

more realistic calculation can not be expected to yield much more than a few 

i 
percent effect, since it is known that deviations from the statistical model are 

not large. 

This ratio of the rates of proton to neutron annihilations is determined 

by the isotopic-spin dependence of the annihilation matrix element, because 

the pp system is an equal mixture of T = 0 and T = 1 states but the pn system 1s 

,. . 
T = 1 only. The coihplexity of the situation unfortunately precludes the possi-

. . \t 
bility of an unamb.ig_}'lous determination of the relative rates of annihilation in 

'i:\'1 .. 

the two isotopic-split states. I£ one makes the simplest assumption-that the 
/:: 
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pp rate is a statistical sum of the T = 0 and T = 1 rates -then one sees that 

R(pp} = 1/2 R(T = 0) + 1/2 R(T = 1}, .and the pn annihilation rate R(pn)::: R(T = 1}. 

For annihilation into a state of n pions, the relative rate, within the framework 

of the statistical model(B), is then: 

Rn (pp) 
p =--

n R. (pn) 
n 

= 
1/2 N (T = 0) IM (0) 1

2 + 1/2 N (T.= 1) IM {1) 1
2 

n n ·. n n 

where M (O) and M (1) represent effective matrix elements for transitions in 
n n 

the T = 0 and T = 1 states, averaged over the various final-state configurations. 

The weight factors N (T = 0) and N (T = 1) are the number of li:t:1early independen~ 
. . n n : . 

states constructed of n pions, these states being characterized only by the total 

isotopic spin. Since attempts to calculate such factors in modified statistical 

models including conservation laws other than momentum and energy(B~ have not 

been .successful, we use a simple enumeration of the number of such states 

· independent of the quantum numbers (other than isotopic spin) characterizing· 

the particular configurations. These are listed in Table I(9 ). If the matrix 

elements were independent of isotopic spin, the statistical ratios, p stat; shown 

in Table I, would follow. It is seen then that pstat is relatively independent of 

n, so that a net ratio pstat::: 0.71 would be expected; this ratio is inconsistent 

with the observed one. From the result above, p = 1.33, we conclude that 

R(T = 0) = 1.66 R(T::: 1). 

The applicability of a simple statistical model is, of course, quite 

dubious, as is also the naive description of deuterium annihilations in terms 

of two-body annihilations. Further, the effect of the pp Coulomb attraction 

"' may be expected t4i increase the proton annihilations. The significance of 
1;; 

} . ; ; 
this result· is therefore somewhat obscure. Note, however, that a similar . ' 

J ~·.i i 
'i 
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.. 
TABLE L Ratio for annihilations into n pions. 

~ ,, 
N N(O) N (1) Pstat n 

·, 2 1 1 1.0 

3 1 3 0.67 

4 3 6 0. 75 

5 6 15 0. 70 

6 15 36 0. 71 

7 . 36 91 0. 70 

.. ·•;, 

;. 

·~· 
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conclusion-annihilation from T = 0 states dominates -·has been drawn from 

. - . 0 0 b c 1 ( 1 0) observatlon of the process p + p- p + ;r y CHADWI K eta • . 

3.2. Prong multiplicity and momentum distributions. -The multiplicity 

distribution of the observed charged prongs is shown in Fig. 2. The average 

number of charged pions in the proton annihilations is 3.03 ± 0.10; in the 

neutron annihilations it is 3.11 ± 0.12. In common with earlier results on 

p-p and p -nucleus annihilation~ 1 - 4 ), these distributions require a large inter-

action volume to be in agreement with predictions of the statistical model. 

Again, an interaction volume with radius about 2.2-pion-Com.pton wavelengths 

yields results in agreement with observation. 

Momentum distributions of the charged pions resulting from the ob-

served neutron annihilations are shown in Figs. 3 and 4. Corresponding 

momentum distributions of prongs from proton annihilations are essentially 

. identical to those observed in antiproton annihilation on free protons(3 , 4 ), . 

and so are not shown here. We emphasize that we have plotted the momenta 

calculated directly from the measured track curvatures, without using the 

common technique of adjusting measured quantities to obtain a statistically 

best fit to the kinematic equations of energy and momentum conservation. 

··. 

This procedure, for almost all the events here, did not unambiguously determine 

the number of unobserved neutral particles produced in the annihilation. The 

measured quantities could not, therefore, be constrained by the conservation 

equations. For this reason the errors assigned to the momenta of the prongs 

are rather large, on the average± 15%, and vary greatly with position in 

chamber, dip angl~, and length of track. In making the distributions of Figs. 
~· ~: 

3 and 4, no restri~t,ions were put on track quality, but all events were included 

. which showed a rnbAsurable curvature. 

~ 

i.,. 

f' 
'I 
J' 

! ; 
I 
i 
I 
I 
t' 

j 
J 
<.· 
I 

-' 

I. 

r 

,. 

' .,. 
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Plotted in the figures are the momentum distr'ibutions expected from 

the statistical model mentioned above for annihilation on neutrons at rest. 

The agreement is rather good for both the three -prong and five -prong annihi-

· · \; lations. ,In a few cases there resulted pions with momentum greater than 

that kinematically allowed in annihilation at rest. Because of the poor meas-

urement accuracy, we cannot conclude, however, that these resulted from 

three-body annihilations, or from high-momentum components of the neutron 

internal-momentum distribution in the deuteron. Indeed, without exception 

these tracks were of very poor quality, and their uncertainties were so large 

that the measured momenta are consistent with being less than the indicated 

kinematical upper limit. Thus we ar.e not able f<r.om these distributions to 

estimate the fraction of deuterium annihilations that should be considered 
. ,,. 

. '!"; 
examples of three-body interactions . 

Results of a search for pion-pion correlations among the annihilation 

products are shown in the effective-mass distributions of Fig. 5. Again, in 

the calculations of effective mass we used measured, not fitted, quantities 

and so the mass resolution 1s poor. Also, because of the dllficulties in fit-

tin:g:~o par.ticular.hypothe~es ;of _number.of partiCles,,, it was not feasible to 

search for unstable particles with neutral decay products. No significant 

deviations from the phase-space distribution of Fig. 5 are noted, so resonant-

state production is small. It is clearly not possible to put meaningful quanti-

~ ... tative limits on p 
0 

or £0 
production in these annihilations because of the poor 

.: : 

mass resolution and the limited statistical accuracy. 

3. 3. Five-prong annihilations and selection rules. -It has been 

·demonstrated that antiproton annihilations at rest in hydrogen proceed pre

dominantly from Ji-~tates(4 ). As pointed out by BERMAN and OAKES(11)' this 
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fact~ may imply that antiproton annihilation proceeds. via an intermediate 

vector meson. If this rule is generally valid, the process 

p + n - [odd number of pions] is forb.idden. 

To test this hypothesis we analyzed events with five charged pions 

and visible proton recoil to determine the number of neutral pions produced. 

A total of 67 such events were fitted to the hypotheses that the final state 

contained zero or one neutral pion, these being four constraint and one con-

straint fits, respectively. We separated the two groups on the basis of 

goodness-of-fit and missing-mass values. Chi-squared distributions are 

- - + shown in Fig. 6 for 15 events classified as examples of pd ..... 3'TT' + 2'TT' + p 
1 

- + 0 and 39 of 3'TT' + 2'TT' + 'TT' + p. In Fig. 7 we plot the distribution in the missing 

mass for all the five-prong annihilations, showing the separation of events 

classified as having zero, one, and two-or-more 'TT'
0
's. We find O'TT' 0/1'TT' 0/~2'TT' 0 

to be equal to 15/39/13. The corresponding prediction of the statistical model 

with interaction radius r = 2.15 i't'TT' is 26/33/8, if contributions from states 

with ~ore than seven pions are neglected. The observation deviates from the 

statistical prediction but the disagreement is not overwhelming. In particular, 

it is clear that events with a single 'TT'O are not highly forbidden. It would 

appear that annihilation via an intermediate vector meson is not the only 

process involved in the p-nointeraction. Because of the motion of the neutron 

in the deuteron, these annihilations are not at rest; therefore, some p-state 

annihilation. may be expected and the relevance of the model is somewhat 

obscure. 

3.4. Prot<;>r£-momentum distribution. -This discussion has proceeded 
;~t1 

on the assumptio~ tqat effects of the presence of the second nucleon do not 
·~; . 

contribute to the ci~ihilation dynamics. We may then expect the momentum 
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spectrum of protons from the reaction p + d- mr + p to have a shape corre-

spending to the deuteron-momentum-space wavefunction. In Fig. 8 we show 

the observed distribution for those protons resulting from the annihilations 

into three and five charged pions. Events with single pions have not been 

included because that group is more subject to bias in·favor of higher momenta 

due to inclusion of misidentified positive pions among the much more numerous 

two-prong annihilations. Also plotted for comparison is the momentum dis-

tribution calculated from the phenomenological ground-state deuteron wave

function of ERIKSSON, HULTHEN, and JOHANSONS.~i 2)). ·The observed: 

shape is in poor agreement with this deuteron''' internal-momentum distri-

bution, with an impressiv:ely large excess of high-momentum protons. As a 

measure of the ,deviation, note that of the 732 protons included, 165 had 

momenta greater than 200 MeV/ c, although only 40 are predicted on the basis 

of the "Hulthen" function. As discussed in Section 1, this distorted shape 

. cannot be accounted for by a background of misidentified annihilation products. 

We conclude that the simple impulse-approximation model, with the second 

nucleon a spectator to the annihilation interaction, does not completely de-

scribe the p~deuteron ari.nihilatio~_proce·ss. 

We .cons_ider how some secondary effects in an attempt to understand 

the shift toward high momentum . 

3. 4. 1. Final-state interactions - nucleon isobar production. -To 

estimate the effect of the resonant rr + -p interaction in the final state, we ap·

plied a· theoretical model of GILLESPIE ( 13 ) to the particular reaction 

p + d - Srr + p. .A detailed discussion of the technique used to calculate the 

proton ·spectrum ik~iven in the Appendix. The essential point is L'-le assump
~; 1~,~ ·;~ 

tion that the primfry reaction proceeds according to the statistical model with 
I . 
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the initial neutron momentum taken into account and o'verall energy-momentum 

balance required. The rate of annihilation into a particular final state is then 

weighted by a function of the pion momentum to strongly enhance the yield 

when the energy of the pion-proton system is near resonance. Our calculation 

overestimates the effect because the same weighting factors were used for all 

pions, independent of their char.g~s. In Fig. 9 we show the results of the Monte 

Carlo calculation of the proton-momentum spectrum, including final-state 

interactions, together with the phenomenological deuteron internal-momentum 

distribution. The shapes are not much different, with no d1splacement toward 

higher momenta present in the distribution that includes effects of final-state '· 

interaction. Rather there is an enhancement near 140 MeV. It is perhaps 

tempting then to identify the deficiency of proton recoils in the region near 

160 MeV/c (see Fig. 8) as an effect of the final-state interaction, but it is 

difficult to draw any conclusions about the shape of the spectrum below :::: 150 

MeV /c because of observational difficulties and serious measurement biases. 

In any event it appears that the excess of high-momentum. protons does not 

result from the pion-proton interactions in the final state. 

A different method of consideration of pion-proton interactions is to 

describe the annihilation as proceeding partly via the reaction 

p + d ... nrr + 

1T • 

To calculate the proton spectrum resulting from the isobar decay, we have 

used a statistical m,odel for isobar production and assumed isotropic decay of the .,~ 

~~~ . . 
excited nuCleon. ~br the state of four pions and excited nucleon we obtained the 

~ " -... . ~ 

spectrum shown ik':Fig. 10. Again quantitative agreement with the data is poor, .. 
-~~; 

although it is clea/:ihat isobar formation in three -body annihilations will yield 



/, 
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protons o£ very high momentum. Should such processes occur, the distri-

bution of effective mass o£ pion-proton pairs may be expected to peak near 

1238 MeV. Also, since the resonance is in T = 3/2 state, the p-'TT' + state .. 

should be produced more copiously than the p-'TT' one. The observed distri-

butions are shown in Fig. 11. + -No peaking is observed; the 'TT' p and 'TT' p 

effective-mass distributions are essentially identical. Since the phase-space 

effective-mass distribution peaks at :::::1200 MeV, the latter fact is considered 

more significant. These distributions are then consistent with zero isobar 

formation and indicate that this is not a;major contributor to the annihilation. 

! 
3. 4. 2. Three-body antiproton interactions. -The initial state of 

antiproton and .deuteron should be described by a wavefunction·appropriate 

to the three -body system of antiproton, proton, and neutron. Then, in the 

spirit o£ the impulse approximation, the proton-momentum spectrum will be 

given by the corresponding momentum-space eigenfunction. To make such a 

calculation is a formidable, if not forbidding, task. Recently, progress has 

··; been made in the theoretical description o£ the bound state o£ three nucleons (i 4 ) 
• .. • 

-:.··: 

·.'·; 
"" ·. r~. 

.. <~ 

.·.I 

with indications that, simple functions may be used for the wavefunctions. Thus, 

L; 
a symmetric Gaussi~n form 

with r .. = r. - r. may be considered. It yields a nucleon momentum-space 
~lJ ~l ~J 

wavefunction also Gaussian in shape-l\J(k) = constant X exp(-k
2 

/4a.·
2

). The 

momentum distribution is then given by 
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Such a function will not fit the observed distribution. · Its peak is at k = '-JZ a:. 

Thus by appropriate choice ·of a we may account for a high-momentum tail 

superimposed on a. "Hulthen" distribution. In the pre sent case, an average 

two-nucleon separation r = 6 X 10-
14 

em in the three-'body nucleus yields a 

peak in the nucleon-momentum spectrum at 300 MeV/ c. Qualitatively we 

may say then that should the antinucleon cause a compaction of the initial 

-14 I system to distances of order 6 X 10 .em, recoil'·mornenta of.order 300'¥eV c 

are to be expected. 

The simplest approach to the three-body syste_m is again to use a 

statistical model to describe the process p + d - p + mr. To r,nake definite 

"· predictions, an interaction radius, or equivalently an average multiplicity, 

must be assumed. It is sufficient for the annihilations beirig considered, 

into three and five charged prongs, for one to examine the distribution re-

sulting from a five-pion annihilation, shown in Fig. 12. Again.it is clear 

that the fit to the data is not good, e~:lthough as before, we may perhaps 

assign the high~st momenta as "three-body" annihilation products. For com-

pleteness we remark that the statistical model which yields agreement with 

the data, assuming the spectrum to be a simple sum of "two-body" and · 

"three -body" ~istributions, would also lead to the prediction of annihilation 

into::::: eight pions. In this case, the proton-momentum spectrum has a maxi-

mum at P = 340 MeV /c. It is difficult to reconcile such a dominant process p . 

with the. lack of seven- and eight-prong events. 

In concluding, we emphasize again that it is not possible to treat the 

three -body system rigorously, so the arguments about detailed shapes of the 

proton-recoil spectrum must be considered descriptive only. In this sense . '"\' 
'h 

~~ ., "., 

we cannot reject t}1e notion that these high-momentum recoils, some 20% of 
. ·. ·~~ 

-~ 

\. 
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the events, result.in some complicated manner from a simultaneous interaction 

of the antiproton with both nucleons . 

If speculation is allowed, we suggest that the observed distribution may 

be considered the sum of three s~parate functions resulting from two -body 

annihilation, three -body c:rnnihilation, and also, in some fraction of the annihi-

lations, from an initial state best described as a "bound" state of p and n, 

with a spectator proton. The annihilation is then that of the bound state, the 

recoil proton having the momentum appropriate to the reaction 

P' + d .... [pn] + p 
bound 

at rest. Giving the value P = 300 MeV/c, consistent with the spectrum of Fig. 
p 

··-
8, we arrive at a mass of M-·· = 1803 MeV.for the pn system. With present 

theory it is not possible to rule out the possible existence of such a bound state, 

to estimate its binding energy, nor, in the present situation, "to determine to 

what extent such an object would be formed; this then is a speculation suggested, 

but not required, by the data. 

3. 5. Strange ~particle production. -Strange particles among the annihi-

lation products were identified 'in 82 events. Among these were examples of 

observed K-meson pairs and single-K mesons, as listed in Table II, and six 

0 
i\ hyperons which, within the accuracy of measurement, appeared to originate 

at the annihilation vertex. Positive K mesons were identified by their decay 

(four events) and from bubble-density estimates; the K- sample includes decays 

(three events), secondary interactions producing hyperons (five events), and 

those identified by. Subble density of tracks. ,,. 

With the ndnlbers given in tne seven event-type groups of Table ll, it is 
:.~ 

in principle possiSle to determine both the detection efficienciy for the K mesons, 
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TABLE II. Observed K-rneson annihilation products. 

K+ K+K 0 K+K- K K -K1 
0 

K1 
0 K OK 0 

1 1 1 

Neutron 
annihilation 6 2 3 4 4 9 0 

Proton 
annihilation 10 ·1 3 13 7 11 3 

• 

\ 

-
y 

f' 

> 

' 

., .·,; 

i 

! 
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and the branching ratios for the four reactions, i.e. ,those yielding K+KO, 

- 0 + - 0-0 . K K , K K , and K K . Such a procedure gave inconsistent results with 

the present data, pr~sumably because of statistical fluctuations in this small 

-~ sample. Instead, comparing the observed momentum distribution of charged 

K mes·ons:with that for neutrals, we estimate the detection efficiency for K+ 

arid K- to be .E :1:: = 0.5 :!:.0..2.. The stated error arises from the statistical un

certainty and a crude estimate of ·the effects of bias in identifying K me sons 

in the large "background" of pions and protons. 
0 . 

For K mesons we assume 

the detection efficiency to be simply the product of the probability of decay 

within the fiducial ~·olume,. E {) =. 0~ 9:1:: 0.1 and the branching ratio for 'IT+ 'IT

decay,,. 0.33~ ·· .. Thus we obtaiT;l tP,e fractional rates for annihilations yielding 

K mesons, -' 

Rk {deuterium) = 0. 059:1:: 0. 011 

Rk (protons) = 0.064 ± 0.014 

· Rk (neutrons) = 0.051 ± 0.013 

These total branching ratios and the assumed detection efficiencies are con-

sistent with branching ratios between 0.01 and 0.02 for each of the four modes 

above~ Thus, the K-meson production rates, within the errors, are the same 

for proton and. neutron annihilation. · 
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APPENDIX 

. Calculation of final-state interaction effects 

We consider the annihilation reaction in deuterium yielding n pions 

and a proton. We assume that the proton is a spectator to the process of 

annihilation on the neutron in deuterium. The Cil"Oss section for production 

• ofn pions with momenta in dSa_ and a proton with momentum in d9_ may be 

written, to within a normalization factor, as 

n n 

dO' =f!t dSa_ 
a=1 w~ 

dQ 

EQ {&1 
Sa+ 9) o(L w" + Ea-

.. a=1 

where wa:• EQ are the total energies,' of the ath pion and the proton, respectively, 

and Mp' Md are the antiproton ~nd deuteron masses. The symbol '5 fi repre

sents the transition-matrix element betwe.en initial and final states. The 

. momentum-space deuteron wavefunction may be factored from the matrix 

element --

The annihilation dynamics and the.fina.l-state -interaction effects are included 

now in the matrix e~ement F fi" Thus, the momentum distribution of the 

spectator proton that resulfs is 

2 n 
P(Q)= ~~d(Q)j2~ (n 

aJa=1 
dSa_ 

w a 

n n 

o(~i.Sa + 9) o ((;
1 

w" + E0 -Mp 'Mo) iFni
2 

Note first that with'\a statistical model-i.e. j Ffi 1
2
- is constant-the proton 

' i 
momentum distri~ution is not given by the deuteron momentum-space wave

~~ 

function, but is rJbdified by the final-state phase-space factors. This is, of 
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course, a result of the requirement·of overall energy-momentum conservation 

and is not a dynamical effect. Among the final-state interactions, only the 

rr-p resonant interaction in the T = 3/2, J = 3/2 state is considered. Further, 

we neglect isotopic spin and construct the same enhancement factor for each 

pion, independent of the charge. We put .then 

where G(wf3) is a weighting factor for the ~th pion, due to the resonant final

state interaction. As given by GILLESPIE(i
2

), these are 

where wf3 is the total energy_, tJ.f3 is the mass of the ~th pion, and o(wi) is the 

phase shift for rr-p scatter"ing in the 3/2-3/2 state at pion energy w'. 

For present purposes a sufficient fit to the measured phase shifts is 

. -3 2 . 
given by the function o(w) = 2.31 X 10 (w-tJ.) for w < 360 MeV and o(w) = 180 

li-83.3/ (w-f.!.)) for higher energies. With these choices, the w~ight function 

G(w) shown in Fig. 13 results. To calculate the proton-momentum distri-

bution, we used a Monte Carlo technique for the particular state of five pions 

and recoil proton. Events were generated so that the momenta of all particles 

were distributed according to phase space only. Each event was then weighted 

by the value of the deuteron wavefunction squared for a proton of the given 

momentuf!l, again with the deuteron wavefunction of ERIKSSON et al. (H).· The 

modified distribut~~n so obtained was almost indistinguishable from the initial-
~;·,;; 2 2 

state function ~~d(Q)! Q and so is not shown. To include the effect of final-

state TT-p interactions, as calculated above, we weighted each event by the 

' 

L 
' ' . 

J 

' ·[ 

,. 

·t • .' 
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n· 

product of ~~d(Q) 12 
and the weights n ,G(wf3) for the·energies of the pions 

13= 1' 
generated by the Monte Carlo technique. In Fig. 9 we show the histogram of 

events generated in this way, and for comparison the "Hulthen" distribution, 

together with the experimental results. 
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FIGURE CAPTIONS 

Fig. 1. Scatter plot of inverse of measured initial momentum versus observed 

length of each antiproton track which terminated in an annihilation event. 

The solid curve shows the expected behavior, deduced from the range-

energy relation, for annihilations occurring at :test. 

Fig. 2. Multiplicity distribution of the charged-pion prongs in 2071 antiproton-

deuteron annihilations at rest. Events with identified K mesons are not 

included. 

Fig. 3. Momentum distributions of (a) negative pions and (b) positive pions 

I 

produced in antiproton-neutron ~nnihilations yielding three charged pions. 

The smooth curves superimposed on the experimental histograms show 

the distribution given by Lorentz -invariant phase space. 

Fig. 4. Momentum distributions of (a) negative pions and (b) positive pions 

produced in p-n annihilations yielding five charged pions. The distri-

butions given by Lorentz -invariant phase space are superimposed upon 

the .experimental histograms. 

-L 

Fig. 5. Effective mass of 'T1' ·71'- pairs produced in p-n annihilations yielding 

(a) three charged pions and (b) five charged pions. + -All possible 'T1' 'T1' :: 

combinations were used for each event. The smooth curves show the 

distribution obtained from the statistical model. 

Fig. 6. Distributions in X 
2 

for (a·) 39 events identified as annihilations ';' 

yielding five charged pions and an unobserved missing Tl'O and (b) 15 

examples of five-charged-pion annihilations. The sample is restricted 

to events containing an observed proton spectator. 
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Fig. 7. Distribution of missing mass (J (missing energy)
2

- (missing momentu~)z) 
in 67 examples of p-d annihilations yielding five charged pions and a proton 

spectator. Identification of the number of missing ;r
0

' s is shown by the 

appropriate shading in the histogram. 

Fig. 8. Momentum distribution of observed, identified proton-spectator tracks 

resulting from p-d annihilations into three and five charged pions. The 

smooth curve is the nucleon internal-momentum distribution obtained from 

a "Hulthen" deuteron wavefunction. 

Fig. 9. Observed momentum spectrum of proton spectators in p-d annihilations 

into three and five charged pions compared with a calculated distribution 

in which the resonant pion-proton interaction in the final state of five pions 

and a proton was taken into account. The latter is shown in the dotted 

histogram, a result of a Monte Carlo calculation. For comparison, the 

"Hulthen" spectrum is shown also 

Fig. 10. Calculated momentum spectrum of protons resulting from decay of 

N':'(1238) produced in the annihilation reaction p-d _.. N::: + 4;r proceeding 

according to the statistical model. The N:;: decay is assumed isotropic in the 

•'• 
N.,. rest system. 

- 4-
Fig. 11. Effective rhass of (a) p ;r and (b) p ;r' pairs of particles produced in 

the antiproton annihilations on deuterium yielding three and five charged 

pions in the final state with an identified proton-spectator track. 

~~ Fig. 12. Phase -space distribution of momentum of protons produced in the 

assumed annihilation reaction p + d _,. S;r + p. 

Fig. 13. Weighting factor enhancing the yield of pions, in p d annihilations, 

at momenta nel:ir that of the final-state ;r_p resonant interaction. 
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