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ANTIPROTON ANNIHILATION AT REST IN DEUTERIUM*
W. Chinowsky and G. —Kojoian_T
Lawrence Radiation Laboratory
University of California

Berkeley, California

November 3, 1965
SUMMARY

Annihilation of antiprotons at rest in the Lawrence RadiatiQVnIL’a'bor-a‘- ,
tory'vs 15-inch deuterium-{illed bubble ’chamber,hvas Beeﬁ sv'tudi‘e:d.‘ ".‘Pax‘vti‘fcula‘r‘
empha’.sius was on investigatioﬁ of._thev characteris.t_i‘c‘s_.‘of th_e ar;’t.;‘ip.x"lct).td:n»‘-j.r_léutfo.x_x‘ :
annihilations. With a toté.l of 207{ observéd evénts, Z_thé'_xz'é'.tic;bf fh:e number ‘.
of annihilations on protons to that on neutrons §vas fogna to be‘i-.33:!: 0.07. The
observed momentum distribution _of-p’r-o,toﬁ -'r'éé:oiilsf-’accompér_xyivn'ga the neutron- .
annihilation products deviates strongly from the deuterium intefnal-m’émentum
distribution and cannot be explained by final-state p-ion-'protén'interactions.
Three-body effects are considered. Multiplicit_yv and moméntum distriﬁ'utions
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 elemeﬁts(i’ 2), ‘and in hydrogen(3’ 4). The results show a dominance
of _statis.ticval factors. An important conclusion vfor the understanding of the
dynamics of the annihilatidn is that in proton annihilations at rest, essentially
all absorption takes place in the S state of protonium. This is the oﬁly "selec-
tion rule" e'stablishedbabs yet. A possible dependence on isotopic spin can be
established by studying the characteristics of the antiproton-neutron annihila-
tibn. To this end, we present here some features of antiproton-deuteron anni-

(5)

hilations ™', = | - o

2. Expe'riment'al arrangement.

A separated beé.m<6) of 790-MeV/c antiprotons was slowed down by

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

" 15+inch.deuterium-«filled bubble.chamber?> in a magnetic field of 12.3 kilogauss.

The intensity vof the beam was 1 5 per 12 pictures with a background of =1
light track per pictﬁre. 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-
matinglbubblg density‘;nd thus identifying protons among the annihilation pro-
ductg. 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.

llations at rest.

3. Results: Annfi:

3.1 Ratio '6f 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. Su‘cvh events were selected by requiring consistency of the
measured initial momentum of the iné:oming antiproton with thaf inferred from
the length of the track. All events with the measured P momentum within two
standard deviations of the momentum inferred from rangé were included in
tl'_mis 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 nee.u' the
locus expected for interactions of particles at rest. It is estimated fron‘a this
plot that our.sample of 2071 events at rest, of a total of 2578 events, includes
less than 5% events in flivght., Events with.identified strange particles, not
included here, are discussed éeparately below. | ' R | /

Of these annihilations at rest,l 468 events had an odd number of chargedv
prongs with total charge -1. .These events presﬁmably also iﬂclude a recoil
proton of momentum 2.80 MeV/c, insufficient to produce an observable track. -
Deferring'.che question of possible fhrée-body annihilation effects, we consider
these unambiguous exarnplé_s of antiproton-neutron annihilations. In addition,
among the events with zero total charge in‘ outgoing prongs, 263 had positive
tracks which stopped in thé chémber a‘nd‘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 tracks with large dip
anglg and of K+ tracks. The vdis_tribution in dip angle of th_ese tracks is, how-
ever, quite consistent with that expected from isotropy. Indeed, only 10 of
the proton tracks had dip a!nglesI greater than 70°, The contamination of pions
in this sample is thus consiéered negligible., Itis known(4) that K mesons are

produced in 6.8% of [Je) annihiiations at.rest. Assuming that ® one half of:such

stars yield positive;K mesons, we expect than some 40 K+"s to be produced.

Of these, only tho.::_" with momenta from about 300 to 500 MeV/c might be

- . it T . .
confused with protg'ns. A phase-space distribution of momenta implies that

c)
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in thi$ region will occur about 40% of fhe total of positive K mesons produced,
50 that perhaps 16 K+'s are possible contaminants., In fact, 40 AK+'s were
identified in this momentum region, so we estimate>€->:t3 K+'s included in the
sample of tracks called protons, distributed approximate'ly uniformly from
300 to 500 MeV/c. Thus, the observed spectrum is not much distorted by the
inclusion of misidentified positive K mesons. |
‘With .thes_e 890 examples of annihilations on neutrons and 1184 on
profons, we obtain fér the ratio of annihilation rates R(Ep)/R(En).: 1.33£0.07,
including 62 zero-proﬁ_g évents. This result is insensitive to effectr; of pion-
nucleon final-state interactions. Charge-exchange reactions 7 p — 71 and
-*rrop - wfn cause a neutron annihilation to simulate a proton abgsor-ption, whereas
| tﬁe opposite is true of the reactions n%n ~ T p and Tr+n - wop. All these re-
actions may .be expected to proceed at appro'ximateiy equal rates. " The over-
all n-p ''exchange" rétes may then be qualitatively estimated for the five-pion
'sfate, fhe dominant configxi,ration. “ With the assumption of a statistical distri-

~ bution of charges(7), the pp annihilation yields, on the average, 1.6 s, 1.6

+4

v 's, and 1.8 vo's, and the pn annihilation yields 1.2 m

-n'o's. With these fluxes the neutron-proton exchange is eésentially zero. A

s, 2.2m's, and 1.6

more realistic calcu.i_ation can not be expeéted to yield much more than a few
percent effect,. sincé it is known that cieviations from the statistical model are
not large.

This ratio of the rates of proton to .neutron anﬁihilations is deterrﬁined
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 is

“T= 1'on1y. _ The’coffhplexity of the situation unfortunately precludes the possi-
bility of an unamb:igr;;ous determination of the relative rates of annihilation in

i 4

the two isotopic-sﬁiﬁ states. If 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(s), is then:
- 2 | 2
C R (BR) 1/2N(T=0)[M ()% + 1/2 N (T=1)|™m (1)]"
p. = — =
»  R_(pn) N (T =1 (1)

where Mn(O) and Mn(‘l) represent effective matrix elements for transitions in
the T=0 and T =1 states, avéragéd over the various final-state configﬁrations.
The weight factors Nn(’I‘ = 0) and Nn(T =1) are the number of lirilearly ind-eper;dent_.
’ sta‘tes constructed of n pions, theée states being characterized only by the total

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

(

. . - . 8
models including conservation laws other than momentum and energy ) 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 1(9). If the matrix
elements were independent of isotc;pic spin, the statistical ratios, pstat’. shown
in Table I, would follow. It is seen then that Potat is relatively independent of
n, so that a net ratio Potat = 0.71 would be expected; this ratio is inconsistent -
with the observed one. From the result é.bove, 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 ann;hilations in terms.
of two-body annihilationé. Further, the effect of the -p—p Coulomb attraction
may be expected téijincrease the proton annihilations. The signiﬁca_née of

this result: is thé;f%fore somewhat obscure. Note, however, that a similar

Tt
oAt



TABLE I. Ratio for annihilations into n pions.

15
36
91

pstat

1.0

0.67
0.75
0.70
0.71

0.70

c v ‘ N N(0)
L'_. K : o 2 1
3 e 1
4 3
5 6
6 15
7 36
-
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conclusion—annihilation from T =0 states dominates—'has been drawn from

observation of the process p + p »'po +x0 by CHADWICK et al. (10),

-,

3.2. Prong multiplicity and momentum distributions.—The multiplicity

distribution of the observed charged pfongs is shown in Fig. 2. The average
~number of charged pions in the proton annihilations is 3.03%0.410; in the

neutron annihilations it is 3.41+0.412. In common with earlier results on - ,

(1-4)

v p-p and p-nucleus annihilation; , 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-Z.Z-pion-Co.m‘pt'on wavelengt}{s :
S ' ' | S 2

yields results in agreement with observation.

‘. 'Momehtum distributions of the charged pions resulting from the ob;
served neutron annihilations are shown in Figs. 3 and 4. Corres'pending-
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 fneasured quantities to obtain a statistically | E 3
best fit to the kinematic equations of energy and rﬁomentum conservation. . - i
~ This procedure, for almost all the events here, did not unambiguously determine
the number of unobserved neutral particles,prbduced in th'e. annihilation. The
measured quantities could not, vtherefore, 'Be censtrained by the conservation
equations.,. For this reason the errors assigned to the momenta of the prongs
are rather lerge, on the average = 15%, and vary greatly with position in e
chamber, dip angle; and length of track. In making the distributions of Figs.

3 and 4, no restrié;_;;ions were put on track quality, but ali events were included - '

.which showed a measurable curvature.
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| ?lotted in. the fi_gu'res are the momentum distributions expected‘from
the statistical model mentioned above fo.r annihilation on néutrons at rest.
The agreement is rafher good for both the three-prong and five-prong annihi-
lations. _Inﬁa few caseé there result'ed‘pions with momentum greater .th'an

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

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

thrée-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 fneasured momenta are consistent with béiﬁg less than the indiéated
kinemati_cal upper limi-t'. ._’Iv‘h’us W_e are ‘not able from these distributionsl to
estimaté the fré.ctibﬁ of. deuterium annihilations thaf should be considered
examples of three-body interactioﬁs. |

Results of a search for pion-pion correlations among the annihilation
products are shown in the effective-mass distributions of Fig. 5. Again, in_
thé calculations of effectivé hass we uséd measured, not fitted, quantities . |
énd so tfle mass »resolution 1s poor. Also, because of the dl.lficﬁlties in fit-
tivn'g‘.:t;o‘.par.tidulaf.'hypotheées of Lnurnbelf'wof;pa_rti'cle's,~., it was not feasible to
search for ﬁnstable particles with neutral decay products. No significant
deviations from the phase-space distribution of Fig. 5 are noted, so resonant-
state pfoductién is small. ‘it is clearly not possible to put meaningful quanti- |

. . 0 0 . . 11
tative limits on p  or f  production in these annihilations because of the poor

‘mass resolution and the limited statistical accuracy.

3.3. Five-prong annihilations vand selection rules. —It has been

‘ demonstrated thati gntip'roton annihilations at rest in hydrogen proceed pre-

dominantly from é ‘étates(ll). As poi.nted out by BERMAN and OAKES(ii), 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
pP+n-— [odd number of pions] is forbidden.

To test this hypothesis we analyzed even.t.s with five charged pions
and visib.le proton recoil to determine the number of neutral pions _produceld._
A total of 67 such events were fitted to the hypothese‘s 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;r— + 211'+ +p
and 39 of 3 + 2nt 4 TTO + p. In Fig. 7 we plot the distr_ibutior.l in .the‘rnissing
mass for all the five-prong annihilations, showiﬁg the separation of events
classified as having zero, one, and two-or-more 'n'(?'s. We find Owo/ifrq_/ZZ'er
to be equal to 15/39/43. The corresponding prediction of the statistical model
“with interaction radius r = 2.15 krm is 2_6/33/8, if contr.ibutions from states
with more than seven pions are neglected. The observation deviates from Fhe
statistical prediction but the disagreement is not overwhelming. In particular,
it is clear that events with a single TTO are not highly forbidden. It wou}d
appeai‘ that annihilation via an intermediate vector meson is not the only
process involved in the p-n-interaction. Because of the motion of the neutron
in the deuteron, these annihilations are not at rest; thereforg, some p-state
annihilation may be expected and the relevance of the model is somewhat

obscure,.

3.4. Proton-momentum distribution. —This discussion has proceeded

on the assumption tl}at effects of the presence of the second nucleon do not

LA W
R ]

contribute to the é‘.i‘;ﬁ;}ihilation dynamics. We may then expect the momentum

<
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, spectgurﬁ of protéhs frdm the reaction '§ +d= nr+p _to‘ have a shape corre-
sponding to the deuteron-momentum-space wavefunction. In Fig. 8 we show
the observed distribution for those protons résuiting from the annihilations
into thi'ee and five charged pions. Events with single pions have not been
incl‘uded because that group is. more subject to bias infavor of higher momenta
due to inqlﬁs_ion of misidentified positive pions among the much more numerous
two-prong annihilatioﬁs'. - Also plotted for corﬁparison is the momentum dis -
tribution calculated from,fhe phenomenological ground-s_tafe deuteron wave-
fuﬁction of ERIKSSON,» HULTH}TZN, and JOH.ANS"ONSSi'Z:).}. -The: observed :
shape is in 'po.or agreément with thfisvdeuteron'v.-‘s internal-fﬁomentum distri-
buti'on, ‘v'v‘ith an ifnpress_iv.,ely large excess of high-momentum protons; As a

: m_eé.sure of the-,ci‘e\}iati_ofx, note that °,f_the 732 probtons. included, 165 haci
vmomenta greater 'than‘ 200 MeV/c, althbugh bnly 40 are predicted on the basis

of the "Hulthén" function. As discus.s'ed in Section 1, this distorted shape

’

éannot 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 psdeuteron -annihilation.process.

We consider how some secondary effects in an attempt to understand

the shift toward high momentum.

=8 ' 3.4.4. Final-state interactions — nucleon isobar production. —To
estimate the effect of the resonant Tf+-p interaction in the final state, we ap-

plied a theoretical model of GILLESPIE(13) to the pai‘ticular reaction

" p+d —+5T+p. A %ietailéd discussion of the technique used to calculate the

“}ﬁ"‘given in the Appendix. The essential point is the assump-

‘ tion that the primari} reaction proceeds according to the statistical model with
! i : » )
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the initial neutron momentum taken into account and overall energy-momentum -

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

Y,

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 ' v

overestimates the effect because the same weighting factorvs‘ were used for all

pions, independent of their charges. In Fig. 9 we show the results of the Monte

Carlo calculation of the proton-momentum spectrum, including fiﬁal-state |

interactions, together with the phenomenological deuteron internal-momentum

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

higher momenta present in the distribution that includés effects of final-state ™ ' |

interaction. Rathver there is an er;hancement near 140 MeV. It is perhaps v ;

tempting then to identify the deﬁciency\ of proton recoils in the rng;.on 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 shépe of the spectrum below = 150 (

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

In any event it appears tﬁat the excess of high-momentum protons does not : (f

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

5*)-(1'->mr+N33 *
L—-' p+T
. A
To calculate the proton spectrum resulting from the isobar decay, we have
used a statistical model for isobar production and assumed isotropic deéay of the @

excited nucleon. for the state of four pions and excited nucleon we obtained the .

4
4.

spectrum shown 1%:3?1g 10. Again quantitative agreement with the data is poor,

although it is clear"!:f“that isobar formation in three-body annihilations will yield
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érofdrié of very high rn'obmentum. Should such‘proce's‘ses occur, the distri-
bution o‘f effective mass of pion-proton p‘airs may be expected to peak near
1238 MeV. Alsé, since the resonance is in T = 3/2 state, the p-'ﬂ'+ state -
should be préduced more copiously than the p-m~ ‘ong; The observed distri-
butions are shown in Fig. 141. No peaking is observed; the"rr+p and T p
effective -mass distribut‘ions are essentially identical. Since the phase-space
effective-mass distribution peaks at = 1200 MeV, the latter fact is considered
more éigniﬁcant. These_distri};utions are then consistent with zero isobar

formation and indicate that this is not aimajor contributor to the annihilation.

, _ : v :
3.4.2. Three-body antiproton interactions. —The initial state of

ant‘i‘vproto‘n and deuteron should be described by a wavefunction appropriate

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

spirit of the impulse approximation, the proton-momentum spectrum will be

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

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

been made in the theoretical description of the bound state of three nucleons

with indications thvat‘_» simple functions may be used for the wavefunctions. Thus,

‘ . N
a symmetric Gaussién form

12,2 2 2,
Vg zp xs) = Aexplog o (rp" + T 4 rppT)

with rij =x - rj may be considered. It yields a nucleon momentum-space

wavefunction also Gaussian in shape ~y(k) = constant X exp(-k2/40-‘—2). The

t

momentum distribution is then given by

\ ' V F(k) :.kzexp(-kz/Za«Z).

(14

)
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Such a function will not fit the observed distribution. Its peak is at k = NZa. B
Thus by appropriate choice of a we may account for a high-momentum tail
superimposed on a.''Hulthén' distribution. In the present case, an average

14 cm in the three-body nucleus yields a v

two-nucleon separation r = 6 X 10~
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

system to distances of order 6 X 10 cm, recoil'momenta of .order 300 MeV/c

are to be expected.
The simplest approach to the three-body system is again to use a
stati'stical' model to describe the process p+d = p + nt. To make definite

prédictions, an interaction radius, or equivalently an average multiplicity,

must be assumed. It is sufficient for the annihilations being considered,
into three and five ché.rged 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, although as before, Qe may perhaps |
assign the highest momenta as ''three-body'' annihilation products. For com-
pletenes-s we remark that the statistica‘l model which yields agreement with
the data, assuming the spectrum to be a simple sum of "t‘wo-body” and ’
"three-body' distributions, would also lead to the prediction oflannihilation |
into = eight éions. In tlﬁis case, the proton-momentum spectrum has a max'i-
mum at P_ = 340 MeV/c. It is difficult to reconcile such a dominant process
with the lack of seven; and eight-prong events. : _ .
In concluding, we emphasize again that it is not possible to treat the |
three-body systemirigo‘rously, so the arguments about detailed shapes of the. -
proton-recoil spect:}'um must be considered descriptive only. In this sense

) ‘1' <) - . I3
we cannot reject the 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 sgaparafe functions resulting from two-body

annihilation, three-body annihilation, 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
v bound ) !

- at rest. Giving the value Pp = 300 Me‘V/c‘, consistent with the spectrum of Fig.

At

8, we arrive at a mass of M = 1803 MeV.for thé pn system. With present
theory it is not pqssible to rule out fhe possible existence of such a bound state,
1;0 estimate its binding energy, nor, in the present situation‘, to determine to
what extent such an objeclt 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 pairé and single-K mesons, as listed in Table II, and six
AO hyperons which, within thé accuracy of measurement, appeared to originate
at the annihilation vertex. VPositive K mesons were identified by their decay
(four evénts) and from bubble-density estimates; the K sample includes decays
(three events), sec9ndary interactions‘;.)roducing hyperons (five events), and
those identified byig“ubble density of tracks.

With the numbers given in the seven event-type groups of Table 1I, it is

in principle possible to determine both the detection efficiénc;y for the K mesons,
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TABLE 1I. Observed K-meson annihilation products.’ o .
+ +, 0 o - - 0 0 0., 0
K K K1 K .K K K K1 K,1 K1 K1 —
Neutron ' : -
annihilation 6 2 3 4 4 9 0
Proton : c
annihilation 10 1 .3 13 7 1 3

'p
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and the branchirig ratios for the four reactions, i. e. .those yielding K+KO,

K KO KTK" s and KOKO Such a procedure gave inconsistent results with

the present data, pfesdmably because of statistical fluctuations in this small

sample Instead comparmc the observed momentum distribution of charged
K mesons w1th that for neutrals, we estimate the detection efficiency for K"

and K~ to be e =.0. 5#0. 2. The stated error arises from the statistical un-

' certainty and a crude es}tlma_te of the effects of bias in identifying K mesons

in the large "background" of pions and protons. For K° mesons we assume
the detectlon eff1c1ency to be s1mply the product of the probability of decay

w1th1n the f1duc1al volume, O O 9:!: O 1 and the branchlng ratio for TT+TI’

' decay, 0. 33 'I‘h_u,s_,we__obfcam “t,he' f;rj,a'otlonalbrates _fo_r annihilations yielding

K mesons, :

R, (deuterium) = 0.0590.011

Rk (protons) 0.064£0.014

.'Rk

(neutrons) 0.054%£0.043

These total branching ratios and the assumed detection efficiencies are con-
sistent with branching ratios between 0.041 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 prOtdn. We assume that the proton is a spectator to the process of

annihilation on the neutron in deuterium. The cross section for production

- ofn pions with momenta in dga and a proton with momentum in dQ may be

. written, to within a normalization factor, as

o fi 2 "(z os) (gw g 30 1,

M'whe:ém(;,,‘Ed are the 'tbvt»él"'en'ér‘g'ié'sfof'tl'i:e 'im pion and the proton, respectively,

and M-I;',v Md are the antiproton and deuteron masses. The symbol § g Tepre-

sents the transition-matrix element between initia.l and final states. The

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

élgment -- _
(& 1% = fog@F (7,07

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

now in the matrix element Ffi' Thus, the momentum distribution of the

' spectator proton that results is

\ | n n .
2 .0 g \ ‘
fa 12 0 a 2‘ E‘ oY 2
P(Q) = |¥,(Q)| —~fﬂ ——6( .q .+Q)6( w +E -M—-M-)|F._| .
d EQ a1 “4 o.zima -~ o a Q 7p d' fi

Note first that with'a statistical model—i.e. [Fﬁ[ -is constant—the proton
momentum distribution is not given by the deuteron momentum-space wave-

function, but is rﬁi’qdiﬁed 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
T-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

n
|2= I Glw

p=1

)

Fg 8,

) is a weighting factor for the Bth pion, due to the resonant final-

B
state interaction. As given by GILLESPIEMZ), these are

where Glw

Glog) = const X exp {é(“’ﬁ ) “B)P’i“CL W—Epéﬁ(?w')_w . dw'}‘ ,
Q .

p g

where w, is the total energy, pﬁ is the mass of the Eth pion,- and 6((»‘) islthe

B

phase shift for m-p scattering in the 3/2-3/2 state at pion energy w'.
For present purposes a sufficient fit to the measured phase shifts is

3 ((.o—|..n)2 for w < 360 MeV and 8{w) = 180

given by the function §{w) = 2.31X10"
{1—83.3/(0)-}1)] for higher energies. With these choices, the wgight 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

momentum, again with the deuteron wavefunction of ERIKSSON et al. (11)

modified d'istributiﬁn so obtained was almost indistinguishable from the initial-

£

state function Nd((i) [ZQZ and so is not shown. To include the effect of final-

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

.. The

_{
q

s
R

St B ARG

Wy

s, TR
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. a -
produét of Ikbd(Q) lz and the weights I G(coﬁ')
. ! B

generated by the Monte Carlo technique. In Fig. 9 we show the histogram of

for the energies of the pions

events generated in this way, and for comparison the ''Hulthén' distribution,

together with the experimental results.
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FIGURE CAPTIONS

Fig. 4. Scatter plot of inverse of measured initial momentum versus observed .
length of each antiproton track which terminated in an annihilation event.
The 'solia curve shows the expected behavior, deduced from the range-
energy relation, for annihilations occurring at rest. |

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

[~

deuteron annihilations at rest. Events with identified K mesons are not
included. 4 !

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

N

\ ,
produced in antiproton-neutron annihilations yielding three charged pions.

The smooth curves superimposed on the experimental histograms show

[ T L P

the distribution given by Lorentz-invariant phase space.
Fig. 4. Momentum distributions of (a) negative pions and (b) positive pions
ioroduced in p-n annihilations yielding five charged pions. The distri-
butions given by Lorent;z-invariant phase space are superimposed upon
the experimental histograms. ' -
Fig. 5. Effective mass of ntn” pairs produced in p-n annihilations yielding
(2) three charged pions and (b) five charged pions. All possible ;rr+7r' S
combinations were used for each event. The smooth curves show the
distribution obtained from the statistical model.
Fig. 6. Distributions in XZ for (a) 39 events identified as annihilations
yielding five charged pions and an unobserved missing TTO and (b) 15
examples of five-charged-pion annihilations. The 'sample is restricted 3

s

to events contéining an observed proton spectator.
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- Fig. 7. Distribution of missing mass (’J(mlssmg energy) -(missing momentum)
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in 67 examples of p-d annihilations yielding five charged pions and a proton
spectator. Identifibcatvion of the number of missingﬁro's is shown by the
appropriate shading in the histogram.

Fig. 8. Momentum distribution of observed, identified prbton—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 "Hulthén" 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 éccount. The 1atter is shown in the dotted
histogram, a result of a Monte Carlo calculation. For comparison, the
"Hulthén'' spectrum is shown also

Fig. 10. Calculated momentum spectrum of protons résulting from decay of
N*(1238) produced in the annihilation reaction p-d - N* + 4m proceeding
accérding to the statistical model. The N* decay is assumed isotropic in the

N::: rest systém. | |

Fig. 11. Effective r;hass of (a) pm and (b) p at pairs of particles produced in
the antiproton annihilations on deu‘te_rium yvielding 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 = 57 + p.

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

at momenta nehr that of the final-state m-p resonant interaction.

24

X

/



(10° MeV/c )~

I/{P

o024 . _ UCRL-16335

L4
6 T L4 ¥ H RS T ¥ T T 14 T R T T T 1
~ -]
4~ -
2 ~
0 ! 1 1 ! 1. ! ! I Il L L 1 | || 1
0 10 _ 20 30 - 40
’ Length (cm) |
_ MUB-7721
Fig. 1
¢t .



600

500

400

300

200

‘Number of events

100

Fig. 2

-25- UCRL-16335
] 1 f
0 2 3 4 S 6 7
Number of charged pion prongs
M'UB-7714



Number of tracks

100

75

50

25

-26+-

UCRL-16335

T

(

L J

o)

i
T T i s
7~ Momentum (MeV/c)

i

4

(b)

; o '
400 800
7t Momentum {MeV/c)

Fig.3

1200

Mue.7710

.o

w



Number of trocks

100

=27~

1

(a)

7™ Momentum  (MeV/e)

T

T

\_.]

1 T

(b)

o

_rr#

i
400

Momentum

Fig. 4

800
( MeV/c)

1200

®uB-7722

UCRL-16335



Number of pion pairs

-28-

751

(a)

T

125

100}

75+

50

! 1

0
0

L ! ! !
200 400 600 800 1000 1200 1400

T~ effective moss (MeV/c?)

. Fig. 5

1600

wuB-271

UCRL-16335

T b

ey



-29- UCRL-16335

LA N N O G I L O O

207 (a) —

pd=37r"27*"7°p

10 -
B
c
0) -
>
O
o - L ol ol et
= 10 L 0 0 0 e o
s = (b) .
e - ’ -
S
P - _
" pd —=3wr—-27w+p a
5 -
| _
OJIllﬂlﬂlll ﬂllﬂlllllllljlﬂ
| 4 6

8 10 12 14 16

A MUB-7720



Number of events

-30-

UCRL-16335

llIIVIIFIIIIIIIITTTlllfllll‘1lYf‘F!l‘I[[[[

=

-

.nlan.

.........
oetate
.........

pd—=3mr-27r*tnw°p
Oor°

B8 | n°

n

-200

O 200
Missing mass

Fig. 7

(MeV/cz) |

2 or more mo's |

—

MUB-7719




%

Number of events

150

125

100

~
.

(8]
O

25

-31-

UCRL-16335

Ak 1.5

I00 200

300 400 500 600 700

Proton momentum

Fig. 8

(MeV/c)

800 900 1000

MUB-77t8



-32- UCRL-16335
| if
i ! i ’ N . f"“
500} "Hulthen" function —
Final-state interoctions i
|00 }— —
50— 4
- Observed _
v N [%-]/\/ .
£ LT
> 10F -
o - Z
. S -
Q [— .
0 | -
€
= i 1
) —
- 3
[~ .
B - |
- l -
0.1 l L L 1 ‘ :
20 140 260 380 500 P
Proton momentum ( MeV/c)
2
MU‘B-7716 - ) :

Fig. 9‘ C |



Relative 'frequency

n
O

W

o

|

UCRL-16335

-33-
200 400 600 800 1000
- Proton momentum  ( MeV/c)
\
MUB-7713
Fig. 10



Number of 7t P pairs

P pairs

Number of 77

-34.

1251

100

75

50

25

(0)

Ol

B o P
[

(b)

A e -

1 I

1100

1300 1500 {700 1900 2100
Effective mass (Mey/cz)

MUB-7712

. Fig. 11

UCRL-16335

i
'
s
1
i
1
P

s i AN




-35- _ UCRL-16335

\ \\
T T T T T
Hs -
Y
_ o
; < 10} ]
1 pos J
-y S
| 3]
2
o
3 5 -
@
o) 1 | | |
0] 200 400 600 800 1000
V Proton momentum ( MeVv/c)
i MUB:7715
|  Fig. 12

2



Weight factor G (w)

10

@

0))

5D

-36-

UCRL-16335

100 . 200 3
Wq - My (MeV)

Fig. 13

00

MUB-7717




-3

-

8,

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
"or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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