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ABSTRACT

An experiment to study the p annihilation process at 1.05 Bev/c
was performed wif}h the La@rence Radiation Laboratory 30-in. propane
bubble chamber. It was observed that the K-meson production in annihilation
events rises sharply with the increase in energy, namely from 4 % 1% for
annihilations at or near '"rest'" to 8 + 1%. On the other hand, the pion
multiplicity was not observed to increase appreciably with the increa;se, of
available energy. We have found a pion multiplicity of 5.020.2. These
numbers are discussed in this paper and compared with existing models for
the p annihilation process. It is pointed out that with further increase in
bombarding energy different models may differ appreciably in the above
quantities. |

We have observed an p - H annihilation cross section of 5110 mb
and an p-C annihilation cross section of 368460 mb at 1,05 Bev/c p
momentum. Crude determinations of the p charge-exchange process--which'
turns out to be forward peaked--and of p inelastic-scattering events leading

to pion production are also discussed.
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I. INTRODUCTION
Since the antinucleon-nucleon annihilation was first discovered,
a number of studies of the annihilation process have been carried out.
Those studies dealt mainly with the analysis of annihilation stars at rest
and some vﬂth ‘energies up to T; = 150 Mev. 1-5 Some of the salient features
of the analysis of the annihilation products are;

{a) Pion production is the most prevalent product of the annihilation,

(b) The pion multiplicity is of the order of five.

{c) in about 4% of the annihilation events pairs of K mesons are

‘produced. *

Attempts to understand this many-body process led to a number of
serious difficulties. The first attempt to interpret the annihilation process
was a comparison of the experimental results with those predicted by the
statistical model. It was found that the predicted pion multiplicity as well
as K-meson production were in disagreement with the experimental results.
When the radius of interaction was taken as a free parameter, it was
possible to fit the annihilations leading to pure pion production, if this par-

ameter was increased to a magnitude of about 2.3 pion Compton wave lengths.

- .
This work was done under the auspices of the U.S., Atomic Energy Commission.
Part of this work was submitted by one author (R.S.} to the University of

California in partial fulfiliment of the requirements for the Ph, D. degree.

fPre:s'ent address: U.S. Naval Research Laboratory, Washington, D. C.
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Once this parameter was suitably adjusted to fit the mean pion multiplicity,
experimental results such as the multiplicity distribution, the pion momentum
spectra, and the distribution of angles between pairs of pions were in agree- W

ment with the model when pion charges are disregarded. However the

©

K-meson production fell far below its predicted value. The large interaction
volume needed to fit the exper.imental pion data still remained unexplained
and is devoid of direct physicalv meaning. A number of modifications of the
statisticai model were proposed introducing dynamic processes such as

6,7

‘strong pion-Qpion interactions in the form of pion-pion isobars,. Koba and

Takeda proposed a tw.o-ste.p annihilation process in which core annihilation
with pion production precedes the felease of Vpion-s from the pion clouds of "
the nuc'levon.-antinucleon s‘ystem.? All these models were adjusted, however,
in one way or another to thé observéd average pion multiplicity. One must
thus look at finer details in order to distinguish bet_ween the models or arrive
at a new clue‘.

The present experiment was designed to investigate the annihilation
process in grea'ter‘detail at a momentum of 1.05 Bev/c corresponding to a
total energy in the center-of-mass system of W=2.1 Bev.} Our emphasis
in the analysis of the data was the study of K-meson productibn, angular

9,10 and variation of pion and K-meson

correlation in pion production,
multiplicities as a function of the total available energy. In addition, we

were able to obtain an independent measurement of the arnihilation cross

<

' section in carbon and hydrogen at a p momentum of 1.05 Bev/c. A crude
determination of the charge-exchange interaction and an order-of-magnitude ©
estimate of the inelastic p interactions leading to pion production were also

made.

Ay
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The angular-correlation studies between pion pairs have shown a

marked dependence on the charge of the pions. Namely the like-pion pairs

~are observed to be emitted with smaller pair angles on the average than the

unlike-pion paire. This effect,9 as well as a model which takes into account
the influence of Boge-Einstein statistics in order to explain the effects, have
already been discussed previously. 10 As has been pointed out in reference
10, if the approach considered there is correct, the x_‘adiué of annihilation
must be small,

In addition, it has also been pointed out by Pa.i:anll that the charge

distribution of pions in annihilation events may be altered quite appreciably

from the statistical model because of dynamic effects. Inspite of these
clear indications for the inadequacy of the large-volume statistical model,

we will atill use it in this paper for lack of a better model.

1I. EXPERIMENTAL PROCEDURE

The present work was carried out using the Berkeley 30-in, propane
bubble chamber with a magnetic field of about 14.kgauss. The 1.05 Bev/c
p beam was highly purified by using two 20-ft electrostatic velocity spectrom-
efers. The physical layout of the beam was that used for a preceding K~
experiment, 12 with the spectrometere retuned to transmit a.ntipraton‘s° In
two days of running time, 20,000 pictures were taken which yielded about
3000 annihilation events. The composition of the beam was determined by
(a) a 6-ray study of the beam which was normalized to a simﬂar study of a
plon beam of nearly the same momentum, and (b} a study of the mean free
path for the star formation in the "'mesonic component" of the beam. This

again was compared to a similar study of a pion beam of the same momentum.
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The p component of the beam was thus determined to be 38.547% of the
entire flux. The composition of the beam was found to be p:pw =
1:1.3 ;: 0.3, The uncertainty in the p component of the beam is the

largest source of error in the cross-section measurements,

<1

III. STRANGE-PARTICLE PRODUCTION

In the p -N annihilation there are four possible reactions leading
to strange-particle production:

;+N- kY + K™+ nr

KO +.f<o + nw

KO + K+ + nw
K® + K™ + nr.
All four of these'processes‘ have been observed (See TablevI and Figs. 1 and 2),
" In addition, we h$§e observed AO. =¥, and ©° hyperons associated with
annihilation stars in carbon, which we interpret as most likely due to secondar} »

" {nteractions of K~ or K°

with a nucleon of the parent carbon nucleus. The
charged K mesons can be identified with certainty only when decaying in the
chamber. In the case of the neutral strange particles, our obvservations are
restricted to the charged decay modes and for the KO mesaon, oniy to its
short-lived K-lo component. These restrictions make the probabilit;r of
observing a pair of strange particles very low. To arrive at the fraction of
annihilation stare producing strange particles, we adopted the following method. ¢
We determined the detection efficiency for each strange particle separately

and thus arrived at the total number of strange particles produced. Hyperons,
which are included in this sample are a manifestation of K~ or K'o production,
'Since strange particles musf be produced in pairsv in the p annihilation, the .

number of K-meaon-producing stars is half of the total number of strange particles,



UCRL-9319

| o Table I

—

S S SR

——
Number of annihilation events with a pair of identified strange particles.
These events were observed in a sample of 3000 p annihilation events
in propane at P§-= 1.05 Bev/c.

Particle X~ K ao ¢ g
x' 5 2 6 0 0
K° 1 6 2 1 3
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A, Detection of KO Mesons and A Hyperons - v

For all Vo events associated with annihilation stars, the Q value
and the coplanarity of the line of flight and the decay plane was checked. As L
a further check, we also plotted the proper time distributions for the Klo
mesons and A hyperons and found it to be in excellent agreement with the
established mean lives.
From the measured momentum distributions of the Ko mesons and
A hyperons, it was estimated that 10% would escape detection by decaying
outside the fiduciai volume of the c_ha.mber, A nearly equal fraction of Klo
" 'mesons and lambdas decay in the chamber; the fact that the mean life of the
| lambdas is longer is offset by their lower velocity at production. The total
number of Ko mesons was obtained by taking into account the non observed

" long-lived component, KZO, and the neutral decay mode. Similar corrections

‘were made for the neutral decay mode of the lambda.

B. Detection of Charged K Mesons

As mentioned earlier we restricted our sample of charged K mesons
to include only those that decayed in the chamber. In the case of K“bmesons
we algo included interactions leading to hyperons which subsequently decayed
in the chamber. For the evaluation of the fraction of charged-K-meson decays
in tﬁe chamber, we assumed their momentum distribution to be identical to
that of the neutral K mesons. Taking the chamber geometry into consideration,
‘we arrive at a detection efficiency of et © 0.23 and ¢ K™= 0.18. The lower ’

K~ detection efficiency is due to the neutral and other undetectable decaf modes

of its interaction products.
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C. Detection of Charged Hyperons

For the charged hyperons, we restricted ourselves onl‘y to the decay
modes giving rise to a charged pion. For the I hyperon, the correction
will thus be only due to scanning efficiency. For the E+ hyperon,. only the
decay mode E+-- wtin was accepted in cur sample since 2+ - p+ uo could not
be distinguished reliably from a proton scatter.

In Table II we give a summary of the number of strange particles
obgerved and deduced. 13 The errors quoted in collumn 2 are the uncertainties
in identification only. Column 3 gives the efficiency for detecting strange
particles in the fiducial volume of the chamber and the error associated with
it.. The correction factors for the neutral decay modes;, the long-lived decay
mode of the KO, and in the case of the Z+ hyperon the correction factor for
the mode 2+- p+ vro are given in column 4. The last column gives the numbers
- of strange particles deduced. TheAerrorbquoted combines the statistical error,
the uncertainty in identification,, and the error in the detection efficiency.
Taking all these effects into account we thus find that in 3000 annihilation
stars a total of 466465 strange particles were produced. These in turn
correspond io 233433 gtars in which a pair of strange particles occurred.
Thia- again 1§ads to a K-meson pair-production frequency of 8x1% for
annihilation events in propane at 1.05 Bev/c. The error quoted includes
the statistical error, uncertainties in determining the strange particles, and
uncertaintiesvaasociated with determining the detection efficiencies. The

scarning efficiency was determined by a complete rescan of the film.
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Table I

Number of strange particles produced in p annihilations in propane
at 1.05 Bev/c

a b

Particle No. .observe'd : e . a No estimated
x 2541 0.230.07 1 109240
K™ 1742 0.180.06 1 9540
K or B 5924  0.90£0.03 3 197430
zt 7.5 £1.5 0.90£0.05 2 17&7
z” 1.5 41,5 0904005 ‘ 17 1324
A 21 22 0.900.05 1.5 3549
Total 141 % 6 466265

%Here ¢ represents the efficiency for identification of the ''detectable’ decay -
.mode of the particular strange particle. See text for details.

bHere a repregents the correction fgctor for (a) neutral decay modes, (b) the
long-lived KZ mode, and (c) the Z - p + w0 decay mode.
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IV. STRANGE-PARTICLE PRODUCTION IN pp ANNIHILATIONS

To obtain the percentage of strange particles produced in pp
annihilations, we need to determine the total number of annihilations on
free hydrogen. As a first approximation, these are given by the "hydrogen-
like'" events. We define as ""hydrogen-like' events those events for which
Nﬂ-’- = N"- ’ 'and no visible knock-on or evaporation protons are efnitted.
To find what fraction of "hydrogen-like" events corresponds to annihilation
on bound protons, we examined the annihilation eQents with N w = N“+ +1
considered to be annihilations on bound neutrons. From this group we can
determine the frequency of annihilation events on bound nucleons with and
without accompa..nyingvp.roton evaporatim, and hence their ratio. Applying
an intgrpolated value of thie ratio (which is a function of N") to the group
‘ N"-P = N“- with evaporation protons, we obtain the desired correction to
| Kydrdgen-like events (See Fig. 3). Namely, we estimate that 16% of the
hydrogen-like events occur with bound protons, the remaining 84% correspond
to true free Fp annihilations. Assuming the same ratio to hold true for
annihilation events yielding K particles, we deduce that K-particle production
occurs in 842% of all pp annihilations.

Table III gives the number of obgserved K mesons in hydrogen-like

events and the estimated total number of K mesons produced.
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Table III

Number of str_angé particles in hydrogen-like events. .

a b

Particle ' Nb. observed ¢ a No. estimated
k' . 85£0.5 0232007 1 37 %17
K" 75405 0.18 + 0.06 1 42 = 21

0 =0 ' ' o ' : '
K’ or K 23+ 2 0.90  0.03 3 77218
Total ~ 39£3 156 & 32

85ee note a, Table II.

Psee note b, Table II.
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V. THE PION MULTIPLICITY AND MOMENTUM SPECTRA FOR
STARS WITH K MESONS

To arrive at the pion multiplicity associated with K-meson production,
we restricted ourselves to a sample which excludes hyperon production.
Hyperon production which principally a conseguence of K absorption in the
parent nucleus would add one additional pion due to the reaction K+N-»r+Y,
Clearly a small fraction of hyperons not identified as such (neutral decay
modes of A and 2+-; pt vo)' will still remain in the sample. This fraction,
however, amounts to less than 5% of all stars producing strange particles

(see Table H). We find on the averaée 1.8 charged particles (not counting
knock-on or evaporation protons) produced in association with identified

K mesons. These charged particles are a mixture of pions and a small
percentage of charged K mesons which were not identified as such (see
Section II1-2). Using the detection efficiencies for charged K mesons glven
in Table II, we deduce that the average number of charged pions associated

14

WIth K mesons, <N“i > K® is 1.620.3, Assuming the number of neutral

plons to be half of the charged ones, we arrive at an average pion multiplicity
(N“ Y = 2.420.5.

The momentum spectra of the pions and neutral K mesons were
computed in the center of mass of the annihilation and are shown in Fig. 4.
To compare the expefimental spectra with the statistical model, we calculated
the spectra of K and ¥ mesons for annihilatione with one, two, three, and
- four pions produced in addition to the K pair. These calculations used the
Lorentz-invariant phase space {LIPS) as discussed by Srivastava and Sudar;han

and Desai. 15
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To fit our experimental spectra, the pion multiplicity distribution
in the stars under discussion has to be determined. Experimentally this
would be difficult, since our statistics do not warrant the determination of

such fine detail.

Vi. A COMPARISON OF K MESON PRODUCTION WITH
STATISTICAL MODEL PREDICTIONS

In this section we discuss a modification of the statistical model
which allows us, among other things, to calculate such a multiplicity
dlstri})ution. We lnvestigate to what extent a further modiﬂcation of the
h:gnﬂ'iFermi statistical model could explain the observed K-meson production
and the increase of the K-meson production in p annihilation events with in-
| .c‘:'féasing P energy. We thus obtain the momentum spectra shown in Fig. 4
= .As. can be seen; the agreement Qith the e:ﬁcperimentaf data is good. One
" 'must bear in mind that the expefimenté.l spectra hé.ve some xlnomentum smear
" because a fraction of the annihilation stars included in the saniple comes from
“annihilations on bound nucleons. |

Customarily, a single parame.ter, the interaction volume, has been
" used for the calculation of both the v-and K-meson production. The transition

probability for n 7 and two K mesons in p - p annihilation can be written}3"17

1 ' 2 n
Sp2 =4 - - ] Z{Z ¥ n) - Fp,2 o)

n, 2 n! (11)° (27)

Here g 2 {1) is the I-spin weighting factor for n w and two K mesons, and
zqwo ) is given by |

w w, W '
I max 2 max nmax

| . ;
£, (W% = (4m? / / ..... / P1 o0, 70, %
K [ B
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where we have

2 2 2
Py +p Bwi,,

) 4MKZ 1/2
FAWp=om{l-—= |
: -n
2 2 2
Wi = Wiy = 2W ot e

and

' 4v 1
leng;P”

inunits of h = ¢c = §, and

oW e [t 4 2mg ]
W i-1 , K
max = T

i-1

Here W, is the anunihilation energy in the c.m. system, p and My are the

w- and K-mesgon rest ma‘aaes.‘ respectively, and Py and w are the momentum
- and the total energy, respcctively, of the ithpion.

For QK = (;.'./MK)SZﬁrp we get the single-parameter model; that is,

» ‘ +2
sn, > is proportional to { 99“» n

. The results obtained from the above
calculations which adjusted the parameter \ to fit the mean pion multiplicity
failed to agree with the experimentally determined K-meson production for

Q'K = (/M) .. In our attempt to fit the K-meaon production, we introduced.
one additional parameter = QK/Q'«‘ Different coupling constants of the pion and

K meson as wellas the difference in their Compton wave lengths couldbe a the-
oretical justification for introducing the newparameter. It should be noted here,
‘however, that such a treatment haé to be considered as a phenomenological

fit rather then a profound theory that would determine the relative strength

of interactions of pions and K mesons. Similar considerations have been
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made by Cerulus and others. 7,18

With this two-parameter statistical model, we caléulated the increase
in K-meson production as a function of the annihilation energy. The results ©
of these calculations are pummarized in Figs. 5 and 6 and Table IV. Here
szﬂ was adjusted to obtain <N"> = 4.9 foz; annihilations at rest and QK was
| adjusted to obtain 4% Kfme'sbn production for annihﬂations at rest (Fig. 4,
curve a). Curve b is normalized to 8% K-meson production at 1.05 Bev/c
1 to fit the present experiment. This was done by setting Q= 890 nd
| € = 0.10 and 0.12 respectively. Figure 6 gives the, .average number of pions .
assoclated with K mesons as é. function of p energy._ The corresponding pion
“multiplicity distributions are given in Table IV. |
| We also calculated K-meson production and the <N" > .K valu_q for
P annihﬂé,tions in carbon, and found no signiflcaﬁt differences fromp -H =~
_annthilation, |
We note that the statistical model leads to an increase in the T-meson
X muitiplicity in annihilation events where K mesons are produced. At our
~ energy, Wo = 2,1 Bev, the predicted value of <N )K = 2.4 is.in good agreement
" with our experimental value of 2.4+0.5. Our data on <N >K for annihilatione -
~at rest are statistically poor. but they are consistent with the calculated
value, 5 The expected increase in <Nw>K with increaging annihilation
energy will have to be verified by future experiments.

A comparison of the calculated K-meson-production increase with
‘the experimental data éhows, however.. that only in the limits of the rms
~errora quoted can we get agreement with our calculation. It is clear that
until we solve our fundamental difficulty in éalculating the pion multiplicity

" with a reasonable interaction volume, all attempts to fit K-meson production

are of a very preliminary nature. ' .
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Table 1V

Computed pion mulgiplicity distribution for p annihilation stars with K
meson production.” These values were computed on a two-volume param-
- eter Lorentz-invariant statistical model.

Pl-; : % stars with 2 K and
(Bev/c) On v 2n 3x 4n
0 1 25 55 18 1
1.05 0o 11 46 37 6

a1?1.'o¢iluct_itm of five pions has been neglected.
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VII. ANNIHILATION STARS WITI‘IOU_"I‘ K-MESON PRODUCTION

A number of attempts have been made to explain the large pion

*»

| multiplicity associated with annihilation events at rest and low energy. As
mentioned in Section I, these attempts must be classifiedAas éhenomgnologicai .
"since they all a.djua.t some of thev pé.rametere to fit the observed aver’ége pion
multiplicity., It waﬁ hoped that by examining the pion multiplicity as a function
of the total energy available to the system, some light might be shed on this
i’ntrﬁ:ate process, | | |
| We determined the average pion multiplicity from dirct observation
of the charged éions and from electron pairs produced by the decay y rays of
the neutral'ﬁion.s.wi'l.’“hhe‘ average me,ax; free path for convérsion was evaluated,
=ta;k‘ing proper account of the energy dependence of y-ray conversion. Therefore,
weé evaluated the neutral pions for each charged-pion multiplicity separately
in order to properly account for the variation of the energy spectra as a function
of pion multiplicity (see Table V). 19
‘We fin(i fhe average pi.on mul-tiélicitf to be esséhtiaﬁl& fh-efsame for
“carbon and hydrogen events, i.e., <Nﬂ> = 5.040.2. Details of the various

contributions to the pion multiplicity are given in Table VI.

A. The Variation of Pion Multiplicity and Momentum Spectra with p Momentum

As the p momentum increases, the additional available energy ?rnay

3

either go into the production of a larger number of pions or into an increase

_of the pion momenta. The former will increase the average pion multiplicity,
" ) : *

the latter the average pion momentum. A correct model of the annihilation
process will also have to give the proper behavior for the change in pion
multiplicity with p momentum. It appears to us that with a sufficient increase

in p momentum this approach may shed more light on the annihilation process.
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Table V

The neutral pion multipllcity as a function of the charged-pion multi-
plicity for p annihilation events.

—— e o — e ]

N - | ‘ Neutral pions per star
Observed . Hydrogen-like Carbon events
' : events
0 a 2.9 7 S:g
1 = | 2.0 0.4
2 2.5+ 0.5 2.1 £0.2
3 1.4 £ 0.1
4 ﬁ.l:eo.l : 1.0 £ 0.1
5 0.8 20,1
6 0.8 ¢ 0.4 0.7 ¢ 0.3
7 1.0+0.8

—

%The neutral-pion multiplicity for N & o '0; “hydrogen-like' events
could not be determined.
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UCRL-9319

‘The determination of the average pion

multiplicity.
Plon Hydrogen-iike Carbon Source
type _ ' events : events
<N“ t> _ 3.3+ .15 2.6 £.10 Direct observation -
<N"d> S 1.65+0,15 1.5540,10 From conversion
: : Y rays

Absorbed 0.9+.15 From nuclear excitation

pione ' : in carbon
<Nw> ‘ . 4.95+0,2 . 5.05+0.2 Average for propane:

. : 5.0 £ 0.2
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In the present experiment we do not find an appreciable increase in thé pioﬁ
multiplicity (within our statistics) over the annihilation stars occurring at
rest, For the latter we consider 4.920,2 as an average pion multiplicitly,
taking into account all the low-energy experiments. On the basis of the
LI.PS model with S'Z“_ = BQ“O,, a larger increase {:N"\) would have been expected
(see curve (a), Fig, , 7).‘ Curve (b) in Fig. 7 is a variation of the LIPS model
which take's into ac;quﬁt the Lorentz contraction of the interaction volume as
first éugg’eated in Fermi's orighiai paper, 20-2_._9_. = Sﬂoyg%i Curve (c)
shows the variation 1n pion multiplicity as computed from the Koba-Takeda
model. 8 As can be seen from Fig. 7, which alaso shows our experimental
point, one cannot choose conclusively between these models from the present
data. However, at momenta of about 3 Bev/c, the differences become very
marked. |

E‘igures 8 and 9 show the c. m., momentufn spectra for hycirogen-like
events for .N"é: = 4 and N_#= 6. The average c.m. total .'energ_iea for these
samples are E, = 410210 Mev and E = 323215 Mev, respectively, which
show an increase over the corresponding total energies for annihilations at
= 365+20 Mev and Eb = 295440 (the latter vaiuea

4
were obtained by combining the results of references 3 and 5.) This is in

{ 'rr}a 50 Mev, namely E

accord with the fact that the multiplicity has not changed appreciably. Also

shown in Figs. 8 and 9 are the computed momentum spectra for Q = 890.

B. Two-Pion Annihilations

A search was made among the hydrogen-like events for the pure
two-pion type annihilation events:

1—:'+p->'n'++ L
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For this purpose all two-prong events that could be consgidered of the above

tyi)e were measured (i. e., evvents with associated converted y rays were

not considered). No event was found to correspond to this reaction and, at -
most, one event could have been consistent with it. To qualify as agignificant

~ measurement, each outgoing pion track had to be longer than 8 cm. The

"one event' thus corresponds not to all "hydrdgen-like}' events but rather

to a smaller -s.ample of about 500 events.

VI, CROSS-SECTION MEASUREMENTS

A, Annihilation Cross Section

for all cross-section determination we have. restricted ourselves
to a cen_ti-al region of the chamber and have applied a‘tAr‘i.ct angular entrance
criteria of £ 5 deg. Within this region we have observe& 338v5 #550 m gf P B
path length and 29 004120 annihilation stars, The latter can be furthér |
separated into 780+60 annihilation events in hydrogen and 2120 £100 annihilation
events in ca‘rb'on. as described in Section IV. We thus obtain the followmg

~ annihilation cross sections at Pﬁ' = 1.05 Bev/c:
e

affp' (annihilation) = 51+10mb

?  C (annihilation) = 368+60mb.

B. Charﬁe-Exchagge Cross Section

The p antiproton charge-exchange reaction p+p - n+n can be
identified reliably in this experiment only by observing the disappearance of
a.p and the subsequent annihilation of the n. We have observed 24 such

events, Here the criterion for n annihilation was that three or more mesons
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be emitted in the process. In all, we have observed 109230 p disappearances
(this number ie alrea.cliy.corrected for pion contamination). From the above
data, we can estimate thei’ charge-exchange mean free path in propane in
the following manner: (a) We assume that the mean free path for n
: _anhihilation i{s the same as for p annihilation (hére it should be noted that
the antineutrons are emitted in a emall forward cone and hence may be assumed
to have little energy loss (see Fig. 10)). (b) Taking into account the geometry
of the chamber, we find that 90430 of the disappearances must be ascribed
to charge-exchange; events, This yields a mean free path of 38x14 meters
for the charge-exchange reaction in propane. It should be noted here that
of the 24 n annihﬂations observed, none originated from a source that
exhibited nuclear excitation, This oi:eervation together with the fact noted
elsewhere that the charge-exchange reaction is small in complex nucleiZI
leads us to believe that the majority of the events are charge-exchange reactions -
occurring on hydrogen. In Fig. 10 we givé the observed angular distribution
of the éharge-exchange events. A very strong forward peaking is observed
in th‘llsm dila‘tribution. Qualitatively this can be understood if we consider that
collisions with small momentum transfers, i.e. large impace pararheters.
can lead to charge-exchange, while the large-momentum-transfer colligions
lead principally to annihilations.

A forward peaking in the p-p charge-exchange differential cross
section is predicted by Ball and Fulco at 750 Mev/c. 22 They predict also
a second peak at 180 deg in the ¢.m. system. However, our results which
show a mo—re pronounced forward peaking cannot be compared directly with
their predictions, since the approximation methods used by these authors

break down at higher antiproton momenta.
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IX. PION PRODUCTION BY INELASTIC SCATTERING OF ANTIPROTONS

In this experiment we observed a number of examples of .single-

pion prodix,ction and .one instance of double-charged pion production by
" inelastic scattering of antiprotons.” We were severely hampered in the
) quaritlt_ative evaluation ofvthese data because of the very limited statistics,

viz eight identified single-plon production events. For'the identification of

such an event, we required (a) identification of the pion {which is highly
.. efficient for charged_pions)'and (b) identification of the ;which entailed a
subsequent annihilation in the chémbero Of the inelastically ecattered protons,
‘4+] annihilated "“at rest" and four in flight. The detection efficiency is baged
on the estimate that 0.20£0,05 of all the inelastically scattered antiprotons

will annibilate in flight in the chamber. The fraction coming to. rest and
annihilating was estlmatéd from the three-particle phase space. The
detection efficiency for neutral pions Ey y-ray conversion in the chamber is
~0.15. Detaile on the events observed and on the detection efficiency are ,
" given in Table VII. We have not observed any exam‘pleé of charge-exchange
events vwith inelastic pion production.

We thus aoiimate that inelastic p scattering in propane with charged-

" ‘pion production occurs with a frequency of 0.4%40.3% of the annihilatioﬁ procéss,
- If we ascribe 5;11 the observed ot production {''hydrogen-like") events to
annihilations with free protons, we get an estimated upper iimit for this

cross section of o(PH =5 7 n).< 0.520;3mb. . = | o
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Pion-Production Events by Inelastic Scattering of

Antiprotons

Reaction

E+p-1r++5+n

Ptp-w4ptp

ptn—~w4p+p

E+n-91ro+f)'+n

Ppt+o~*w 4+ +p+n -

No. events

identified

4

Detection efficiency -

0.4 0.1
0.06 + 0,02
0.4 * 0'01

0.06 = 0,02
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" FIGURE LEGENDS

Fig. 1. Example of afx P annihilationre.ve.ht vyielding two charged K mesons.
The reéction observed is
P+ = KN + K+ wth o +nnd
The K" meson decays in the T mode giving T +nT+1". The 77 mesons
in turn show the_characteriéfic . 'p.+-— e’ decay. The X meson
| interacts in carbon (non-c0plana;r) giving-# 23+ and v . The =t decays
via the ot n'mo_de. | | |
Fig. ._2. E#érhple of an ) é.ﬁnihilétion yieidiﬁg two neutral K mesons, Both
Ko thesons decay near their prodﬁcﬂon point and, from Q value
measurements, are both identified as Klo mesons. | |
: Fig. 3(a). Observed chax".ge-pion-multiplicity distrib@tion,for p annihilation
o events in propane. Events with strange-particle production are omitted
fxere, corrections have been made for n° -initiated stars which affect
the results for N":h =0, 1, and 2, and charge-exchange events which
affect the results for N_x = 0 have been subtracted. »'I'he distribution
expresged here in percentége corresponds to over 3000 events. .
‘(b) Observed charged-pion multiplicity distribution for p annihilation
events without p prtéﬁ;’gs, and with N, -= N"+ (hydrogen-like events) or
N_-= N_++1. The shaded part cohr.responds to ;fa'-H annihilation events. _
Fig. 4(a). Histogram of the experimental neutral K-meson momentum
spectrum in the c;v.m. system. (b) Hiétogram is the experimental
charged-pion momentum spectrum (c.m.) for pions from p annihilation
stars with identified K—meson production. The curves are obtained

from the LIPS model as discussed in Section VI,
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Fig. 5. Percentage of stars with strange-particle production in P-
éxnnihilation events as a function of fhe total available energy, W, in
the c.‘m. systemn. The energy, W, is expressed in units of the total
available energy for annihilations at rest, viz., two times the nucleon
mass. The experimental point for the annihilation at or near rest
comes from references-1 through 5; the other experimental point comes
from the present experiment. The curves shown are the computed
variation with. available energy based on the two-parameter LIPS model.
Curve (2) was normalized to the exgerimental results for annihilations
at rest, and curve (b__). to the results of the present expei'iment. As can
be noted, only in thé extreme case of about one standard deviation on
each of these -eyépgriments will a single curve fit bothv expérimental

' poinfa. The calculations have been extended to a 'va.lué of W',K’ZMp=l.34.
which corfesponds to a p lab momentum of 2.23 Bev/c. |

Fig. 6. Average pion multiplicity for annihilation events with associated
K-meson production. The experimental point comes from the present
experiment. The curve that shows the variation with W/ZMp was
calculated as discdsaed in the text.

Fig. 7. The variatioﬁ of the average pion multiplicity in p annihilation
stars (excluding Kemes.on—production events) with W/ZMP. The
experimental point comes from the present experiment. All computed
curves have been normalized to an average pion multiplicity of 4.9 :
for annihilations at rest. This gives a volume Q= 8Q, in the LIFS
calculation. Curve (a2) corresponds directly to that volume.

Curve (b) coiresponds to the same model with the inclusion of a Lorentz
contraction of the annihilation volume. Cur've (c) corresponds to the
Koba-Takeda model, also normalized to an average multiplicity of

4.9 for annihilations at rest.
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ng. 8. The pion momentum a?ectrum in the _ch systexi_x for hydrogen-~
1§ke antiihilation stars with N_ & = 4. The curvé vcorreepo‘nds to a
calculation with Q = 890. |

Fig. 9. The c.m. momentum splgc"nv"um for hydrogen-like annihilation

| events for Nw £ = 6, The curve v_?as computed with Q = 8(20.

Fig.10. The angular diatribution of the 24 observed p charge-exchange
events. No event wasg observed _v)ith c.m. angle greater than 60 deg.
Th.e shaded region shows the correction for the géometry of the chambef.
The geometrical corrections lnc;°eased somewhat with increasing angle;

 however; the absence of charge-exchange events at angles greater than

60 deg cannot be ascribed to geometrical effect. The distribution is

thus very strongly forward-peaked.



UCRL-9319

~33-

ZN-2464

Figure 1



UCRL-9319

=-34-

€9%Z¢-NZ

Z 2an31 g



UCRL-9319

=35~

(a)

(b)

-

rz

|

NN

30

20

10—

O

S}JUBAD 40 Juddiad

[0} o
0

Nyt

MU-20972

Figure 3



Number of events

Figure 4

-36- UCRL-9319
[ I
/\\ ~ (a) 7
| | \\ /M
PK’C'm(MeV/C)
(b) N
TN
500 . . 1000 1500
Pﬂ;C.m.(MeV/C) :
MU=-20905



Stars with strange particles (%)

-37- UCRL-9319

1.0 N .2 1.3 1.4
- W/2Mp

MU-=20902

Figure 5



-38- UCRL-9319

MU-20903

Figure 6



< N>

-39-

UCRL-9319

Figure 7

MU=-20900



Number of pions

150

100

50

~40-.

~

UCRL-9319

N

200 -

400

600"
Pr.c.m{Mev /c)

Figure 8

"800 © - 1000

1200

MU-20901



Number of pions

-41- UCRL-9319

40 ' T I
30— ] -
20— ’-\\ ]
IO -
o | 1 -
0 200 400 600 800
Brc.miMev/c)
MU-—-20908

Figure 9



Number of events

16,

&)

42 UCRL-9319

I | 37

Experiment

7 Geomefyicol
4 correction '

/

%

O
1.0

08 06 04
Cos (85-p)c.m.

MU-20904

Figure 10



i

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
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