Lawrence Berkeley National Laboratory
Recent Work

Title
CHARGE-EXCHANGE PRODUCTION OF ANTI-NEUTRONS AND THEIR ANNIHILATION IN
HYDROGEN

Permalink

https://escholarship.org/uc/item/94p9630f

Authors

Hinrichs, C. Keith
Moyer, Burton J.
Poirier, John A.

Publication Date
1962-02-05

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/94p9630f
https://escholarship.org/uc/item/94p9630f#author
https://escholarship.org
http://www.cdlib.org/

1l

UCRIL-9589(2nd Rev)

University of California

Ernest O. Lawrence
Radiation Laboratory

| )
TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

Berkeley, California



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nécessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



i

CHARGE-EXCHANGE PRODUCTION OF ANTINEUTRONS
R AND THEIR. ANNIHILATION IN HYDROGEN R
C Kezth Hmrichs Burton J . Moyer, John A Poirier. and Phihp M Ogden
~ February 5, 1962
5



“"c " Keith Hinricha.

3w S UCRL-9589 (anR.ev)

| : Charge-Exchange Production of Antineutrons’
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i 7 ABSTRACT

The charge excha.nge o£ antiprotons into antineutrone and the aubeequent

annihxla.tien of antineutrons have. been studied in the 72-inch liquid hydrogen

RIOE : .'bubble chamber. ’I’he antiprotons were produced internally in the Bevatron,

. channeled e:iternany by commation. quadrupole focusing magnets, and bending
R magnets; and separated ﬁ'om' other nege.tively charged particles by a system of

v;ythree velocity spectrometers. Ana.lyeie of the data for a run with an antiproton

momentum of 1 6& Bev/ c has been completed. Three cha.rge excha.nge reactzons

have been stuchedz._ -{a) p_ +p-- T +n, (b) p+p=n fa+ wg, "and

(<) ';3' +p- ;' +p+ w'; - The cross section for Reaction (a) plue Reaction (b) was

found to be strongly peaked forward with a value for the angular differential cross
‘section at zero degrees :of 4.6 £ 0.5 mb/sr. The total cross section for these
two reections was £ound to be '7.82 £ 0.55 mb.  The total cross section for Reaction

e v(c) was found to be 0. 99 & 0 24 mb; the staﬁisﬁical model Wcmld predict the cross

secnon for (b) to be the same as (c)

Of the antineutrons produced in Reactione (a.) plue (b). 122 a.nnihxlaﬁed in

~ the bubble chamber; the resulting annihilation cross eection was found to be -
- - 45,2 & 5.4 mb, The kinetic energy o£ these antineutrons was dxstnbuted euch that

80% of them had energies between 800 and 1000 Mev,

The average charged-pion multiplieity 1n the antineutron annihilatzons was

e found to be 3.5 %= 0 3. The :atio _of the number of antineutron a.nnihilatxone containing .



; : . . ST . . ‘ ‘ . . . ‘\\s\zjjn/.\v’ 1
T <4 - UCRL-9589 (anRev) o

N five charged pxons to the number containing threa charged pxons -and the momentum

s V’E,,‘dxstrzbution of the pions. have been compa.red with preaictions of a statistical model

‘{ Reasonable agreement was obta.ined £ox' a volume ﬁve times that of a sphere with a.

;4: ; radxus of one pion Ccmpton wavelength. The centermf»maas angula.r distzwb\.tion o

Yy 4

B fof the pions in the antineutron annihila.tions was found to be within statistics.

0,

3 liaotropic distribution. Three events were £ound that ﬁtted. Ko-mescn production
| 'in a.ntineutron anni.hilation.
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Charge-Exchange Production of Antineutrons

CilKeith Hmrichsf Burton J. Moyer. J’ohn A Poirier.z and phmp M. Ogden

Lawrence Radiation Laboratory -
i Universi.ty of California
Berkeley, California

: F.ebruary 5 1962

L xmnonuc'nom

, The antineutron was £irst identified by a counter experiment in 1956 after

- i;a few unsuccessful efforts to observe its existence subsequent to the antiproton

_Vdiscovery. The antineutrons were produced by the charge exchange of antiprotons

| on protona (p + P~ n + n) and identiﬁed by their large annihilation energy ina

counter. Other countor experimenta have studied the chargeoexchange reaction

2, 3' 4 as wen as on complex nuclei 3 and in 1959 the charge exchange

- of an antiproto_n' _ivnto an a.,ntineutron and the subsequent annihilation of the antineutron

6 man these experiments it was

o éssom?ed that thé amﬁhil'ation cross section for antineutrons was the same as that

-V‘interactions, including annihilatxon. RN

£or antzprotons. in order to estima.te the charge-exchange crose 'sections, In these

B previoua experiments the small value of the charge-exchange ¢ross section,
B combined with the rarity of a.nuprotons themselves perrmtted little more than

: .">r_'conﬁrmation of the proceas. and little light could 'be shed on the antineutron

W

The a.ntmeutron interactions in hydrogen axe of partxcular interest because

| ':the rea.ction occurs in a pure isotopic spin tnplet state, whereas the antiproton=

o 'proton interaction is composed of half isotopic singlet and half motopic triplet states,

3

It is to be noted that a.ntiproton-neutron intera.ctions a.lso occur 1'1 the pure 190’50?“:

o -v‘tnplet state, a.nd in th.is respect should be the same as B-p interactions. Some

o hydrogen subtraction.

| recent results on a.ntiproton-ne\nron intera.ctions ha.ve been obtained by deuteriume '

7

and Their Annihilation in Hydrogen* o Lo " , EEE
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. ofs 925-Mev antiprotons in a 72-inch hydrogen bubble chamber, their angular
i ‘dwtribution, and the natura of the antxneutron-proton anmhilatzon The performance .
o ‘of thie experiment wa.n ameula.rv to an experiment that euccesefuny eearched for the
N' - antilambda in the reaction p +p- K + AS? The energy of the experiment was '

} :dictated by the threehold £or this Iatter interaction. o |

B _n.: APPARATUS AND METHOD
CAL 'I'he Antiproton Beam |

The antiprotons were produced by the 6.2~ Bev internal proton beam of the

Bevatron striking an aluminum flip target. In the 200-ft Spa.ce between the Bevatron

- and the 72~inch liquid hydrogen bubble chamber the antiprotons were focused, -

momentum-analyzed and sepa.rated from a large background of pions, muons, and

: ka.ons by threo velocity-selecting epectrometers. sze-of-fhght counter techmquee :
: dxfferentiated the antiprotons from pions and muons, anci served as a ‘monitor of the oo
L operation o£ the particle aeparatora' their operation was further. monitored by a

- matrix of counters which detected the poaition and d.istributxon of the re;ected pions

A counter teleecope was also set up to look at l- Bev/ c pione comxng £rom the same

Bevatron target and was uaed to monitor the oPeranon of the Beva,tron beam and -

: ,target mdependently of the magnet and cou.nter system of the ma,in beam. A detailed
- f descriptxon of the design of the a.ntiproton beam has been published 9 The com-
= "position of the bea.rn es it entered the bub‘ble cha.mbor is dlscussed in Sec. _m.

LA

B The 7Z-Inch Liqmd Hydrogen Bubble Chamber

The bubble cha.xnber is approximately 72 in. long by 20 in. wide by 15 in,
10

':_"‘ldeep and is located in a rna.gnetic ﬁeld of 17, 9 kgauss. the magnetxc field varies
.;'bﬂin a known pattern by & 10% over tho voluzne of the chamber. The l-msec Bevatron

: bea,m 5p111 occurred at tho center o£ the aensitwe time of the. bubble chamber, which

The experiment presented hero studies the antineutron-producmg mteractions

e il A a



Ty

,..-__:?'_hydrogen was . 0 0586 g/cm .
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. was about 15 msec, and at each expaneion three cameras took stereoscopic pictures

~ of the cha.mber. _The magneﬁc field has been accurately measured over the volume S

P

L of the chamber. and correotiona for this varia.tion as well as optical correctzons /7 SRR

_--;".have been made in the analysis of the data. The avez-age denaity of the expandad Ll

i

i ‘;_,,-_, e m ANALYSIS OF THE DATA
| A. Classiiication ‘of Reaction Types

a The beam entering the bubble chamber was composed prima.rily of muons, :

‘ ‘antzprotons. and pions. The muons chd not interact in the chamber and contnbuted

‘only to the tmmber of background tracks. ‘ The pions. although present in much

: j'_"' sma.ller numbers, constituted the largest source of background for the antiproton

interactions.

. Table I lists the intera.ctions with which we are concerned They are

T -

"v'claemﬁed by the charges of their final states aince this feature is 1mmedzate1y

determined by lookmg at the photographs. Reactmns of beam parnclea in whzch no

o charged part:cles emergeix are called O-prongs. two charged emerging particles,
_ Z-prongs, etc.. A charged particle interacting With a proton must have a final state |
. possessing an even number of charged particles and a neutral particle interaceing
'with 2 proton must have an odd number of particles i.n the £ina1 state, the presence
, ‘of an incxdent beam track distinguiehee the former from the latter. The scan;:ing

cntena used a.re described in Sec. III-

The experimental data preaented here were dxrected toward the study of the

: "antineutron production reactions (l). (2). and (6) and the antineutron anmhzlation :

_}-,reaction (13) The 1ne1aetic charge-exchange reactions producmg more than one -

- pxon were presumed unimportant (for instance, no events were found to fit the

\4

: .reaction p + p -~ n + n + 1: + 2 ) Figure l is a photograph of a 0-pron0 antineutron

S productzon event, Reaction (1) or (Z), followed by a S-prong antmeutron annih:.lation -
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‘ | eiront A. z-prong antineutron production event which kmematically fits Reaction’ (6)

18 shown in Fig. z-hero the antineutron annihzlates into threo charged particles : o

V. B “Sca.nning and Moasuromont of tho Evonts o
Approxxma.toly 46000 bubble cha.mber photographs were taken. w;th an
B -average antiproton kinetic energy of 92.5 Mov.- Each picture consisted of three o
stereoscopic views. They were rough-scanned on viewing reprojectors to locate’
possibly mte:esting events. A usofulrvoiumo was defined for the bubble chambex |
- which excluded areas where the £xlm showed poor. track visibﬂity or where the |
proximzty ofa physical boundary reduced the probability of observing an interaction.
Eventa were included in the ana,lysis only if they were within this useful volume.
About 6% of the pictures were xejected for reasons of quality, number of beam tracka,
| For a track to be considered a bearxi track it was reqmred to: (a) enter thc
cha.m’oer at an angle within 5 deg of the average direction of the beam tracks, '
(b) have a curvature corresponding toa momentum of 1.6 = 0,2 Bev/c and (<) oro
the ontrance boundary to the useful volume., | |
A.n mteresting neutral star was any interacuon which did not contain {a) an

incxdent beam track (b) a pooitively charged stoppmg track (Wthh could only be a

g proton). ‘or (c) one positive a.nd one negativc track (a V partxcle) Requiremcni: (b)

ehmmatod neutral events which could not have been anmhilations. Many of the events

o winch fa.iled this test were reco:d protons £rom neutron background in which the

X

. " relative to tho estimated number of l-prong a.ntmeutron annihxlatzon events, tbe

e v.i-prong.events were not analyzed;‘ For‘a szmilar reason no attempt was made to
atudy Reaction (iZ) Scanning efficiencies for each type of event were detcrmmed

by ma.king two or more indepondent scans of the samc dnm. SRR

{ .
LA

proton later scattered another proton{ Becauso of the large number of recoil protons ’
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o Accurate measurement of the events whxch were first found on the viewing

. v'pro,;ecter were. made on a digital measuring reprojector wh;ch recorded a succession |

\-z‘/

v ' of track coordinates in’ two ot' the three etereoscc)pic viewe 11 A electronic computer
. px'ogra.m reduced these da.ta (petiorming correctione £cr magnet;c £xe1d nonuniferm.ity
Y a.nd optical dietortions) a.nd printed out the momentum, angle, and positxon of each ,' L E

‘charged track together with the errore in their determination.vlzvv';,;,,_"‘. O

' C. Detet'niinatfon of the Beam Composition ', -

= .- The total number of tracke in the 431 00 picturec wae. after correcting for
o - “ : the S% scanning inefficiency. 191000 " These tracks were dne to antxprotens, piens. v
‘f'tvgnuone_,v and; kaons, No‘attempt.wa‘.e_-m._ade to. distingﬁisn these é)articlettacks by |
o differences in buldble density; vsince they differed in this reapect:by only = "" ' | g
" The number of ka.ona can be determined by their decay in ﬂxght and is so small o
’that it can be neglected ‘I‘he muons are distmgmshed by thezr lack of mtera.ction. b
The p1ons can be chstinguiehed from entiprotons by the kmematzce of delta-ray inter-
ll‘-actiona, the n;eximumeenergy recoil electron that can be prodnced by 1.61-Bev/c
| entiprotens is 3.7 Mev, lw_herea.s the corresponding delta~ray energy for pions of the
) v"eame rnomentun—x is 12.5 Mev, The beamcovx.rn'oosition reported belo%y was determined
independently. but in eseentiauy the same manner as that reported in an earlier

9

";reference . in which a more detailed discusezon can be found. The avera.ge number
-_ of incident ‘beam ‘tr_a.cks was 4.4 per pxctuzje;-y We feund that'_tvhey were distributed in

' the gellewing 'fachifon‘:_f_mnena. 66% 'antiprotene. 24% piené. 10% and kaons, 0.05%

e D Determination of the Number of Antmeutrons
IR " Produced by the 0- Prong Process

: We"tieat here the antineutron production from Reactiene (1)’ and (2). Since
'these were the largeet £raction of all 0-prongs, the number of antineutrone produced
: :wae obtained by subtracting the background O-pronge from the tota.l number. The

'_ 3 _total number of 0-prongs was determined to be 2149 = 47; this knumber contains a
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2 correction for thc inefﬁciency of a multiple scan, The backmroﬁnd 0-prongs o

R were estimated to be. 453 & 61 from pion reactions (4) a.nd (5); 61 £ 54 from B L
| ,Alleutral antiproton anmhilationa Reaction (3). and 11 * 3 from antiproton production R

of AKpaxra.?;'i"

'I‘hese values wul bo discusaed below Combination of these
: numbers gives a residuo of 1624 & 94 as the number of 0-prongs which yielded -
| antmeutrons. SRR o ‘ o
| v The nu.mber of O-prongs from pxon reactxons (4) and (5) was obtained fxom
" :"knowledge of the number of incident pions (Sec. 111-C), the total pion-mtera.ction -
cross section. a.nd the ratio o£ the cross section for Ooprong productmn relative , .’

13 The 453 & 61 O-prong events which were calculated

to the total cross section,
in this fashion turnéd out to bo the la.rgeat subtraction, and yet amounted to less
| than 1/ 4 of the total. Therefore the oubt raction method should be qmte valid,
| " The number of O-prong antiproton annihilations, Reactton (3), was deduced
vaei_ follows, -The chamber photographs wore scanned for electron-positron pairs
_ éssociated with 0-prong 'e\a;enis. The acceiated pairs were required to display pair
- mome_ntuno directions .pa'ssi.ng lthiough the 0-prong evenﬁs ; such pairs wefe considered
: - to ar‘ise from conversion of decay pﬁotona coming from no's produced in the O-prong
| "Teven‘té. : On the basis of Sz.such aé'sociated pairs, it was calculated, £rom the photon |
' conversion efﬁcxency of the chamber. tha.t 94;6 = 195 7's were produced by 0-prong
events including Reactions {2), (3), (4). and (5) The wO yield from Reactiong (4)

14tobe

‘and (5) was estimated from the w p intera.ctzon data of the Saclay group
498 = 81 (corresponding to the 453 % 61 O-prong pion rea.ct:.ons mentzoned above).
" The 0 yield from Reaction (z) is deduced from the statistical model prediction that

K : Reactions {2) and (6) should have about the same probability, in Sec IV-D the pion

yield of Reaction (6) is estimated from ana.lyais of observations to be 205 & 50 and
s this number is assignod to Reaction (2) Finally. then, by subt‘:ractmg these estimated
\ ’ '11 yields £or Reactione (2). (4). and (5) from the total ‘we obtam 243 £ 217 as the
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number of'iro's é.risirlg from 0-prong a.nnillilations. Since the statistical model .
'7(see Appondu:) predicts an average plon multiplicity of four for this mode. we o
conclude that the number of O-prong annihilation events is 61 54, |
., Another mothod to obta.ln the. numbcr of 0-prong antiproton anmlulatlona '

s to calculate the. nu.mber dlrectly from the statistical model, If the volume

| "'parameter x is taken to be 5 1, thcn the number oi O-prong antiproton anmhilations

: i_ is calculated to bc 212 & 50 Thls number is consldcrably highcr than the number o -
L obtamed by the method above. although pion-pion resonances wlnch are not mcluded

) ”:'m thc sta.tistical model predlca.txon may be expected to reduce the number of 0-prong '

= ) l‘/'annlhxlationa from that calculated by ignormg these processes. The number of
0-prongs which yield antineutrons would on the basis of this latter calculated
E correction. 'be 1473 & 94. instead of 1624 ] 94 as given in the first paragraph of

- this scctlon.

E Geometncal and Energy-Dependent Corrections

‘ For each neutral sta.r (deﬁncd in Sec. lII-B) associated with a O-prong, the
‘ proba.bility P of the visible occurrence of the event was ca.lculated This probability
L is a function of the geometry of thc bubble chamber as well ag the posxt:.on of the
O-prong and the angle of the antlneutron. a.nd is given by the equation
‘ Pzl -exp (-zno" ). where’ A is the dlstance the antineutlon could have gone |
before lea.vmg the useful bubble chamber volume., , a‘m ig the cross section for
antineutron annihilation into more than one prong, and ‘n is the density of protons
; - "i'-in the liqmd hydrogen, . No attempt was made to-analyzc l-prong events since the

j;-h‘f_"m'.‘.m’oer of proton recoils froym neutron background was large compared to the expected .

r"number of antineutron annihilations 1nto ono~charge particles. A'correction for this
__.neglect is discussed bclow. S | |
,, .' ~ The weight W, where W =. l/ P, for each event is the number of antineutrons

- -' that must have bcen produced at that particular angle so that the event would be seen.
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" The total.nozﬁber of antineutrons produced by O-prongs that would annihilate into o L

T of the associated events. ’l‘hie then allowe us to calculate both the antineutron '

. a.xmihilation cross eection (wtth a calculeted correction for nonincluded 1~prong

o _lover positxon and. azimuthal angle. thie was done by a computer program, Given the . .

a.nmhilatxons) and the anguler distribution £or the O-prong charge-exchange cross

_ section. ,

maller etatistical errors. are obtained if the probabxlity P is averaged

'fpoeitxon. chrection, and momentum of the antiproton track at its beginning, this .

S :program reconstructed the track through the chamber. For each event a value of ¢

N "was determined (for the scattering angle 0 of that event) for each of eight equally

epa,ced azimutha.l angles about the direction of the track at each of gix equally spaced

' pomte a.long msreconetructed path Each of these pointa along the track was wezghted '

- to account for the. a.ttenuation of the antiproton beam in pas szng through the chamber. o :'

R Then P was determined for each L. and an average was performed

Since it was not possible to scan for l-prong annihiletions, the calculated

' W gave only the number of antineutrons that would have anmhziated into more then

| one charged pion,. To correct for this, each W was multiphed by a factor K

} _”"whzch was- ca.lculated £rom predictione of the emtietzcal model for annibﬂation and

the bra.nching ,z'a.txos £or the varioue modee of ennihilation feee Eq. (A 7) of the -

The a.ntmeutrons produced by Reactions (1) plue (2) had a distrxbutzcn of

energy which was peaked about 900 Mev (Fxg 3) To allow an energy dependence R

: for the annihilation cross eection. the iormula. of Koba. and Takeda.

15

am ,"f'(ja"%_‘x)‘v"; W

_'wa'e" used, where ;k_ is tlvxe'center'-of-mese 'de_.xfBroglie Waveiength for the antineutron
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‘and" a lisa core radius. . From Fzg. 3 we see tha.t 80% of the antineutron energy

' -'":".j_>distribution hes 'between 800 Mev and 1000 Mev. the above form of the a,nmhila.tlon

cross section variec by less that & 3%w1thin thie energy interval Thls introduces

a slight energy dependence into.;w A.lao, K ie very elightly energy dependent, -

e _.h:its energy dependence is discussed in Sec. IV B

L R . EXPERIMENTAL RESULTS _

A Number a.nd Claesiﬁcation of Neutral Stare Associated with 0~ Prongs ‘; l‘

I a neutral ctar were. associa.ted thh a O-prong, it muet occur in the £orward
f,,_hemxsphere with reapect to the 0-prong. (It is kinematically 1mpose£b1e for an

- antineutron to ha.ve a momentum component backward thh rezspect to the a.nnproton '

in the laboratory £ra.me of reference. ). The number of £alse associations can be

| estzmated in three waye. (a) from a scan of S-prong or 7-prong stars occurring
ibehind a 0-prong; {b) f_rom the number of cases where more than one'0-prong could

. ‘be associated with the same antineutron e.nnibilation star; and {c) from the number of - -

e nona.ssociated antineutron stars, the number of nonassoczated O-prongs and the

L number of pxctures. These estimates gave 5.4, 5.7, and 5.1, respectively, for the

o number of false associationa. Thus the probability thit a neutral star in the forward

o :}»;'.hezmephere of a 0-prong is aacociated is 0 956 % 0,003, | Thue aherc 1s a hzgh pro- :

' ;'babi.lity. on etatistical grounds a,lone. that a neutrel atar in the forward nemzep}zere

of a O-prong is associated with i¢. : ;

Eighty-seven poesible aseociations of 0-prongs Wxth 3-prong stars were

- found Of theee,v : 83,99“‘“"_’,'9‘1- in the_ns_efnl ‘bubble chamb_er :volnmc. . The ‘»Brpron\g

_sta.rvs of six of theae evente fitted w-p or p-p scat‘tering;‘that is, the three tracks

o 'were coplana.r and the momentum and energy balanced (These events occurred for

una.esocxated u's or p 8 tha.t were not beam tracks. ) Of the remaining 77 eveme, two

._“could not be measured or analyzed accurately because of a rmseing .,tereo view or
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fff:because of obstruction o£ the event by bubble chamber hardware in one view, These '
g z |

two events appeared to be good in all reapecta, and since only si:.. events were

f';:.'rejected previously out of 83, it was thought best to include them, Ofthe 75 |

,,'-.?'measured aventa. all except one were found to be kinematically compatible with

':._.fi;f.ﬁantineutron annihilation. with the o produced.at the O-prong. The one event that

;_.did not fit had too xnuch visible energy in the star to have been produCed by an n
associated with the 0-prong. The event was assumed to be good however, Bince
7 ’_:_"'ione track in this event had a large error in momentum. ';;,w,.;-‘-"" '

1th o '
Fifty-one poasxble asaociations of 5-prong sta;:s Oi-prorigs were £ound 44

occurred in the useful volume. ‘All the, meaaureable events were compatible With =
o i"-.?;"::.antine utr on. maihilation. ehg antineutron having been produced at the O-prong; |

L j-‘f;.;'however, six of the 44 eventa were unmeasurable. All six unmeaeurable events
appeared to be good in all respecta and were included Only one association of 2

P 0-p . ong with a .7~prong atar was fo,nlnd.v an,d it was compatible with antineutron

B production at the 0-prong. -

o The 83 three-prong events associated with a O-prong star discussed above
L ';.-"'j_iwere clasaiﬁed aa to the reliability of their annihilation interpretation. The stars
- were ﬁrst analyzed as if they were scattering events; coplanax'ity was tested; all
o nearly coplanar events were then tested for energy and momentum balance, assuming
a proton-proton scattering mterpretation or various combinations of plon-proton o
scattermg.: As mentioned above. six events were found to be of this type. The
'”"’-k'_remaining eventa were then analyzed to aee if the viaible energy of the neutral star -
- "";:"":;was greater than 1 Bev. Varioua pa,rticle assignments were attempted;(e. g;; up totwo - |
”"?_:’ff‘_-‘flproton tracks were permitted). if the minimum kinetic enargy obtained from the
'f: 'v'l.vanous particle assignments was 1 Bev or more, it was assumed that the star could
- only be an annihilation -event. Twenty-one eventa fitted these criteria, The next
. / v“‘classiﬁcation included 9 events m which the minimum visible energy was less than
1 'l Bev, but more than the kineﬁc energy of a neutron Wthh came from the associated
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BRI A third claaaification was given to those events in w}uch the minimum {

S visible energy ‘plus the minimum energy required to balance ‘momentum was grea,ter :

- than 1 Bev (the ba.lance of momentum assumed that the neutron was produced at the

/

";’ g,wact ased O-ﬁrong). . Fottyuﬂve wantm Em:ad thase critm—ia.- ’I.‘here remained twe :

L unmeasurable events. .

The 44 ﬁve-prong stars were distributed so that 35 fitted the fxrst critenpn
three the third. and six were unmea.snrable. There was one: 7-prong star which fit S

) the ﬁrst crztermn

IR

% The Annﬁulation Cross Sectxon ',

. ‘ | We calculated the ratio of 5-prong to 3—prong stars, ueing cnly those events
whxch had an antineutron laboratory-fra.me kinetic energy between 800 and 1000 Mev,
L Inthm r;:angq the_rg were 33 f_ivefp:'ongs and 63 three-prongs, which gave a ratio
5 _ _‘ R>.A-. VO.'SZ & .’,.11; - The #véré.ge kinetic energy for the v9(> events was 894 Mev, This
ratio is plo'tted' in Fig. 4, ,'aiong with ‘prieciic.tionls, of the 'statliszti'-c.a.l model, as a | o
| fiinctioﬁ of a.ntineutr’o.n kinetic energy, for various values of the volume pa;r’ameter ’
)\ (see Appenchx) A ﬁt is obtainéd £or A=54% . A similar value of x has been
‘ obta.med from an analysis of the antiproton annihilation data.léhr Wnth this choxce of
L L, -the correctxon factor for l-prong anmhiiatzon. X, was calculated as a function
. of antmeutron laboratorycframe kinetic energy, and is plotted in Fig. 5.° Since the
_antineutron energy is determined an appmpnate value for K could be chosen for
' each event 'I‘.hemiz Ki W is the tota.l number of a.ntineutrons produced by 0-prongs
“'_“.-’when cor rected for scanmng efﬁciency a.nd false assoczatmns

N

B " [Total - False
0T Efficiency | —Total »

TRW, @

Y w_h_es._*é 'Non: is the_gﬁmbe#[o! antineutrons produced by thev 0-prong process.




‘Iwith o-prongs for 3_ 5_ and 7-prong stars was - 0,975, and the number of false

L correction ta acconnt for the £act that uxﬂy 117 of the 122 eventa were measured

o a.nd weighted gives

;\‘.". N n
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The combined sca.nning efficiency for seeing a,nnihilatmn stars associated

'117

i=l

' The. summation W K, _was determined for five v_alueé of the core radius, |

i

- .a, thatis, a'= 0,80, 0.85, 0.90, 0.95, 1.00 £( £ = 10° -13

m). The actual value for

obtained in Sec, III-D is plotted as,a. line at N," 1624 with errors = 94,

0 0
P " The intersection of the two curves occurs at a = 0,896, The values of the NO

v';'..;.fv_obt'a;ine'd from both determinations are assumed to follow the Gaussian, or normal,

_f_ error law, The ellipée in Fig. 6 is then the locus of pc‘)ints where the product of the

' ~proba.bility a.mplitu"dé& for the two distributions corre3ponds to the vas,lﬁe‘at ocne -

B standard deviation.. The error in a is taken to be the maximum excursion of this

- _ellipse parallel tothe a axis. Thus a = 0.896 = .ovz and from Eq. (1) the

'Emnih:.la,tion cross section at 900 Mev, obtained from 0-prong associated evénts
-' : - . i ‘ 1:7V _-;j. o Lo
g, (Bep) =452 & S.4mb, L

C. _ The 0-Prong Charge-Exchange Crbss Section

The total cr_oés section for charge_exchazige via the O-prong mode was

~ obtained f:oz;g: (é’) thé humi}e;" of antineutrons .produced by‘the O-prong proceés |
» (1624 % 94), : (b) the fotal‘lixumllaér of antipi'oton'interactions which évere obéerved

. (18728) and (c) the value for the total antmroton-proton cross section18 corre_cted

by 8% to accou.nt for unobservable aman-angle scattering (90 2 & 3 mb)

NO ‘= 1 021 Z W K.i‘ L -. B ‘. . (3) -

- i associa.tions was taken to be 5 5 Puttma these numbers into Eq. (2), with a - E
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L _ “I'he deduced value for the tota.l cross sectxon for charge exchange from O-prong
- reactions m plus (2) is 7.8 & 0.6 mb. 7

' The differentml croes eection as a function of angle was obtamed by eummmg

»'v-the corrected weighte fer eventa in each interv,al of cos 6 and normalizing this sum }

i Ato the total cross Bection.

O (0-prong)

" 2w Lcos ej) . o (%)

- «'__:where 6 is the- center-of-mass angle between the n and p direct:.one This

o ~ distribution is plotted in Fig. 7, together with the unweighted angular dzetrxbution

of the 1).7~evente. The extrapolated value at zero degrees is
" N . .. : . ' . .

Lot Ydo (0deg) .
e cedﬁ = 4,6+0.5 mb/sr,

D. The Z-PrOng Charge-Exchange Cross Section

| . Since there were many more 2-prong mteractions than" O-prong interactzone,
B and since the Cross section for Reaction (6), p + p -n + p +u, is not expected to
be large, there is a much higher statistxcal cha.nce of an mcorrect associatidn of
neutral.s'tat'e with 2-prong vertices than in the previous case of O—Prong associations.
| However, there is an’ additiona.l handle on these svents einee ttxe kinematics of the

as sociated event i'e over-determined A computer program has been devised which

- ad_]usts the measured quantities oi the Z-prong a_nd the n directmn under the constraints

o xz value, °

' of energy and momentum conservation to give the best fzt as determmed by the smallest

19 '

This xz test was performed on 85%of the deta There Were 17 events for which

s
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o x 15. all others gave x >200. These 17 good events and three other events had

been aelected by a previous program. Due to measurement difficulties, the xz teet S

could not be performed for the other three events. The confirmation of the 17 events i
indﬁcated that the three add.itiozw,l eveute should eleo be accepted :

i . o - i

The laboratory-frame kinetic energy of the a.ntineutrons produced in these

associated z-prong interactions is plotted in Fig. ' 8 for 19 of the 20 events o B
The sum of the weights for the assocxated events gave the number of reactions

of th:.a type that occurred. The cross sectxon was then obtamed from the relatxon

= W, . 0f (pp)‘

o olpP ~mpT )= — - — ——
I total number of observable P interactions

| | G F
.i_v'vhere A ﬁ;P) "vdenotes'th'e" total Pp croesw section corrected for th‘e unobservable B
small- m:.gle' elastic seattering.' The a.nnihilatton oross" section for the antineutrons
deterrmned by Eq. (1) with'a = 0,896 was divxded by K to obtain a cross section for
annihxlat:on into more tha.n one prong. This corrected annib.tlation cross section wae 2
‘ used to determine the Wi for each of the 18 good events. For these evem‘.s,.
= W 205 + 50, corrected for a combined scanning eff1c1ency of 0. 99 By use of

Eq (5) we obta:.nedl

 oFipe-at *pew) = 0.99 + 6;24‘@. e
Of the 20 antmeutron stars associated with- 2-pron¢ events, eight were th; ee-prong
’ } stars. ten were five-prong stars and two were seven-prong stars
o The center-of-masa a.ngles between the antxproton and the other particles |
& of the 2-prong intera.ction are plotted in Fig, 9 for the 20 events that ﬁt the reaction, -
The antmeutron tends to go { £m:wa;r:cl_l and the proton backward with the pmn having
roughly an wotropic distnbution. The distributxon of antineutron azirnuthal angle -

about the p dzrection 13 plotted in Fig. 10, Aza,muthal‘zero. ie defined by the plane
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‘ :’c}_f'the' protoh and the antiproton. | S

~ v
- &

"'E. The Nature of the Antineutron Annihilation Stars

" As was z"nentioned in Sec. ’IV' B the ratio of the number of S5-prongs to

3- érongs was observed io be R C. 52 & 11 for the events that had an antineucron ‘
:.kmetxc energy between 800 and 1000 Mev. For all 142 stars (122 O-prong associatzon
i ’;,’.plus 20 z—prong associatxons), the ratxo is 0.64 x 12, the kinetic energy distribution -
- v_'for the e.ntmeutrons extends from 75 to 1100 Mev (average, 765 Mev) 'I‘hm point
k& 1s inchca.ted in Fig. 4 by the symbol @ Eighty percent of the 0-prong star
o ~'associations had an a.ntineutron kinetic energy. between 800 a,nd 1000 Mev, Since the,
jratz.o R is a £unction o£ energy. the ratio calculated for the 96 events in thxs energy
: _range was’ thought to be the more reahstzc value "_ _ . o - ‘ *
The average cha.rged-pion mulnplicity for the 142 stars was 3.8 = .3, If an -
addxtional 12. % in the number of stars due to l-prong anmhilatxon is assumed to exist,
)v";the multzplxcity becomes 3.5 2 ,3, The statisncal model predicts that the number
“of charged pions is ‘a.bout twj.ce the numbezj of neutral pions, which Would then imply
- v'that the total pion ﬁmltiplicity was 5.2 £ .4, The statistical.modelv(lsee Appendix)
predicts 2 multiplicity of 5.1 for \ =5, and 5.3 for X = 6. |
| ~ The plon momentum distn bution determned in the c.m. | ofthe n - p: aystem
is plotted for 3-prong stars in Fxg. 11, and for 5-prong stars in Fig., 12. "‘hey are
compared with the distribution predxct ed accordmv to the statistical model forr volume

4.

'parameters A =5and k ‘6. The areas of these curves are normahzed to the numbers N

F

of p:.on plotted Very good agreement is obtained for the 3-prong stars. Agreement
 'ig quite good for the 5~prong stars, but the observed distnbutxon may peak a.t a
; slightly lower energ’y than that predxcted It should be noted that the momentum
B dxstribution is a relatxvely weak £unctxon of the statzstical model mteract:.on volume.

The number of eventa available in these a.ntmeutron a.nmhxlatmns does not

: allo#q a sta.txstica.lly significant search for evidence of the two-pxon and three-p_xon
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.resona.nt systems or "particles, " such as can  be pfoﬁtably undertaken with the = -
e stars.: Howeve:, .we do obsezvethe effect, usually attributed to Bose-Einstein R
| 'ivstaﬁ.sﬁcs' °f. a 8°in,éwhat closer ang'elar correlation for pion p’aii-s of like charge ti;g;,
. for those of mzlike"'chaege. Thus if we evaluate the ratio oi the number of pion pau.rs :_»'_
| _ ‘.._‘with included angle (m the c.m, frame of the annihilation) greater than 90 deg to the |
‘ 1 ‘number with thxs angle less than 90 deg, we find this ratio to be 1.11 = 0.15 for pione T
: i"_of like charge and 2.13 =I= 0 24 for those of unlike charge ' These numberg refer.to -_ o
: -.j;; the total of both 3-pxong and S-prong stars. Similar results. have been prevzously

N "'v"'
.20 2'1 However, the explanation of

noted and dxscussed for antxproton annih;lations
. this effect pur_ely in terms of ‘the Bose-Einsteinsta.tistics. without the implication of
| e .eoy pion-plon icteraction;' reqﬁirxes a ra.dius‘for the intere.cti_on volume too small to
’ predxct the observed pion multtphcitxes., .

CAlL the fra.mes containing 3-, 5-, or 7-prong stars were scanned for a V

. poxnting at the sta.r. Only one event was found to fit a K0 coming from a star, and

B : R this 3-prong star was not associated with either a O-or 2-prong antineutron .
| vvproduction. In addition, two V's were found that fitted a- Ko coming from a l-prong
" _anmhilatzon. In one of these the a.ntineutron came from a 2-prong beam track ending,
~ and in the other the antineutron was produced by a Ooprong For the latter case the
l-prong sta.r and the O-prong ending were only 2 de; apart as measured from the V,
’vIt was therefore uncertam whether the KO came from the l-prong or was produced
by the 0-prong. From these investigatxons it was poesible only to say that we have

some evidence for K production in @® -p annihxlatzons, although the amount observed

’ f,_ was perhaps less tha.n expected by comparison with p -p axmihila.ﬁon

V. DISCUSSION

| The value obtained fox the antineutron snnihilation cross aection at 900 + 83

17

(n -p) = 45.2 5.4 mb, agiees w'ithin statistics with the antiproton

16

o annihilation cross section,”” o

Mev
ev, aanr_x

G"‘P)= 51 =3 mb The P-p anmhxlatxon is composed f
of half isotopxc singlet and half lsotopic triplet states. while n-p anmhﬂatwn is a
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;,p‘oré isotropic triplet state. The similarity of the'a»nnihi.la.tion cross sections indicafos",»i
" . -'that tho' annihiié,tion amplitudes for the; singlet aﬁd triplet states are also similar,

E It afiould be noted that in the determination of d nn(®-P). the energy for the

;- ‘n waa assigned on the ba.sie of Reaction (l), p +p~=n +a, It was eatxmated however.

Y 4

that about 13% of the antineutrons were produced by Reacnon {2), p +p-~n + n + 170, L

and therefore 13% of the antineutrons would ha.ve a somewhat lower energy-more in

| keeping wrth the energy dzstribution for n's produced in 2-prongs (soe Fig. 8)
| The values usced £or K the correction for l-prong anmhilatron, were calculated
from the predictions of the statistical model for \ =5, which is consmtent thh tha.t
- found in a.na.lysis of the ratxo of the number of 2-, 4- and 6-prongs in P-p

) A, a.nmhxlation. 1‘6

Fortuna.tely. K is not a strong function of A and decreases by only
| about 2% if for exa.mple, JL is changed from 5 to 6 A more serious question is
; whether the statistical-model prediction of 12.% for the l-prong anmhila.tion is in
error.,‘ o A | | '
The total inelastic cross. section for a.ntrprotons on neutrons7 is @, (p-n) 65+ 4 o
mb at 900 Mev Since this is in a pure isotopic triplet sta.te a.lso, it should be the
. same a3, the melastic n-p cross section. Asshming this i;o be so implies that the
melastxc n-p crosas section not due to a.nmmlatxon is 20 7 rrzb-  The proton-’ |
proton interactzon is also a pure 1sotopic triplet s»ate, and its inelastic cross section
at 9oo Mev ie about 25 & 5 mb. 22. Vo | |
Tho total charge-exchange cross sectlon into neutral partrcles for antzprotons
- of 925 Mev laboratory kinetic energy is o, ~-7 8 + 0.6 mb 7 and is in agreement
thh previous counter results.3 4 - This result conta.ins an melasuc part due to |
Reactron (2). which from~ atatistical—model arguments was estimated to be about
1 mb, or 13% of the total 0-prong antmeutmn'productzon cross section. ' The angular
chfferentxal cross section for charge exchange in Fig 7 also contams this 13%

inelastic contrzbution. The inelastic differential cross sectzon is probably similar

to that for Reaction (6), P+ p - n + p +w .' Which is not pea.ked as strongly in the




L : "ere in four' events of the Ooprong n productxon (eee Fxg. 7) f Since there are -

estxmated to be 5 or 6 £alse associations. some or, all of the backward evente may
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£orward dirjectioo (s"eeFig.’ 9). The antineutron went backward in the center-of-ma.ee :

" be £a.lee a.ssociations. Some of these backward events could a.lso be. due to Reactzon '}‘;fi

_.‘.'(2), the inelastic charge-exchange mode.
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APPENDIX

Statistical Model Predictions .

Several t:alc:ula.tiom;z3 -29 have been made of the pion multxplicﬁ:y in nucleon-;j
o jantinucleon a.nnlhilation according to the Fermi atatistical model, 'I'he original £crm B
' for the phase space associated with each pion, Qd3 P suggested by Fermx,23 was, not
_Lorentz-mvariant.' Numerical evaluatmn of the pha.se-epace integrals, however, can

26-29 ’

: - be grea.tly simpliﬁed if the covana.nt form E'--- d3 p is used. chre 52, W, p,

‘a.nd p. are, respectively, - the intcraction volume. energy, momentum, and mass of -

| . the pion, This mcdification seems _plausxble on the ba.sis of field theory. This

o , covariant form is actﬁaﬂy the expression obtained from the coVariant S-matrix théory,

if it is a.ssumed that the S matrix for the emission of n pions is independent of the
. ‘eneraies and momenta of the emitted pions. In view of the crude nature. of the Fermi
i mod,l such a simple modification may not be unreasonable. For-the_se reasons the
‘cova.riant £orm for the phase space was used, N
Wxth no consideration of selection rules and as suming that the matrix element
.forvnucleon-antinucleon a.xmihilation is constant one obta.me, for the tranmtxon

probal?ivhty‘for a state oi_n _pions in an isotopic spin state - I..
s, mea SR pmy L Al

The; presenta.tion here follows that of Desm,?fa where ‘h = c 1,  G(i) is the 1sot0p1c

i

‘ spin weight; factor. A is a constant independent of n, and T (E) is the covariant

phase'-spac'c integral in thehcent_er-of-mass £rame at total energy E.

SR e Al
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 For. ‘8 particular n a.nd E the only variable parameter in S (I) is S" the .

: interact:.on volume. Convenient variation of this parameter was a.chieved by setting

4

U aeaa, Where go= ..w(..) » (h=c=1). Thus Q) is the volume of a sphere

, 3
. with 8 rads.ua o£ one pioa Compton wavalength

| Equation (A-z) can be written B "

T (E)= 4w dw, n d -i o | oy’
_n( ) i _jpl 1 f1=2 "'""',_ (E&' "" : Z , < +Z &)' ' "é’”‘._
_ where dg 4ﬂ'p dp=41rmpdw.;; ol » _
|  Since dsg/ W is Lorentz-invariant. if we tranaform to the particula.r Lorentz
. frame primed variables where i - | | |
R

_‘g'£=0. a.ndZwi‘nE',.

| ".‘rr\/)?‘_

- {The aquare-bracketed portion of Eq. (A-3) becomes~

G, S Ca- o DR |

n d-p Dy : - ) o , L .

R O U R Cdme Yoo\ M/ L

- which is just 'Tnol(E')' according to Eq, (A-2}. Hence, the recursion relation is

o TplE) = J SRy dep T EY. - A

S » n_ . n T _

RTINS o y2 /R 2 -

... From Lorentz invariance, Z w - Z P;| = constantin all
- coordinate cystems, Thus we ha.ve (E ) v D= ({E~-w 1) = p1 . defining E' - The

' maximum energy © @) a.saumed by particle 1 corresponds to E' = {n=1) u. The upper

Z.L.

i *{’liimi{ to the integral in Eq, (A-5)is then wl = —:P—M . ,BY means of Eg, (A-5),
'I‘ (E) can be evaluated successively. where finaliy : | ' |

TE0 =2 (1 w¥/ED Y2 e

roLa St
[T S ) . - e o ; {
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Thus for a particular energy E and volume factor A the rela.tzve probabﬂitzes for o

producmg various numbers of pions can be calculated

If it is assumed that a.ll individua.l channels contnbute, with the same wexght

L to the' total tr aneit:on probability. the branchmg ratioe for the varioue modes can be " .

":;"_"'7“?__'.f'calculated for each nu.mber of pions emitted ‘For example, in the case in which

-l’n = 3 there are two modes of antineutron-proton annihilation. S

n -‘l- p ’-vv?.n' + w’ . ;f.; e
n-!-p-thr +1t o 1-‘

30

i The bra.nching ra.tips ha.ve been calculated by Pa.xs as Z/ 5 and 3/ 5, respectively.

The valuee of T (E) calculated by Desaizs and’ the branching ratios evaluated

_-.by' Paxsso were. usedvto calculate the £raction of annihilations occurring by each mode,

o for values ofn up to o= 8 and for various values of ) and E. (The annihilations

: w;th n greater tha.n 8 are less than 1% for the energies cons sidered), These

E ,calcula.tions ‘were periormed by a cornputer program. "I‘lus program also determined -

' the average pion multiplicity, the ratio of the number of charged pions to neutral

'_ Vpiens. and the fraction of a.nnihilatione gzvmg 1-. 3-, 5-, and 7-prongs (a l-pronff

. corre5ponds to one charged pion, aw ) In addition, the numbez-

(A-7)

: : K(E) = fra.ction of 3F5 + 7 prongs '

:- which is the corr.ection for unobservable l-prong a.nmhxletxone, was also calculated,
In F1g. 5, K is plotted as a function of antineutron laboratory-frame kinetic energy
‘ for k 5 : . |

| The ra.tio of the number of 5-prong ,to 3~prong axmihzla.txons as a function of

l ‘a.ntineutron laboratory-frame kinetic energy is plotted in Fig. 4 for various values of
| The momentum distribution for one of the pions in an anmh:lation producmg

n p:.one can be ebta.ined by simply not performing the fxrst integral in Eq (A 3

. A. m‘.-‘ s
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1 132 1 =2

L From Eqs ‘A'l) and (A-8), I dS (E)]/ d P1 can be obtained The momentum 5

distribution for pmns ina 3-prong annihzlation is then given by .; : i

e,

' 'aS(E) SR
ds (3-prong) , : e ' Lo
Y 23 fs.n —r"- o e

- wheré £3. n is the fraction of the n pion anmh:.latxons gwing three charged p1ons
A s:milar relation gives the momentum distribution of pions in 5-prong anmlulat;ons.
Equation (A-8 ) was evaluated for values of n up to n=8 by a computer |
E _'-'; program . Momentum distributxons calculated for A=5 and \= 6 and an anti-
s.neutron laboratory I\met:c energy of 900 Mev are gwen in Figs 11 and 12 for
3-prong and 5-prong annihzlations, respectxvely. "‘he curves have been normahved

~ to the numbers of pions observed




8

Work done undef thé a.uspices of the U. S. Atomic Energy Commission, -

.27~ . UCRL-9589 (2nd Rev)

" FOOTNOTES AND REFERENCES

Presént addreés' Aerojet General Nucleonics. San R.amon, Ca.leorma. N

Preéent addi'ess' Goddard Spa.ce Center, Greenbelt Maryland _ ’

, B. Cork, G R Lambertson, 0 Piccioni and W A Wenzel Phya Rev, 104,
1193 (1956) | | |

C. A. Coombes. B Cork W Ga.lbraith G. R Lambertson, and W A. Wenzel,

" Phys. Rev. uz, 1303 (1958).

T. Ehoff L “Agnew, O, Chamberlam, H, M. Stei ner. C Wnegand and T
Ypsilantis, Phys. Rev. Letters 3, 285 (1959) ‘

R. Armenteros. C. A. Coombes B.’ Cork G. R Lambertson, and W, A. Wenzel,
- Phys. Rev. 119 2068 (1960) _ _
-J. Button. T Elioff, E. Segre. H, M Stemer, R. Weingart, C Wiegand, and

T, Ypsilantis, Phys. Rev. 108, 1557 (1957)."

L. E. Agnew, J:..,T. ‘Elioff, W, B. Fowler, L. Giny, R. L. Lander. L. Oswald,

LW, M. Powell, E. _Segré, ‘H, Steiner, H, Wk}lte, C. Wiegand, and T. Ypsilantis,

Phys. Rev. 110, 994(1958); L. E. Agnew, Jr., T. Elioff," W. B. Fowler, R. L,
o La.nder, W. M. Powell, E Segre. H M. Stemer, H S. White, C. Wiegand, and

- T. Ypsxlantzs, Phys. Rev, 118 1371 (1960)

T. L‘lioff L Agnew, 0 Chamberlam, H M .}teirzxer,' C. Wiegand and T
Ypsila.ntm. Antzproton-Nucleon Cross Sectwns from 0. 5 to 1.0 Bev, Phys Rev, .
{submitted for publication)[ based on: T. Elxoff (Ph D. Thes1s), Lawrence
Radiation Laboratory Report UCRL 9288 July 1960]

M. Lynn Stevenson. in Ninth Internatzonal Ammal Conference on hifrh Energy

v_Phymcs, Kisv, 1959 (Academy of Sciences, Moscow, 1960).



- P S R S R B S e T - e

8- ~ UCRL-9589 (2nd Rev)

v9;;J’. Button, 'P. E’berhard. G. .R.'Kalbﬂeisch. J. E. Lannutti, G. 'R.- Lynch, _
. " B.’: c. Meglic,'.M' L. Stevenson, ‘and N, H -Xuong.' Phys. Rev. 121, 1788 (1961). {
L

C10, D Gow. a.ndA H Rosenfeld Berkeley 72~ Inch Hydrogen Bubble Cha.mber in o

"._ : : Proceedings of the International Conference on High Energy Acceleratore and

- Instfumentation (CERN, Geneva. 1959). PP. 435 -439.

‘_f':_-»f : 11 The Fra.nckenetein measuring projector wae designed a.nd bmlt by J eck V. Frenck
o and }us group. A brief description of thie machme is contained m the second item

) of reference lz.,, : . o ) ._ ~ | ‘ |

i = IZ Developed by Frank '1' Solmitz. R Harvey. and W P’umphrey, A descrxptxon of

| the PANG program. Alvarez Group Memo 111 Sept. 18 1959, a.nd Memo 115, '

Oct 25, 1959. Lawrence Radiation Laboratory, A, H Rosenfeld Digital Computer

Analysis ‘of Data from Hydrogen Bubble Chambers at Berkeley, in Proceedmgs of .

‘the Internatmnal Conference on High Ener gy Accelerators and Instrumentation

. (CERN), Geneva, 1959), pp. 533-539. I |
13 P. Falk-Va:rant and G. Valladas, Results in Pmn-Proton Scetﬁermg Near the

ngher Resonances in Proceedings of the 1960 Annual International Conference on

High Energy Physics at Rocheeter (Interacxence Publiehere 'Inc. , New York, 1960},

pp. -38-45; J. C. Brisson, P. Fe.lk-Vairant J. P. Merlo, P Sonderegger, '

R Turlay, and G, Valladas, Measuremem of the Total Cross Sectzon for T -P

Charge Exchanae from '1‘ = 0.4 Gev to T = 1 5 Gev. in Proceedmca of the 1960'

Annual International Conference on High Energy Physics at Rochesﬁ:er B

(Interscience Publishers, Inc., New York, 1960), PP 191 193. f L ;
) 14 Thie was. obtamed by extrapolatxng the curves for the Cross eectmn of the reactzons
, - + p - wo +n end 1r +p - 2 1:0 +n, with the sum of the croes sectxons equa,l

'. to 4. 75 mb' see P, Falk-Va.ira.nt, in Proceedmge of Conference on Strong Inter-

: ectxone, Univerexty of Cahforma, Berkeley, Dee 27~ 29 1960, published in Reve’.vv

" Modern Phys, 33, No. 3 (July 1961).. See also reference 3.



-29- ~ UCRL-9589 (an Revb

15 Z. Koba and G. Takeda, Progr. Theoret, Phys. (Kyoto) 19, 269 (1958) k o

'16. , Gera.ld R. Lynch Revs. Modern Phys. 33, 395 (1961). |
17 If the statxstical-model predlctions for O-prong annihilation ire used instead of
»' the method employed in Sec. III D, the O-.prong production of antineutron s
R ,reduced to 1473. The core radius a then becomes 0. 959f, wluch gives an a.nti- -
_' :,’neutron annihilation cross section at 900 Mev of o (np) 50 ‘mb. . The charg,e-
exchange cross sections become o' (Ooprong) = 7 1 mb U(p+p—°n +p+w )
| 18§<.«:_ T. Elioff .. L- Agoew; 0. Chamberlain, »Hb M Steiner, _ C Wlegand and
’;'_'.. T, Ypaila,ntxs, Phys. Rev. Letters 3, 285 (1959). |

' 19 Origmally developed by A. Rosenfeld, 3. Snyder, andJ‘ P. Berge for treg.tﬂnent

'. of K-meson interactions." A. H Roeenfeld and J' N, Snyder, Digital Com;;v ter
" ..Ana.lysie of Da.ta from Bubble Chambers. IV The Kmematic Analysis of Complete :
g Events Rev. Sci. Instr. (in press) (La.wrence Radiation Laboratory Report
'UCRL-9098, Feb 1960).J P, Berge. F. T. Solmztz. a.ndH D, Taft, Rev Sci.
 “Instr. 32, 538 (1961) o | | |
.:2()_." ‘G Goldha.ber, w, Fowler. S. Goldhaber, T. Hoang. T Kalogeropoulos, and
- iW Powell Phys. Rev. Letters 3, 181 (1959) ‘ .
| Zl. G. Goldhaber, S. Goldhaber. W. Lee, andA Pais, Phye. Rev IZQ. 300 {1960).
22. W. N. Hess, Revs. Modern Phys. 30, 368 (1958). e
23.' E, Ferxm. Progr, Theoret Phys. (Kyoto) 5 570 (1950)
| 24. 5. Z.} Belenkii and I, §. Rosenthal, I Exptl. Theoret. Prye. (U.S 8. R, )
o 3, e (1956). _ ', | : | |
,@5 G. Sudarshan, \Phye Rev. K03, 777 {(1956‘) ‘
| 26. P. P Sr:.vastava andG ‘Sudarshan, "Ph,ys. Rev llO 765(1958)
| 27 M., Neuma.n Sta.tiatzcal Models for I-hgh Energy Nuclear Reactions I and II,

eeparate Do Vol 31 No. 3 and No. 4 Anaie de Academis. Brasileira De Cxencxas,
Rio de J’aneiro. v1959 | |



-

30 UCRL-9589 (2adRev)

- "-,,jza.j_’*B R. Desax. Phys. Rev. 119, 1390 (1960)..
29 T. E. Kalogeropoulos. A Study of the Antiproton Anmhﬂation Process in -
Complex Nuclei (Ph D Thesis) La.wrence Ra.dxation Laboratory Report o

x "."UCRL 8677. March 1959 (unpubhshed)

30 A Pa.is. .A.nn. Phys. 9. 548 (1960)

4’ B




“-31- . UCRL-9589 (2nd Rev)

. Table I. List of interaction types in terms of final-state charged-particle tracks.

0 Prons :
- _charge exchange R :\,(1)' ~

P

RS inelastic charge ezchange \(2)

R a.nnihzlation \ ),‘ e P L '

CoRL

_ff»_._charge _exc?hange : ey

et %n_  inelastic scatter C(5)

 2- 4-. 6~-, 8-Prongs

-p +.p~ n + P + w :f . inelastic Charge_ e:ﬁéhange H (6)

- -p + P “elastic scatter S (7).‘
v'- -1 9 + K's ‘annihilation L :  , '. . (8)

T +p-- 1.rv.:.+ P elastic scatter RN
| :-u'+ 47 +n ,"inelaatic scat&ér. | : o < b. ‘(10)

| =T +ptad inelastic scatter - an

1‘. 3-. 5‘. 7‘Pr0ng8

T4 p=n+p - ‘elastic scatter o ) . (12) -
- s +K's | ' annihilation . . (13) |
‘n+ p~n+ p C | B elastic"sqa:»tteri | (14)
c: (' | ‘. Cwn+ P + w's | inelés'tilc‘:i;;ca't.ﬁéz" | S (18) -
v D -.p +p+ s . inelaséic scatter - {16)

wen+n + w8 - inelastic scatter . . . Lun
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Bubble chamber photograph of an antiproton charge exchange into an |

B a,ntineueron. The antmeutron then anmhilated into five charged pmns.

Bubble chambar phctograph of the reaction p +p - n-l-p —Mr . The n A

then annihilated into three charged pions (arrow) el o

-3.

4
S-prona annihilatmn sta.rs. o
. sv.‘

Bnergy dxstribution of antineutrons produced by 0-p1 ong charge exchange - ‘

' (117 events)

"tat:stical-model predzctions for the ratio R of the number of 5-pr0ng to h

. —_— H

'I‘he correction £actor for l-prong annihﬁauons, K as a functzon of anti.—

| neutron kinetic energy. )L = 8,
‘6. |

The number of antineutrons produced by O-prongs, Non, as a function of

the core ra.dms. a.

7.

rec‘mcéd is shdiirn a.bove. -
8.
(19 events) - _ T S

9.

The differential crosa section for charge exchange as a function of

c. n’_“. is shqwn in the lower ﬁgure. The raw daﬁa from which this was
f |

Euergy dmtmbutxon of an&ineuﬁrons produced by Z-prong charge e&change

!Of

Center-of-mass angular dxstnbution of the pa%iclea in the reaction

ptp— n+ P +w ~ relative to the p direction (20 events)

10,

Azxmuthal angular distribution of sh@ n abm.t the p direction in the reactwn

o § +p=n+p+u. (20 events) Zero azimu_thal angle is defined by the pla,ne ofv o

- Fig.'

the proton and the antiproton. .

11,

Center-oi-mass momentum distnbnhon of charged pions in 3-prong

a.nmhxlation stars.

Aa 2.

Cenﬁer-of«-mass momentum distnbution of charged pions in 5~prong

a.nnihllahon stars,
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mission, nor any person acting on behalf of the Commission:
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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
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Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
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this report.
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mission, or employee of such contractor, to the extent that
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