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ABSTRACT

In the annihilation problem we have consideréd the influence of the
Ball—Chew model, according to which, at low energies, only a'feﬁvof the
eigenstateé of the nucleon-~antinucleon sysfem'need be considered. The
effect of the selectioh rules that forbid certain pioﬁ'multiplicitieé is
»thereby éxaminedo The energies considered are 50 Mev, 140 Mev, and O Meﬁ
~“in the case of prdtonium~=the bound system of a protbn and an antiproton.
To obtain the multiplicity, we have used the Fermi stétistieal model but
have introduced Lorentz-invariant phase space, thus defining a new
interaction volume. If is found that due to selection rules there is a
substantial change in the number distribution of the outgoing pionso’ At
140 Mev and in the case of protonium the two-pion production is decreased -
considerably. The zéro=prong events for the pE' annihilation are
suppressed ﬁy about a factor of two for annihilations at rést in the case
of protonium cdmpared to the correséonding évents for annihilations in -
flight. The over-all average multiplicity is unchanged, however. The
value of the newly defined interactién #olume, in units of Ferﬁi volume,
for pp and Np annihilations should be ~ iO_in order fo fit the observea

multiplicities.

This work was done under the auspices of the U.S. Atomic Energy Commission.
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INTRODUCTION
Many calculationsl have been made of‘the pion mul%iplicity-in‘

nucleon=-agntinucleon annihilation/accOrding to the Fermi statisticéi mod.el‘,-2
We'presenf-here the resﬁlts of one more such calcuiationo Four recent-

" ‘developments make this new calculation of interest: (a) The.success of
the meson potential description of'tﬁe nucleon-anpinuoleon intéractionir

now mekes possible a tentative assignmen£ of reiative probabilities to
.Qifferent eigenvalues of angular momentum, parity, isotopic épin,'e_tco and

pﬁus allows the addition of selection rules to the usual elementarya
statistioal conéiderationaB’1+ (b) A recen‘t‘bcalcuiation5 has shown that

‘in protonium-~the bound system of a proton'ond an antiproton--the capture
occurs predominantly from S states. l(c) ’Somo experimental data6 on
"annihilation in hydrogen are now available,bmaking worthwhile a caloulation

of the oumber‘distribution of chargéd pions as wéli as the cver-all
‘average multiplicity. Expériments with complex nuclei are somewhat

, ambiguoﬁs with respect to the number distribution becausoiof the possibility
of pion reabéorption; (a) 'Recentlyva'recuréi0n>relation,for,the phaseéspace
integrals has been pﬁblished7 which makes unnecessary any.of the approximations

used in the early treatments of the annihilation problem.
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PHASE-SPACE INTEGRAL
iFor the phase space asséciated'with éach pion, we have used p&BPQdAn
réther fhan d5pgo as originéily sﬁégestéd by Fermi,zlwhere QO, w, p,
and p are the interaction voiume, énergy,-momentum, and mass bf the pion

9

respectively. This modification” seems plausible on the basis of field
theory. The chief_reasoﬁ for adopting the change is the great simplification
in numerical evaluation of phase-space integrajsthatvit allows., In view of
the crude nature of the Fermi model, such a simple modification is hard to
criticize on physical grounds. We thus have in the centér-ofgmass frame as

the phase-space integral at total energy E for annihilation'of the nucleon-

antinucleon system into n pions
oo (B ! \=3n
(2u0,)” R (E)(2r) .

Here we haVe' A=c=1, and

. n & B
R (E) - [ ['77" abpl J. 5(e - ? wi) 5(3) (§ Ei)v

i=1 i

]

Y {ﬁ’ a'q, oo - ug)} o™ (a- za)

where vqi = (Ei, wi) and q = (O, E)u For annihilatioﬁ at rest, we
have E = 2m, where ﬁr is the-nﬁcleon mass. | |

| With no consideration of selection rules, the transition probability
for a state of n pions in a particular isotopic épin state. I=0 or

I =1 is then given by.



UCRL-902L Rev.

e
g (1) (2u0)" |
s (1) = A zz.' :z;;;gﬁ— R (E) .,

where A is a constent independent of n ; and gh(i) is the isotopic-spin

weight facﬁor given in Table Iol

7

Srlvastava and Sudarshan have shown thet because of the Lorentz

' 1nvar1ance of R (p, E) the folloW1ng recurrence relatlon hold3°lo

N o .
... 4p : ;/2
C : n+1l 2 oo, 2
Rn+l(E) = [ T Rn[(E- -2Ew '+ g ) 1 .

It is convenlent to introduce dimensionless quantities x _<%/E Y o= %/E 5

and F (y) = Eu -en R (E) so that the recurrence relatlon becomes
() 70 RN Py '[ v }
y) = 2n dx x - 1-2x+y - F s
Fnel oy D (1 . ox + yo) 2
where
1. > .2, L o 2.1/2
o= -GELPl e ) = EO-wAHYE L

For annihilation at rest, we have y = p/2m = 0.0T437. The
correspondihg velues of.'Fn(y) are given in Table I. The curves for
(10)" Fn(y) for differen£ nvvelues‘are given in Fig. 1. Since the present
mo&el approaches the conventional Fermi model for y vaiues near threshold
. one can use for these y values the expression for the phase-space. 1ntegrals
in the nonrelativ1stlc approximation glven by Lepore and Stuart,8 Thus

near threshold; we have

~



UCRL-9024 Rev.

e (ue iy —— "
F (y) = i5/2"p( o > f33)/2 (1 py)(3m-5)/2
' 2 .

TABIE I

t

 Values of gﬁ(I)'and of Fn(y) forvannihilationlat rest

a0 gD F(wem

2 1 | -:. 1 o 1,55532i.
ER S osee
L s 6 oama
5_J. f.. 6 5 »0,0113é5 ,
6 15 R 6 _'  0.000%02
T 36 .. . f9i . o°§00065

" Let us write the interaction volume 2, in units of the Fermi

volume (i.e. that of a sphere of:radius 1/ )

N
SZO = )\ 5 HB °

Then the probability for n pidn annihilation with no consideration of

selection rules may be calculateé frdm Table I using the formula
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sn(I) - B —s) F(y) ,

where B is a constant iﬁdependént of n .

- SELECTION RULES

If one takes Seri§USly a meson~potential description of the
nucleon—anﬁinucleOn interaction such.as:prOPOSed by Ball and Chew,5 it
is possible to add selecfion rules to the gbove'sfatistiéal,considerations;
in the Ball-Chew‘apﬁroximatioh,'a giveﬁ eigenstate hes a definite probabiiity
of conﬁributing to the annihilation process, and ‘at low enefgies only a few
eigehétates need be considered. Thus the selection rules, which forbid
Certain‘pion multiplicities in egch eigenstate, might be expected to be.
imporf_ant° »

According to Ball and Fulco,B'annihilation in'the I =0 state

at 50;Mev laboratory energy occurs only in the lSO, 581, 5PO, and 3P2
states, while at 140 Mev, the 503 state also contributes. For I ='1,
the 50 Mev contributors are lso, 3s1 and 3?1', with ;Pl and 3P2

éontributing at 140 Mev.

v A calculation5 baéed.on the,Ball«Chéw model5:has receﬁtly_been
made to obtain capture rates for the various eigenstétes of profoniumfm
the bound system of a proton and an an#ipfotoﬁ.r We assume that this bound
'sysﬁem.is formed_by:thé captuie of an antiproton in an outer Bohr orbit
about a proton in liquid ﬁydrégeho :The result of the above calculation
.is that the capture’ﬁiil take'place predominantly from S stafes, |

Tablés.II andeIi show the allowed and forbidden multipliéifies

in 8, P, and D states.
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TRANSITION PROBABILITY
Without selection rules, the transitionpprobability for annihilation

" of a nucleon-antinucleon system into n pions is givenrby
1 1
5, = 3 sn(o) * 3 Sp(l).
for pp annihilation and

s_ = %sém‘+,gsély
for Np annihilation, ﬁhere N denotes an "avereée" nucleon, §O%Vprdton and.
50% neutron. | |

With selection rules, fhe traneition probaﬁiiity for annihiletion
of a nucleon-antinucleon sysﬁem at energy E .into n pions is given by
S = B(§=b) PB(E? Rs(n? + ﬁ(§=l) Pa(E) Rﬁ(n)
where 5 denotes & sum over stafes characterlzed by the angular'momentum Z
total angular momentum J , spin S , and isotopic spin I ; P (E) is the
probability of annihilation of the nucleon=ant1nucleon system in the state B
at energy E; and,_Rﬁ(n) is the probabllity for the production of n pions
in the state B .

For annihilation in fllght (E # O), we have ;

(E) ~ (23, + 1) Py Ty(E)

where
P = % for both T =0 and I =1 in pp annihilation,
R 3 q in
PI'T r4~-f0r', I =0 and i for I =1 in MUp

annlhllatlon, and ‘T (E) is the probability of annihilation of the

state 6 at energy E, to be calculated here accordlng 'to the Ball-Chew
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mo('ie]_.3 Table IV gives the Ball-Chew values of TB(E) at 50 Mev and at

140 Mev.

TABIE IV

Values of Tﬁ(E)'at 50 and 140 Mev.
(from Ball et al.,3)

E =50 Mev E= 140 Mev

State I=0 I=1 I=0 T=1

| 's, 1 1 1 1
% 1 1 1 1
lPl 0 0 0 1
5Po 1 0 1 0
391- 0 1 0 1
5P2 P 1 1
3132 _- 00 0 0
~ 31)1_‘ o o o 0
31)2 0 0 0 0
3p 0 0 1 0
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. =10-
‘For annihilation at rest (E = 0) in the case of,protonium,‘we have
P(E) ~ (2, + 1

for S states and

P(E) = O
5(E)
_fof other states,j,where Q = % for both 3815‘ and 5811 states,
QI = = for the lS > state, and QI = X for the ls-l- state.ll
> 0 "5 0
rg(n)

The quantities R,(n) may be expressed as

' Y ASu Ny s
B ‘ E' rB(n )

‘where rB(n) = ¢B(n) Sn(I). Here we have gB(n) = 1 if the n-pion state
is allowed and ¢B(n) =0 if the n=pion state is forbidden_according to

the selection rules (see Tables II and III).&

55 ANNTHTIATION

Frem the results given‘in the previous sections, the values of the
average.charged-pion multiplicify;v E? , and the average total multiplicity,
n ) will be obtalned for dlfferent values of A . The values of the
.probabilities of the dlfferent charged—prong multipllcltles will also be
obtained., A comparison w111 then be made with the ex1st1ng experimental
daﬁa,_ | |

| The values of Sﬁ/é for dlfferent values of A .are glveﬁ in

Table V. For a glven A, the flrst column glves Sﬁ(S Wlthout selection
rules, The second and third columns glve Sn/s . w1th selectlon rules at
50 Mev and lhO Mev, respectlvelyo The fourth column glves sn/s with |
selection rules for annlhllatlon at rest (E O) in the case of protonlum.

—
From this, ‘n” and n are calculated and shown in the bottom TOW.
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Values of Sn/Sé for different values of A\ for the ﬁE . annihilation.

A=l N= ko
n W50 Mev 140 Mev O Mev W 50 Mev 140 Mev O Mev
2 1.0 1;0 1.0 1.0 1.0 1.0 1.0 1.0
5 2.6 1.6 b 50 10 6.8 18,1 18,5
L 1.6 1.6 é.a, 3.7 25.1 _ 22.7 29,4 62.7
5 0,3 0.2 0.5 | 0.k 18.6 12,5  Bhel 37.7
6 | : 5.1 4.0 5.6 11.8
7 o 0.2 Y 0.5
21 2.2 2.1 2.3 2.8 2.8 2.8»;’ 2.9
n 3.2 3.2 3,3 3,k 4.3 4,3 4,3 b3
& Here W means without selection rules. -
 TABIE V (continued)
A=38 A= io

n W 50 Mév __ 140 Me# e Mev- v .w '50 Mev 140 Mev. 0 Mev
2 1.0 1.b 1.0 1.0 - 1.0 1.0 '71.0 1.0
3 20.7 111 29.7 35,0  26.0  12.5 33.0 _"35;0'
4 100.5 84.3 106.6 255.0 160.0  120.0 150.7 541,7
5 1&8,5 82,3 . 224,0 28&.0" 3ob,o 145.0  394,2 475.0
6 81.9 57.7. | 78,5,‘  205.0  170.0  128.5 1727 425,0
7 _13.1- 6.0 i6;3 20,0 . 35.0 v17,5' , 47,5 56.7
n 3.2 3.2 3.2 33 3i3 30? 3.3 3k
n_ 49 48 | b9 k.9 | 5.0 5,0A 5.1 5.1
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TABIE V (continued)

A o= 12

n W ' | 50 Mev' 140 Mev 0 Mev .
2 1.0 1.0 _ 1.0 . 1.0
3 31.1 4.0 58;0 46.7
b ,?26'1 .196.5 5 eué.o : A553.3,
5 '561.1’ 283.0 - 769.5 926.6
6 whg 55 boko  980.0
T v.99=5.. N  £§;6 | _‘: 153°o 1160.0
5 55 3k 35 3.5
T 5,2 5.2 52 5.2

In a recent hydrogen bubble chamber experiment, the values observed
for B and n _werélb5;21.i 0.12 and .ho9ﬁ + 0.31, respecﬁivelyos There
were 81 * i events recorded, out of which 6 * 2 annihilationsioccured in
flight»at an avérage 1aboratbry energy of 50vMe§, In a récent propane
Bubble chamber experimeﬁt, the 5# and _H va;ues for £he p-H annihilations
wgre 3,06 i O.lQVapd h,71£ 0.5, respectively.12 There were‘159~§=H
annihilation events recorded‘at an average'labofatory.energy of 80 Mev.

From Table V we see that A ~ 10 gives values of * and T about
the saﬁe éé the experimgﬁtal values given above, ‘Further, we observe that
the selection rules ghange significantly the nﬁmber'distributioﬁ of the
outgoing pions. For annihilation at rest and at 140 Mev,\thevtwoﬁpion
production is considerably deéreaéede The change in the average multiplicity

is,'however, quite insignificant. Note that the results at 26OVMEV would
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3

be the same as at 140 Mev if, according to Ball and Fulco,” we ignore partial

5D 5, jFul states.

transmission in and

3 _ ,
Table VI gives the ratios of the pfobability of oeccurrence of

E _ : - _ . : . 13
multiple charged-prong events to that of a zero-prong event for A =8 .
These ratios are indicated by Tpy T)s and Tes respectively,.gnd are not

sensitive to small changes in A . The quantity 50 indicates the % ratio

of zero-prong events to the total number of“é§ehts,

TABIE VI

Probability ratios of 2-, k-, and 6- charged
to zero charged-prong events for A = 8,

A=28
Ratio #ﬁ 50 Mev 140 Mev 0 Me;
r, 18.7  11.9 15.3 | 53,0-
T, p5.5  15.8  ole  sa
ré 2.6 1.6 1.8 4.8
55 2.1  55 a5 1.2

2 Here W means without selecfion rules.,

f—— e ——— —

We note that for»énnihilations in flight the Zero-prong events
éré about 2 or 5%vof the total number of évents, while at rest they are
only about 1% of the total events. Thus there is a significant difference,
by about a factor of two, in the probability of zero-prong events when one

compares annihilations in flight with those at rest. The reason is clear
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I

~if one noticee.that protonium annihilepion occurs predominantly from S states
whereas for annihiiation in flight mome states are available. For the 381
”states, for both I 0 and I = 1 zeromprong events sre forbidden due to
charge conJugation,u and since these states have a higher statlstical weight
‘than the lsé states, the zero=-prong events at rest are cons1derably
reduced compared to those in flight. ‘Notice also that for S= states no
_neutral pions are produced at all for n = - 2, and that for lSO_ states due

to Geconjugation only even (odd) numbers of pions are produced in I =

(I =1) states,u

The numbefs of O=, 2»; -, and 6;prong ements in.the hydrogen bubble
chembef6 were observed tobe 21, 33 U1, and 5, respectively, where‘
annihiiations occurred predominantly at rest; In the propane bubble chamberl2
forvthe Eeﬂeannihilations'the numbers of events were 8, 5k, 67, and 6,
.respectively, where annihilations occurred at an average energy of 80 Mev.
Hence the zero=prong events at rest are about (2.5 £ 1.2)% ‘and at 80 Mev
about 6% of the total number of evente.  With improved sfatistics“and 8

better resolution.of the nov events, we believe. the above theoretical

‘estimates can be checked more correctly.

| Np ANNIHILATION‘

For NEi.ennihilation, the valuee of sn/s for.different nalues,x
of A are given in Table VII. The values of n thus determined are also
given. As in the pp annihilation, the selection rules change 51gnificantly
the number dlstrlbution of the outgoing plons without changing the average

mul‘tiplici‘by° If, as remarked earlier, we ignore partial transm1931on in

3. 3
D

3
.. 1identical.

1
»and,nBFh states, then the results at 1howand 260 Mev would be
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TABIE VIT

Values of - Sﬁ/s2 for different values of A for the Np annihilation.

N = 1 o a2 10

n . W 50 Mev 140 Mev ., W . 50 Mev 140 Mev

2 1.0 1.0 1.0 1.0 1,0 1.0

3 3,2 2.3 5.7 32,0 22.8 55,2
ok 1.8 1.7 3.3 180.0 -~ 145.2 - 219.0

5 0.3 0.3 0.6 -~ 300.0 2hT7,.2 - 610.6

6 205,0 - 173;6 127908_

7 | %2.0  30.0 4.0

n 3.2 3.2 3.3 5.0 - 5.1 5.1

N  13 — ,v ,” —

n W | 50 Mev 140 Mev N W 50VMev. 140 Mev

2 1.6 1.0 10 10 1.0 1.0

3 42,0 29.5 72.5 21.8 16.8 | 0.4

b 309.k  263.5 3940 117.2 99.2  147.8

5 T73.3 59k .5 - 1467.5 275.0 _.215°6 5272

6 6540  536.5 856.0 267.1 | 21%;8_ o BUT.h

7 185.6  120.0 296.0 102.9 6.0  170.2

5 5.3 53 5.3 5.4 sk s

. -

- Here W means without selection rules,
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In the collaboration emuls.ion.experimen'b,:u‘L the value of ‘H was
observed.to be 5.3 * 0.4. Here 35 eVénts'were recorded out of which 21
tannihilations occurred in flight at an évérage'1abofat0rj’énerg& of 140 Mev,
”In'ahoiher"recénf emulsiéhvexperiﬁeht,ls ‘T was obseérved to be 5.36 * 0.3.
There were 221 events recorded out of which 95 events occurred ‘in flight at
an average laborator& energy of 140 Mev. “Ih}fhe propane bubbieachambér
experiment, fhe n valuegwasrobédmed“ﬁoté'h;7 + 0,50‘12 Here there were
v537 PC events recorded out of which 166 dccurred in flight at an avefage
laboratory energy of 80 Meva
| We see that for A ~ 10 a good agreement with experiment is obtained.
It.is interesting to note that A =n alSO'gives the multiplicity close to
the éxperimentai values.” This might suggest that there is a strong pion-pion

16

interaction in the final state.
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Note that due to the Coulomb field there ie a continual oscillation’

between the states with I = 0O and I = 1 with a frequency of about
19. '
10

2

secil, the atomic frequency of protonium° The capture rates

3 ,5.. 3”_lw_ 1y 3 .. L, 1.
l s O , an 4. SO _are

(4.5 x 1018)/n , (5.8 x 1018)/n , (2.5 % x 10% )/n , and (9 3 x 1018)/n

- sec 7, respectively, and are, therefore, much smaller than the above

frequency. Hence the values of QI for dlfferent I- spln states w1th

a given J value are proportional to the corresponding eapture,rates.

Thus roughly we have QI = %‘ for both 5-15 and 5811 'etafes, NN
.2 1.3 4 1,1 o
‘QI =5 for the SO state, and QI — for the SO state.
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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 1in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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

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





