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. o Gabxiel Kéjﬂim
Lawrence Radiation Laboratory
University of California
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February 21. 1966

We xepott' here the ennihilation of antiprotons at rest in the
Lawrence Radiation Labaratory's 15-inch deuterium~filled bubble
chamber (Boontar of mass © 248137 Bev), The experiment was performed
at the Bevatron. A total of 2071 events at rest were obgerved,

The ratio of proton to neutzon annibilations is 1,33 & 0.07, The
reaction fd — 377 + 277 +n 77° + p was examined extensively.
The muuber of neutral pions was determined and it was found that the
deviation between the statistical model and the experimental data
was not overwhelming. The :méamed pion nomentum and mlgiplicity
distributions are in agreement with the Loreatz~invariant phase~

‘space model when we consider an interaction volume of /L > /Ldo
' wheme\/zo#%%fc)]. A = 10, and B, is the mass of the gv;lon.

The romettun distribution of the observed recoil proton showed 5
marked differemce fmﬁ the internal momentun distritmtion of the
denteron. Secondary effects were considered because final state
ploneproton interactions were not the mjat contributors to the
annihilmim dynanics. Stors ylelding K mesons accounted for a

fraction (0,05 ¥ .0%1) of the total annihilation events obserwad,
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:deuterlum-fllled chamber. The antlproton loses energy by the usual
'processes of excitation and 1onlzat10n as it passes through the
- liquid deuterium, and when the kinetic energy of the antiproton

”approaches zero it'displaces'the electron from the D, molecule and

" I, INTRODUCTION

v

-Dirac1 introduced the condept of antiparticles by fétmulating‘

a Lorentz-covarzant equatxon for the electron, and his theory was

——

confirmed in 1936 by dzscovezy of the positron. Unsuccessful
attémpts were then madé to dichver antinucleons in cosmic radiation?
In 1955 antiprotons were successfully produced at the Berkeley
Bevatron by a'team.compbsed of Segré;vChamberlain, Wiegand and
Ypsilantis.2 Many experiments.involving the annihilation of F
nucleus and §p3’7'12’14 have been performed since then. Ssome of
these intetactions ware antiprotbn annihilations at rest.4’6’13

The experiment considered here involved sending a separated

beam of P's, with 1n1t1a1 momernitum of 790 Mev/c, into the 15-1nch

pzbits the mucleus. The ﬁa atom thus formed has a large angular
momentum 1 and a principal quantum‘number n % 25, The antiproton
then cascadés‘dowh to lower (n; 1) vaiues through radiative transi-
tions, exteznal Augerx processes and collzs1ona1 de-exc1tat10ns
until it reaches an orbit which has a small radius compared to that
of the atomic electron for deutetxum. The size of this neutral

atom (Fd) is such that it can penetrate the electron cloud of the

. neighboring atocms. Next, this neutral prbbe is exposed to a strong,

non-central proton electric field. As a result, a Stark effect is

induced, allowing the absorption process, for § annihilations from: -




rest, to take place essentlally from the S state.

The annxhllatlon is of particular interest because the

reactlon occurs in a pure I = 1 isospin state; therefore, a

dependence on I-spin may be establxshed by a study of the character-

istics of this annihilatibn, and this dependence was the motivation
for our study of antiproton-deuterium interaction at.rest, some

features of which are presehted in the text.

A
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II. EXPERIMENTAL PROCEDURE
¢ : o
A, Beam

Only a btief.suﬁmary:of the 790 Mev/c antiproton beam

v(Fig. 1) will be givenvherelbecauSe it has been described

extensxvely elsewhere.&

The beam emerged from the Bevatron and was brought into
parallel focus,by Q1. After passing through the first parallel
plate electrostatic separator it was brought into focus at Sl by
Q2. At Sl the deflected pipns were stopped by an 18-inch lead colli-
mator, whiié the antiprotons passed'thxdugh a 1/4" slit..

The bending magnet deflected the beam through an angle of

29 degrees, thus helplng to e11minate much of the remaining backgtound,

since the undesirable particles which passed through the first slit

. were off the central momentum. The beam then passed through a

second stage of separation, after which its momentum was reduced by

a set of ¢Opper and graphite absorbers (located at the entrance of

the bubble chamber), makingvit possible for the antiproton to inter-

act at rest near the center of the chamber.

- B, Scanning

A total of 2578 antiproton interactibns, each consisting of

four views, were observed and accepted as good events, according to

the following criteria: only those events in the well-illuminated
region of the bubble,chamber and' whoée track curvatures

could be adequately measured, were cons;dered as good frames and

‘thus acceptable for analyas. The average antiproton flux per

picture was about 0.l with a background of v 1 light track per
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track coordinates in two of the four stereoscopic views were measured

picture. The’diméﬁsiods'bf»the‘fiducial volume were approximately
20 cm long and 23 cm wide as observed in view 1.

The.éntiprotoné were easily distinguished from the background:

pions which either are minimum-ionizing or otherwise highly curved.

All of the film was scanned twice on a table'specifically

‘constructed for viewing film exposed to the 15-inch bubble chamber.

Any two of four possible stereo views could be simultanebusly
projected onto this table and, by ﬁdving one‘of the projected views
relativebto the Qecond, the approximate coordinate for any point of
a trackvwas determined. Thevfollowing fablé I_indicates the | |

efficiency for each scan as well as the overall efficiency.

C. Sketching and Measuring

First, a sketch was made of each antiproton annihilation,

containing information specifying which set of the two stereo vieﬁs

out of the four available could be used for méasuring. Next, the

(by a servo auto-tracking device), digitized and punched onto IBM

cards; the informétion was transferred to magnetic tapes which were

used as the input to the data processing system.

'D. Data Processing

1. Event Reconstruction

The events were analyzed'by the IBM 7094 program PACKAGE,
which consists of two parts: PANG? and KICK.10 The PANG program

reconstructs the polar angle ¢) s, dip angle A and momentumndfanaéh

e . R L PR T S
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'track from the measured points. A least squares fit of these points

are made to a pazabola in the x-y plane and to a stralght lxne in

the x-z plane. Momenta, dlp and polar angles, with their attendant

'ertors, were then calculated, the dxfferenCes in the magnetxc field

: along the track, Coulomb effects and 0pt1ca1 cotrect1ons being

included in these calculatlons. Measured quantities are not con-
strained by conservation eqqations; therefore, errors assigned to

the track momenta are ¥ 15% on the average.

2. Klnematlcal Fitti g

The KDCK program made a kinematical analysxs of many-pronged
events by 1mp051ng the constraxnts of - . energy and momentum balance
on the tracks at the vertex assumed for the interaction. The
KICK input data consisted of three dynamlcal variables for each

track; these variables-are assumed to be gaussian disttibuted.v One

dynamical variable is track curvature:

. ' o . ) R
6 //’ /CN"J 4 incoming a

- outgoing

the next is dip angle é )y )5 andlanother'is azimuthal angle ( ?5 Yo
A least 'squares fit of the event was ﬁade. The output data

consists of ‘an adJusted value for each dynamical variable and a

chi~-square value for the selected hypothesxs. The y_ is defined as

follows:




\.‘ ‘ M v XJ'—XJ
2 z J__J 3
X =&\ 7 @) v\
n = number of tracks
. .
. f
x? = measured dynamical'vafiable‘ S o : - N
X5 = adjusted dynamical variable
o5 = standard deviation associated with each'variable
i z - . o . Fy . . 4
The ¥ is at a stationary point for all variations
within the interVal' Z)XJ about Xj» consistent with the

kinematic céhstraints.- Thé value for 34‘ is the measure of the
probability that the salectedvhypoéhesis is valid, and this value
was used to help resolve the ambiguity in determining the number

(0, 1, 2 or more) of neutral pions'accompanying the charged products

of annihilation.

&
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s  III. ANALYSIS OF DATA

A, Identification of Events at Rest

. The great majority of events observed were annihilations of

" p's, at rest, .in deuterium.

B Figufe A is a scétfer plot of the inverse of the initial
momentum versus track length for over 300 in&ideﬁt' antiprotons that
annihilated upon interaction with deuterons. The unbroken curve -
shows the locus of ﬁoints foi interaction momenta of zero Mev/c.

A cluster of events‘in the neighborhood of this curve can be clearly

'seen; less than 5% of the 2071 events designated as at rest were

in flight. The total nmumber of pd annihilations observed, excluding .

strange particle production, was 2578,

B. Analyéis of Events

890 of those events at rest had an odd number of charged
pions (i.e., total piom ¢harge Q = =1). Thus, this class of events
with an odd total of pion 6harges can be regarded as an unambiguous

exampie of antiproton - neutron annihilation. Included in these

890 events were groupings which had one, three and five charged

'pions in the final state., Within each of these groupings the number

of recoil protons either étopping in the chamber, leaving the

chamber or simply not observable because of insufficient momentumn,

is as follows:
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‘range-ena2rgy relation, for annihilations
’occurzxng at test.
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‘ aEvents'wi£h One Charged‘Pion
50 prb;ons, e e Stopped in chamber
42 protOHS‘o ‘-o‘ e o o Left chanber

66 protons. PR ; Not observable (insufficient momentum)

Events with Three Charged Pions

152 protons. « « « « Stopped in chamber
85 protons. . + . « Left chamber

288'pi6tons; o« o e . Not observable (insufficient momentum)

Bvents with Five Charged Pions

61 protons. » « o o Stopped in chamber
32 protons. e o o o Left ‘Chamber'

114 protons. « « « o Not observable (insufficient momentum)

Among the above-listed three groupings 263 events had recoil

protons which stopped in chamber; 468 events did not have an

‘observable recoil proton because the momentum for each proton was

less than 80 Mev/c; and 159 proton récoils did not stop in the
chamber and weré idéntified'on the basis of bubble density. This

: . .+ . .
latter sample is subject to errxor from TT mesons with large dip

‘angles and k¥ tracks misidentified as protons. However, the

distribution of proton polar angles (Fig.3 ) and dip angles

(Fig. 4 ) are consistent with isdtrOpy, and pion contamination is thus

negligible.

The estimate of K' tracks misidentified as protons is

ariived at by analyzing the ®p) annihilations at rest. The final
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state of this interaétién may include K* mesons, but no pfotons;
1235 (Fp) interactiohs were récorded: of this number, 1181 had
.pions and no'sfiangerarticles; 6 resulted in 40 production; and
thévremainiﬁg event$ had K mesons in the final state. According to
Armentefos'gg_gggé 6.8% of the (pp) annihilations at rest result in
K meson production. - Assuming that;V 1/2 of the strange particles
are positive K mesons,; thgn épproximately 40 K*'s are to be expected.
The misi&entification of these heavy mesons as protons is.most
likely in the momentum inﬁerval_extending between 300-500 Mev/c.
According fo the phasefspacé diétribution of momenta apprcximatély
40% of the total, or about 16 K+'s, lie within this momentum
inteﬁvai. However, 9 K¥'s from (Pp) annihilations were observed as
having momeﬁta within this range; therefore, 7 ¥ 3 K*ts are
estimated to be included among the-particies identified as protons.
_bThus, the misidentifieévpositive K mesons are not expectgd to pro-
duce significant distortions in the observed momentum'distribution
of the protbﬁ,

of the total sample of annihilations at resf 1181 were
examples of proton.annihilafibn, including ail those events with
an even nunber §f éharged pions in the final state, as weil as 62
4events with O-prongs.. The ratio of proton to that of neﬁtron
annihilations is 1.33 I 0.07. This ratio is not sensitive to
pion-mucleon final state effects., The following charge exchange

reactions are possible as a result of pd interactions:

SN
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e
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@ TP TN,
® 7P > T,
| .(g)'»-77'°/v—->~77"P)‘-
@TN> TP,

For cases (5) am_j (b) a Pn annihilatien similates a proton
absorption; inhezeas in cases (c)} and (d) a pp ennihilation
simulates a neutron absorption. According to the principle of

detail balance the reaction rates for (a) =~ (d) and (b) ~ (c) are

/5"

expected to be approximately equal., Assuming that chaxge independence

is correct and that isotopic spin is a conserved quantity the square
of the matrix elements for thebreaétion (a) ~ (c) and (b) ~ (d) are
the same. Therefore, reaction rates indicated in these four cases
are aépromimately equal., Amming a statistical distribution of

11

charges,”  and relating it to the five pion mode:

(Pp) annihilations result in 1 61‘:\' , 1.6177°
and 1076 7r° H

r et
the (Pn) case produces 1.27 , 2,27 "and 1.6 77°
on the average.

In effect, these values indicate a near-zero neutron-proton ekchange.

C. ‘v‘sis of Five-~Pron v lation
To test the hypothesia that (pn) interactions at rest may
proceed via an intermediate vector meaon;"s 67 events (fram a totai
of 127 obsczxved), with 5 chaxged pions and a recoil proton, were

analyzed to de‘termine the number of neutral pions produced, Of



/6

the 127 'é\}ents‘,‘a 67 satisfied the ficucial criteria, and the

' remaining dld not. Other examples of net;tfon ann;’.ﬁilation were -
nof ‘.:i‘,pclﬁ;ided 5e’cati$é it vw_éxs not possible to unémbigﬁously decide
the xfmmbgr of ,heuj.:ra;l pibns.' . | | | ‘

ThlS intéfagtioh was identified as a (pn) by the usual méthpd _ |
of determining the cvonsistency o.f: measured quantities with the
kinematics of the reaction. |

: V_Of the 67 acc'eptébie_ ‘events:

13 were unambiguously identified as having io
7T °*s; that is, they satisfied the following
criteria: a X* acceptable for 4 comstraint
fits and measured missing energy and mass

: ‘ * within one standard deviation of zero (see
. . Figs. § , 646, and éa); ‘

23 events were unambiguously identified as having
1 77°; that is, they each had a XA acceptable
for a one constraint fit and a missing mass
within one standard deviation of 135 Mev (see
Figs.]d(a);

6 events were unambiguously identified as having

" 2 or more TT°'s where measured quantities satis-
fied the following criteria: the missing mass

. was greater than 270 Mev and more than 4 standaxd

deviations from 135 Mev. In fact, the smallest _
value of missing mass is 356 Mev. The lowest
exhibited by these events, when tested for the
1 77° hypothesis, was 6.48;

25 events were ambiguous: of this number, 5

- exhibited chi-squares which allowed for. both
the zero 77°and 1 77° hypothesis, and 2 of these
5 had missing masses consistent with 1 standard
deviation from zero (and were placed in the zero .
7 ° bin), and the remaining 3 had missing
masses consistent with 1 standard deviation from
the 77 ° mass (and were placed in the 1 7 ° bin);
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' The remaining 20 events were ambiguous in that
they contained 1, 2 or more 77 ° 's (they were

placed in bins according to their missing mass
squared values). Missing mass squared histograms
were made from all 42 unambiguous events. A
natural grouping that separates the two or more
77 ° events from all others is indicated in
Fig. & . This separation occurs near 350 Mev.
Consequently, we conclude that 13 events have a

. single neutral pion, and the remaining 7 have

The final results

2 or more.

are: .
| No. of Neutral Pions _ No. bf EQents
o 7T°’5 | 15
1 77° 39
77°°s | 13

2 or more

nd

.
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" 1v.. DISCUSSION OF RESULTS

Al Pion Multiplidity Distribution

Plon wultxplzcxty distribution of 2071 events 1s shown in

Fig. 9. The average pzon mu’“1p11c1ty in the annlhxlatlon

‘process, accordxng to the Fermi model u51ng covarlant phase-space

1ntegrals, for an interaction radius of 2. 2 fermi' s, is 5, 11. The

mean number of observed charged particles is /473g5=_3.07 M 0.08.,

_Assuning that_the energy dis{ribution for neutral pions is the same

as that for charged pions, then the average total multiplicity is

’7W”* — &= “3ﬁ ':f . This value is cdnsistent with the

calculated value’ of 5. 11 and w1th the results of Horw1tz et al.7

The mean number of observed pharged p:ongs in proton annihilation is

3.03 % 0.10; in neutron annihilation it is 3.11 ¥ o0.12.

In the simple statistical model the total nucleon-antinucleon

rest energy of ZMnc2 is’released into anbinteraction volune ,fl..
Then, s%atistical equilibrium among different modes is established
and pxcns of corre;pomdxng final states are released accordxng to |
the statistical distribution, which is proportional to the pzoba-

bility that all the partlcles are slwultanecualy ava1lab1e w1th1n

V3

the interacfion,volume.JQ.=14 wg, where.de = 4/3,,( ) , and
: r

/% is the only adjustable parameter. The value A= 10 is chosen
in order to fit the cbserved averagé number of pions produced in
the annihilation process. 16 17 However, this value )\ -2, 10 over- )

estimates the relative pzobablllty of K meson productxon. Aﬁkﬂ 7
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 The statistical distribution for n-pions in an isotopic spin

state I is:l6v_v ‘ ‘ - V >

T4

[/ Gr)’

J (1') 4 __fﬂ 'z””rr//‘/ F(W)

Here:
he=ec= 1, and A'is.a.constant'independent of the n;
Gp(I) = total npmbe:.of.isotOpic spin states available for
a given n; -
n! = ;fo;‘ n identical éarticles, n! states are "equivalent
under intexrchange’ in each I-spin state;

2/»7” 7 4’,_ relates to the probability of finding

(A7)’

the n=pions in a plane wave momentum eigenstéte in /1,

the interaction vqlume.

m 3 3 -
cw)< )T 2% 712 T2 )
m f:/ w”/ / _ (4) g
is the covariant phase-space integral. W = total enetgy in the center @

of mass system, wz and 4\),;;/ are the momentum and energy of the ith
partxcle. This integral is calculated by the iteration technique
(see Appendix 1 ).
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In the Fermi model the only quantities rigorously conserved

are the total linear momentum and energy of the system; the con=-

-~ sexvation of angulat momentum, parity and other observables which

may influence the results of the annihilation process axe not

inciuded;

Momentum diatribution of charged pions from proton anni-
hilations aze shown in Figs. 10a, 10b, 1lla, and 11b, There is no
essential difference between the results pzesented here and those
of Ref. 6, in w&ich antiprotdné annihilated with free:pretdns.

| Mamentum distrihutioﬁs iesulting f:om‘aeutren annihilations‘
are shown in Fige. 12a, 12b, 13@, and 13b. A corresponding phase;SPace
distribution accﬁup&nies,each graph. There is no significant devia;
tion betweén the experimental and statistical distributions,

The pion momenta are from maasﬁzed'trapk curﬁatutas and'not
from fitted data, A small fraction of the total mumber Qf,pions had .
momenta greatex than that allowed by'kinamatics, which we attribute
to poor measuxement'accuxacy. However, ﬁhmn the error in the
measurement is taken into consideration the magnitudes of the

mementa axe within the allowable kinematical limits,

Ceo PionePiog-Corgglatggﬂg '

Bffective mass distrihutioas (7T377—) were made with pions

from final states which had 3 and 5 charged pi-mesons (Figs. l4a and

14b). Included in these graphs are the appropriate phase-space
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plots. Measuzed, not fltted, quantities were used. The results
9
indicate only a small amount of resonant state productlon and no -

szgnxflcant dev1atlon between statistical and exper1menta1

_dzstxxbutxons.

D Mﬁlti-?ionvavenfS'
The antipxbtoh-proton state consists of an eqﬁal mixture of
isotopic-épin states>I = O and I = i, and antiproton-neutron is in
a pure I =’1 statg; this indicatés that the annihilation ratio is

responsive.to the isotopic~-spin dependence of the annihilation

matrix elements. Using the simple statistical assumption that

the annihilation rate R(ﬁb)»foz pp is the statistical sumof I =0
and I = 1, and assuﬁing no interference between these channels, then:.
R@p) =%R(I =0) +%R(@=1), (5)

whereas the antlproton-neutron annihilation rate R(Pn) = R(I = 1);

The relative rates £for the annzhllatlon into n-pions is as follows:

(;w) 44 Noa /J:—-:cy/MM(r—o)/ YA (rw)///alfw)/
&,(M) Non (T=1 ) | Mu (7= )/L

A% -

Mn's are matrix elements for transitions into the zespectlve isospin

‘states. The welght factors N, (I = 0) and Ny (I = 1) are the number

of linearly independent n-pion states in I = 0 and I = 1, These
numbers are listed in Table I{.ls These states are not distinguished.

by their momenta or configuratioms, but in fact are independent of
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all quantun nﬁm?ers, except for isotopic spin. Unsuccessful
attempts have been ﬁadé to calculate these weight factors in an
extended Fermi model,lg which _distinguishes itself from the classi=-
~cal one by including the conservation of angular momentum and
' pa.ri*t‘v,_y.. | |

Now lé‘t us construct a model whose matiix elenments are not

functions of I-spin. In this model:

#7r) . L Ny (T=0) L
7 /6(/5/\/) A /\/fnéz—:/)

The avezage‘va.iué;’of % = 0,71. ' This value is relatively j.xide-

pendent of the number of pions (see Table T ) and is not consistent |
with the experigental result (/fo)‘/’ = 1.33). ﬁsing the experimental
result for/o in Eq. (7) gives fhe’ following value for the ratio: |

R(I =0) = 1.66,
R(I = 1) | o (8)

which. ihdicates that _onv t,h'e. average, the I = 0 state is ‘more
pr'e.valent than I = i. o

Chadwick et al .13 hai/e concludéd from their study of the
.anni,hilation reaction p +p ->/00+ jf'othat, fo;' this interaction,

I = 0 is the dominant statee.
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E. FiveéPréng Annihilations and Selection Rules

o

The results of the CERN éxpériment,6 a study of the - y
final-state KOK® from (ﬁp) interaction at rest, indicate a
predominance of S-state captufe. If the nucleon-antinucleon
énnihiiatigns proceed via a vector meson intermediary the

' : - 15 15 .
351—state would dominate. Berman and Oakes have examined

»

this hypothe51s, the consequences of which are particularly simple
for (§h) annihilations at rest. (pn)is in apureI =1 state and‘
the only know vector meson with I = 1 is the rho meson. It follows
then that this intéraction ¢an‘resu1t only in an even number of
pions. This hypothesis was»tested for 67uevents having five charged

pions and a recoil proton (see Section III-C). The results are:

Corresponding

o Statistical

No. of Neutral Pions No. of Events Prediction
o TT’s 15 26 forbidden by

Berman & Oakes

1 1T° - | 39 - 33 allowed by
' ' Berman'& Oakes

’ 9 .
2 or more W S5 4 13 8 (forbidden for even
o ' : numbers of 77°'s, by
Berman & Oakes)

:Our experimenfal resulfs-ére not in écﬁplete agreemént with the
radius dependent (r = 2.2f) statistical model;16 however, fhe.
deviations are not overwhelming. The model which indicates that .
the nucleon-antinucleon ahnihilation préceeds Qia'a vector meson |
1intermediary may not be v#lid at all interaction energies. It is

clear that the rho meson exchange is not the only dynamical

mechanism in antiproton-neutron annihilation at rest. P annihilations
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are "at rest" with respect to the center of mass of the deuteron
. . 9 .

_ and not necessarily with the indiyidual nucleons. In genefal these

nucleons are in motion with the incident particle, and some P-state

annihilation can be expected. This effect obscures the relevance

" of the Berman and Oakes model.

F. Proton Momentun Distribution

1. T&o-nody Antiproton Interactions

Plotted in Figs. /5 = and /6 is the momentum spectrum of
recoil protons from the reaction pd =0T +p . This distribution

includes a total of 732 protons resulting from annihilations into

3 and 5 charged plOnS, 402 of which had momenta < 80 Mev/c; that

is, they were 1nsuff1c1ent to produce a detectable track in the
bubble chamber. Events with a single charged pion were excluded in
'order to minimize exrors in identification of the posmtzve track.
Because of the p0551b1e 1nc1uszon of pions misidentified as protons
this class of events would favor the high momentum region. In thzs'

group, bout 27% of the J;COII protons left the chamber, as Opposed

to about 15% for the 3 and 5 charged plon f1na1 states (see Sectxon

III-B). 7

fﬁe 5pectator model assumes that the 1nc1dent antzproton
interacts with one. of the two nucleons in the deuteron, and that the
presence of the sccond nucleon does not contribute to the annxhzla-
tion dynanics. In such a 51tuatlon the partlcles in the deuteron B
are llkely to be sone "large" distance apart during the interval of

interactlon, and the low-lying momentum states would be the most
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likely oness Tne Hulthén wave function” 20 may be expected to give
¥

the cbserved‘dlstrluutxon. It has the followxng form in coordinate e
space:
7 s | .
z///z,} [20{5/0(7/'/ — & = (9)
3 R

and the representation of this functiom in momentunm space is:??

. . 7% ;o y
| oy A | ABA+E) . —
%//\/;ﬂ[ 7 / TRE gk 60

where

— R

o(z _ I -E) S L -
| % (437

) (11)

E = «2,226 Mev, the binding erergy of the deuteron aﬁd Y is the
| reduced mass of tbe deuteron. ,6 = 1.31f"i is the Hulthen parameter'
and K = pzoton momentun, The unbrcken curve of Fzgo 15 is a plot of

Figure 15 is a compar1soh between the observed momentum B : ;
| distributicn and that plct given by the phenomenological grocund state
deuteron wave function of Fulthén. The internal momentum distribu-
‘tion of the proton deviates significantly from the cbserved spéct:um.

The experimental data shown in Fig. 15 indicates an excess of high



"';7/:

-mohenfuh:recoil protons., Of 732 such protons 165 had momenta,
_ : s _
greater -than 200 Mév/c,.while the éredipted'number, using the
Huithén wéye’funétion, is 40.. It is vident that the agreement
between tﬁevﬂglthéé'wave function and the observed shape is poof.
EéSédtially,’alinroﬁoné whose‘fegoil monmenta was < 250 Mév/E
were stépped‘in fhef;h#mber; all others were identified on the
basis‘of bubble dehsity.A.The disparity:béfween the observed and
, the'phenomenological ground state wave function cannot be acccunted.
forlby misidentification of tracks in ihe final state (see Seétion'
III-B). |
Thg momentum diéfribution‘given by Exiksson;'Hnlthén ahd
Johanéons' wave formzz'differs only slightly from the.corfespoﬁding
Halthén function, and thus is not shown. The essential difference
between thé'éhenomenoiogical fﬁnctionszl’22 is that the effects of
the D wave are incorpofﬁted in the Eriksson, th;hén'and Johahsonsv
wave fofmo | | |
An attempt to simulate the effect of a hard core is made by
u}ncorporéting'into the Hnlthéh.waée form a smoothly varying fgnétibn

| f(r), which has the following propertiezi 2
ey .o 0oclr L,
oy /F "%
‘ f(ﬂﬁ sin 2 (bd"lfc) : re & r &d : (12)
finy =1 dsx &0

1

where it was assumed that ro = 0.4f, the hard core radius, and d is’
. the distance at which the Hulthén wave function is not altered by’

a hard core. The coordinate representation of the wave function
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where N is the normalization factor,
 The form of this function in momentu=m space is:

@w) - ﬁ: 4/»//)—%0\/)5 s

where ' ‘ B
@(K) (QM/KO/,A /—\-m /c/)

R .
f/+°(*/< ’Lc;fcrdrf
SR S T3\, g

| (o{_/\ + )K) 4—40(/\

A

_ 77 C“C (Zo(mkr +( 4(0!- ) P)

CRE-E) («t- kT T b xt KT
A 4<o/-f‘)

15',-

~~~

I

(13)
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and for’}; K )we replace A} by 5 « The proton momentum distribution
’ . - ) . o ! . ’

is:

UK) =2 K B) T

(1)

(see Appendix B).

A value of 1.15f for d was chosen in order to give a good fit

“to the data. Tﬁis valuékfor d indicates that the wave fuﬁctions,
with and withoué,fhe simulated hard core, have tbe séme shape,
beginning at ﬁboué 3 ha:d core':adii. If the magnitude of d is less
than 1.158f, the résultanf effect is greater because it approaches a
} region in which the wave function has a larger value. Above 1,15f
,the.resuitant effgct ﬁ& sméll because now it approaches a régidn in
_which the‘wavevfuﬁcﬁioé has»a sma11ér value.,

vSﬁperimpdséd_on the observed data in Fig. /6 is the form
/%% (k)/&/<f? and /9549, the proton moméﬁtum éistributioh of a
':Hnlthén simulated hard core. As expected, the function /O(ﬁ{> ‘
fits as well-aé.the Hnlthén inithe low-lyi@g momentum regioﬁ and it
‘has a :easonable behavior in the high momentumn regi§n.  But it
cleAriy does nat describe’ﬁhe;statg of the syétem in the‘néighbor; |
ﬁood of 300_Mev/c; wnich'includes 16%S;}.the éveﬁts.

An incidenfvparticle with momentum of order of 100 Mev/c.with'
Vrespect to the-éenter of ﬁass of the target nuclei-willlhave a ,A

between 3 and 4 fermi's, This is approximately equal to the most

likely distanée separating the nucleons in the deuteron. Apparently -

_(_),._\ S



the spectator qpéel ﬁiﬁh the Halthdn wave function is not valid
for interactions Wheﬁ the relative mqmentum between target and
incidcﬁt particie is much less than 100 Mev/c; it is more likely
thatvthe incident barticle will interact with both nucleons
simultanecusiye. The ththé% simulatgd'hard core with the spectator
‘model wbrgs bettér thah'éxpected;'howeyer, the reason for this |
behavior is nof Kknown.

- The tWo-body.annihilatibn'modelr(the third nucleon a
spectatox to the annihilation inéer#ction) doeé not complefely
describe the antiproton-deuteron annihilation; therefore, sone
secondary effects_must be considered in an attempt to understand
the obsarved_momentum‘diStrihution.

Three modes which could contribute to the distortion between
the cbserved momentum distzibution and that plot given by the |
phenpmenologicél'groqné'state deuteron wave fﬁnction of Hulthé;

(Fig. /5 ) are:
{a) Fihal étate interactions -- isobar production, .
P > (m=1)]T5 4 N .

33 5)

- (b) Three-body antiproton interactionms,

_ _ | +
Pd = (5 (*\/,{a) SmTEEP

(c). Bound state,

fif_‘?(ﬁfiAC% L P> anréy;/p .

oy :



2, Final State Interactions
The effect on the momentum spectrum of the proton (a result

\
of zesonani ﬁ“?’liﬁteractibns, from pd annihilations into three and
five chafgéd piéns in‘fhe.final state) was studied. We will now
¢évelopva fbrm of the pioton momentun distribution, indicating how it
wa# modified by final-state phase-space and enhancement factors.

The cross section for production of n-pions and a proton with

momenta dpj and dQ; respectively, is:
- . .
" 1

(17)

'-‘// e PR .. P
where Tfi _.( /st € 1y>i), the transition matrix betwegn initial and

final states. The notations being used éhtoughout are as follows:

‘momentum interval for ith pion

&
o
u

total energy for ith pion

£
[}

Fe

mementum interval for. proton : -

o}
30
]

- total energy for protoa

= mass of antiproton

.My = mass of deuteron
N = pnormalization factox

/(/.s /V/%(rl, R) 7/yd-(lf)»-wf'lfere' r =r3 - I

&= momentum of deuteron center of mass
ry = antiproton spatial coordinate
A -

neutron spatial coordinate



= proton spatial coordinate

R
]

pion spatial coordinate

7 ez
Y ~ ‘ 7 ?ﬁ(’%}') J
NN O 1 - PN ‘
(Vo2 ¥ “/ S plzof YULE )Y )
2k ppace | | | .
where 2.3 /3 3 3
= Fdnd 1%

(20)

Now assume that the proton is a spectator to the annihilation
process in deuterium, and then its rs,integral may be done

immediately:

£ ; o
Mﬂfw éz/ya)/:--.
4 $Q
da’//r 6 P ,.f‘. % '{):) =
AL g prce &2 )7

(21)



1=

”"/ Py
where @J (& = Fourier transform of ‘fljﬁ/ . Recalling that
o %

pd interacted at rest, the D momentum and the deuteron monentum

F o= 0, so that:

L »
— . T/ ~ -
Y= 5“9)/;/; %= A o2

Now the cross sectiom has the following form:

| ’ /‘i’ g-m= M ikl
- /\://—/w EQ 0,747/ _7[ Z{w* | .-/'IZL’; {5 0“/(23)

dg—
‘The momentum Spectirum P(Q) B o where
dn v

~

7; 0/2 /, z}g,«d]/‘[ Wt /V]/tﬂ

Q)= ' 4
~/ z, =) Wy (24)
Q L
If we consxder a statlsuzcal model, /tfxl ?Cénstaht, then the

- momentum sPectrum of the rec011 pzoton is modified in the" f1na1

state by phase-space factors._ Theqe ¢actors insure fout-momentum

conservation and are purely a kinematical effect.



Next; cqpsider the pd annihilation as entering into a
regonant region in the final state. We assume the same
enhancerent fagtor for each and every pion without regard to
_chaigg)in'the prédgction node under study, thereby overestimating
the effect of the resonance on the proton spectrum. In such a
formulation the 7T% , T P and 77":0 pairs contribute similarly to

the enhancement factor, whereas the Ng 3 state is a resonant state
——f) . . :

: : 22 : ‘
- ¥ Co
of the appropriate JJ P pairs only.

mn
Now the matrix element /tfi/z = ﬂ G(&W ), where G(Wj)
i=1
is the weighting factor for the jth mesonv(due to the resonant
final state interaction). Accoxding to Gillespie:zq

;

oo )
. . i U ¥ /
AQ,(QJ-—AQJZZU"QQ')

whéze‘P indicates the ériﬂcipal value'of/the intégral; dp(cu/) is
the phase shift for ﬁﬁ?Dscattefing in the I = 3/2 and J = 3/2 state
at a pion energy ajl;4ﬁjis the total énefgy of the jth pion, and
u; is the pion masse.

.A Monte Ca;lo technique was utilized to generate events in 
which the momenté_of ail the partiéles involved were distributed
according to phase-space. The rate of annihilations into a
specific final staté wa§ weighted both by the appropriate product
of weighting factors and by the square of the pheﬁoménological
deuteron wave function in nomentun spacé;zz this tends to increase

-+

the vield for a T P system near the resonant region. Figure .
y P sy
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shows tﬁe'momeq}uﬁ distribction of protons genérafed from thesc
Monte Carlo calc&laﬁions, fron the-Hulthé% distribution and from
cur observed resuits.' |
There is no-significant difference betwéen the phenomenologi-c.
cal deuteron internal ﬁomentuh distribution and the results of the’
final;state intexgction'calculations; in fact, no displacement
_towatds thé high monentum region is evident in the distribution '
~ characterized by the Eonte Carlo calculations; and, rather,
enhancement is indicated near 140 Mev/c.
Figute'/j7 shows an inadequate number of recoil protons.in
the nelghborhood of 160 Mev/c, and it is dlffxcult to conclude thct~
- | , | flnal-state lnteractlons produce this effect. Below 150 Mev/c the
snape of the recoxl proton spectrum is affected by ‘' measurement
biases and observatlonal-dmfflcultles, especially at large dip
'angles; It is apparent from Fig..f7 that final-state pion-proton
interactions do not prcduce an excess of high momentum protons.
Another technique fo; stﬁdying the effect of pion-proton
interactions in the final state is to start with the assumption that

_a fraction of the annthilation proceeds in the following mannex:
v 2 p

j,—

L) YA ' o (26)

-

| . '.:._/00/7”7770*/\/
' | 7P

The formation'of isobars resulting from three-body annihilations
can be expccted to yleld high momentum protons. The spectrum for

‘the protona pxoducec from N¥ decay was calculated, using the
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Fig. 17. Observed momentum spectrum of proton
spectators in pd annihilations into three
and five charged pions compared WUB-7716
with a calculated distribution in which
the resonant pion-proton interaction in
the final state of five pions and a proton
was taken into account. The latter is shown
im the dottied histogram, a result of a
Moate Carlo calculation. For comparison,
the "Huithen' spectrum is shown also,
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- statistical model for the N¥ production and assuming isotropic

decay.for the resulting baryon (Fig. 18). However, agreement with -

‘the observed data is poor.

If a significant number'of N*'§ are prodnced, then we would
expact the U /J efrectlve mass dzstr1bat1on (Fig. 19b) to peak
neaxr the N* mass, 1238 Mev, however, thzs is not the case, Further,
we would expect thg shape of the 7/ f’effectlve mass distribution
(Eigf 19a) to be different from that of the Zfﬁo ’ since'the
reéonaﬁcevis in a T = 3/2 state;.however, both’Figs. 19a and 19b .

show essentially identical effective mass distributions, both of

which peak near 1200 Mev. There is a lack of significant isobar

- formation in these, distributions. Thus, final-state interactions

cannot be considered prime contributors to the annihilation

dynamics,

3. Thzeé-Body Ant;prot;n Interactions

| G;szy and Oake524 use the Spatxally symmetric forms, Eq. (27)
and Eq. (28), to describe a system of three bodies composed wholly
of nucleons (He3 aﬁd H3). In this experiment the initial state N
cons;sﬁs of an antlproton, proton and a neutron. It is convenient,
but not neceasary, to choose spatlally symmetrzc wave forms to
discus; a three-body (pnp) system. Perhaps the Irving and

the IrvihgéGunh functions used to describe the tri<nucleon system

'are aiso applicable to the (Prp) sSystem: both have the right
'asympﬁotlc behavior in Cunflguratlon space, both have wave forms .

amenable to analytic- cdiscussion. These wave functions are as follows:

$
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T’Vl”r wave function ‘ . ‘
. ’ e / 2 b ,'I/ZZ
7 o N o= (r° A
//(:,7) _g_;) )—-—I:;Cf);//éj_ 2‘(/2"1'«-’) /3. ) S | .
' 27y . ‘
n / ~
- ! w2 2 = A\/LZ :
— D o o == ) S
/_Dk.f/\/)(‘ 5 (»../M -f—.:i-f)) 5}
5 e o
where /52 ey 5 the normalization constant.,
-Wl@ﬁ ' ’ ‘ '

Irvinge-Guni wave function

7/”(’72)/33 Cé*[fﬁ “{":(/”z Lol 3

y Y
0 # I T s)

| T /
_ (—ai”?'7/‘:,é/92' -

ot 2rh 2 ) 7 )g (28)
/

Vg
/~‘/' z ,
where = ~’ °<} , the normalization constant.

Py

/;?/f

The notation used‘in Eg. (27) and BEg. (28) is as follows:

CRRN A

Ve s odd

/‘ = — /—7
) T
E Ve = =l
/7 Sy /S
A, s M? .

r—~



’ccrgesaanclng distribution for the Irv1ng func~1on for an O\ 250

;The tétal_wave anctlon for the thrge-body systen in the

initial stat c has the

(zy = f(r)ZL , where £ (x) = /<" ;ﬂ”

it is symMW“zlc under interchange of any two spatial coordinates of

. N AR . ="
two particles., - We will dispense with the spln-xsospxn (L) porylon

of th vave fun*“-oa because it is not involved in the development of

the mcme ntun space exgcn¢unctlcns.
The mcmentum,dis ibution of. ”he protaon as given by the

Irving and Irving-Cunn function is (see Appendix C):

/f Cg) éZb/;J T:»\/;/ _.£§£~———““"'_“—_—'“~_— ) (29)

> \\u,._A
1 'L !
Rar )
where m = O for Irviag function, and m = 1 for Irving-Cunn
function and Q is the momentum of the proton.
The Qh@ﬁ@z@uOiOgiCal momentum distribution of the proton
3 = LR g% V- 24
developed from the Irvirng-Cunn wave fu nct*cn foxr of = 152 Mev,
appropriate for the thfee"uclcon system, is shown in Fig.ZC?; the
24

ibed in szg,,Z/ : neither of these values of X pzocuce an

accepiable fit to the obser ved distributioh'of‘thevxecoil_protoﬁ

[ 5]

morentum. However, this is-not surprising because the values for & -

- stated above are ~"sccvatcu with the thr ee nucleon bound systems,

whereas in the present interaction omne of the particles is an

antimucliecn, Conseguently, the forces (and thus &) associated

Cwith the Sup) cystem will giffor from that of the boand t%zee

nucledns.e
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Choosing a value for (X =350 Mev in thé Irving‘form
<
'(Fig.2z ) and 300 Mev for the Irving-Gunn form (Fig. £ 3 ) results
in curvés that also agtee with data in the high momentum region.
The aréa under the Irving and'Itving-Gunn curves in Figs. Z\zhand : .
;23, respectively, are normalized to only those evénts which had - - N
momentun values, for the recoil proton, ranging between 100-1000 Mev/c.
The reésdnable behaviof in the high momentum region, shown in
Figs. 22 andl 3, ind;catés that this portion of the spectrum may |
be associated with three-body annihilations.
The parameter X is proportional to the /5:7, where £ is the
binding energy. The vAlues of the parameter & , as shown in Figs.
22 and L3, result in a system of particles Sounded to approximately
1/1.4 the distance of the triton with a binding energy of about
(1-4)2‘tihes as large as the triton. The average value of r, the
"~ distance between the pféton and néutzon, is ~~ 1,5f, which is
"equivalent to about 130 Mev/c, the most likely value of the proton.
Apparently at large disténces r?é’( (i.e., distances large
relative to range of potential) the Irving and Irving-Gunn wave forms
with the suggested values for CA tend to agree with observation in
the high momentum region. -If in fact the pd bound state constitutes
" one of the several coﬁpeting processes in the interaction then the  . .
potential associated with this system is L X » N - ' N
According £0'Fig./5’a.peak in the observed momentum distribution
is indicated at agproximately 300 Mev/c; this is assoéiated with an
average separation of A 197 Mev-Fermi = 0,66 fermi for the two

300 Mev/c
rucleons. If the antiproton interacting with the deuteron compacts
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the deuteron, éuch that the distance separating the deuteren's
comp051te partlcles is in the ncighhorhood of O. 66f then proton
momenta 1n the range of 200 Mev/c can be expected.

That portlon of the proton momentun distribution spectrum

"which 1s not related to two- body annlhllatvons may not be attrlbuted

dwrectly to three-body annlhjlat ons, because thls latter type of

interaction reduires the produrtwon of ~~ 8 pions, and very few

7 or 8 pion events were Qbserved. Therefore, it is difficult to
state conclusively that the sum of the two- and three-body

annihilations are the dominant processes.

&/

The discussion about the detailed shape of the proton spectrum

is descriptive only; interaction details for small r are not known.

_llowever, the notion that sohe“20% of the cvents are produced in

some complicated manner, in which the antiproton reacts
simultaneously with both particles in the deuteron, cannot

i

be rejected.

We suggest that'the'observed momentum distribution of the

recoil proton may be considered as the sum of three separate

functions, resulting from:

1. Two-body annihilations;

2. Three-body annihilations; and

3. AntiprotoﬁQheutren bound state.

Using a recoil proton momentum of 300 Mev/c (which is



Z

conéisténf with Fig. 15) results in a mass M=1803 Mev for the

[ ]

" (Pn) systcm. Present theoty Adoes not preclude the existence of

such a state. No estimate of its binding energy or the fraction
of annihilation into such a mode is attempted here. The

observed data allows for a (bn) bound state, but does not

‘require this speculation.

"G. Strahge Particle Production
Strange particle production from (pd) interaction at
rest included 76 events with X mesons (see Table ITI) and
: ) . . . .
6 with 4 $ + They were. identified by their decay products
or from bubble density estimates. The hyperons which appeared
to emanate from the annihilation vertex were all identified

on the basis of their decay products, (m=pP)-



h;_;

f'!/'/ .
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Table IIIX., Observed K meson annihilation product

okt k% K%K K K K§ K KPKP

Neutron annihilation 6 2 3 4 4 9 o

Proton annihilation . 10 1 3 13 7 11 3

A monentum distribution was made of all negative K mesons
(Fig. 2}? ): 3 were identified from decay products, and 5 interacted
with the deuterium medium. Figure 2 5 shows the corresponding plot

of all K% tracks, four of whiéh were identified on the basis of

-decay products. The combined momentum distribution of all charged

K mesons is 1nd1cated 1n Flg. 2(0

K° and K° decay as Kl' or Kz s with equalzwith equal probability.
The K? decays into its charged mode (11 7~) and uncharged mode
(”T T‘ ), 2/3 and 1/3 of the time, respectively. Therefore, the

probabzlxty that a K°. or KO will decay eventually into a charged

(277 ) state is 1/3' and of course the probabllzty for enterlng an

unobserved node is 2/3. The momentum distribution of the K{'s is
plotted in Fig. 2’7 |

with the 1nformat1on available in the preceding Table 111 1t
is p0551b1e, in pr1nc1p1e, to determlne the detection effeciency for

the K mesons and the fractlonal rates of annihilation into the

k%7, k%, K *k° ang K°K° nodes. However, the results are not
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cbnsistent; This:is attfibuted'éo_the small numbéf of strange
particlé‘event; with its attendant statistical fluctuations.
The estimated . value>for the K¥, K='s efficiency ié

,§J; = O°S f'0}2. The stated value for the efficiency is

from a combxnatxon of ef fcct*' of bias in the 1dent1fxcatzonr

of K nesons, and from the stat;stical uncertainty. This

‘indicates that about one-half of the K*'svand K 's were missed.

However, for the neutral K mesons the detection efficiency was
9 h .

assumed to be the product of the probability of decay within

" the established fiducial volume (<, = 0.9 I 0.1) and the

branching ratio for ( /7 /7 ) decay, 1/3. We can now

determine the fractionmal rates for annihilation imnto K mesons

ftom (Fa) interaction at rest. After coupling the scanning

k eff1C1encxes with the préceding corrections the fractional

rates for annxhxlatlcn 1nto K mesons fron (pd) interaction at

rest become:

R,  (Deuterium)

= ,059 * .01l
" Rg . (Protoms) = .064 I .014
: Rk-*A(Néutronsj = ,053 * .013

*hese vaiues ;or the total branchxng ratxo are consistent for

‘br“nchlng ratios becwoen .01 and .02, or zoughly 015 for the

modec K'K” » K *Kk° ’ x°x° ’ and_K-K-. It is apparent that, w1th1n

 the errors stated, the productlon zrates for K mesons are the

same for both/neutron andvproﬁon annlhxlatxons;
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- APPENDICES

A."'Pzedic“cions of the Statistical Model

25 . = . :
Fermi. initially suggested that the phase-space associated

: ‘ AT S : 1 . : . . L
‘with each pion is _ad,o s where ——d—’/;laxs the volume of interaction

and /{ bis the volume
factor. Note throughouf. this paper i = ¢ = 1 and f» is the momentum
of the pion. waever, this form of the phase-space for each pion |
is not Lorentz invariant. 3

The covariant f:orm N \d_a/“:p for the phasé-space

| - .

[

asscciated with each pion will be used here, where _ﬂ?’iﬂ- is the mass

: » . 7 '
of t_he pion and 0_}]_://%54— /)’)77/.7* ; that is, the total energy of

the pion. This form has the przoperty of simplifying‘ the numerical

AAeval‘uation of‘phase-spa,ce_integra.ls. This expression is plausiblé

on the basis of S-ma‘;rix theory. The assumption is made that the
matrix element is a constant for the production of n-pions,

The _pl1ase?-space integral for the producticn of n-pions with

-tctal enexrgy W in the'_centex'_ of mass system is:

/(2777 ("Z/mjy') /:,(V)J (A1)

RN

-



where - ;. '3 ( is a measure of the probablllty of finding n-
(2\77' )

pions in a plane wave monentum eigenstate within the lnteractlon
volume. . The. invariant form of the phase-space integral in the

: R . 5
center of mass system at total energy W is defined as follows:

3 ia 41 |
m //) /)/ O—/-/?/}/«r)f/j-]d//‘/zwﬁl / | (A-2)

w,g y

\\“
~NTNY

The transition prdbability for a state of n-pions into an isotopic-

spin state I without the consideration of selection rules is:

\5;19{:*2:} :<C’bﬁ15_fﬁ~/;//) m(f) L F (V‘/)
D mr ] )

(A-3)

The branching ratios for a given number of pions n of total
charge Q has been calculated by Pais.11 In the case for which n = 5,'

N ‘there are three modes of antiproton-neutron annihilation:

PN—> " +%57°
Wallans T 424 27°%; ana

= o -
=zt 3T
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The branching ratios are 9/105, 66/105, and 30/105, respectively.

These branching ratios and the SA(I) values calculated by

o Desdilé were used in calculating the fraction of annihilations

occurxing in each mode for valtes of n up to seven.

e B. Distribution of Momentum Space
Distribution of Hulthen Simulated Haxd Core Function

The Hulthéh‘deuteron wave function with a simulated hard core

in coordinate space is:

R ! = | ‘.’_:3'/1 , -
iy L f T e T A |
: /2557 o N , (B-1)

where

76//2) W"/ ”(a, /z<_> : v'/zCA N < 143,

.,[//L) :_  / T A2 oo(B.-z).

' The normalization factor N is determined as follows:

2 / - o 28N 2 - g , -
N :/ /;.4//1}(//_2' e  +e 5_- e _(‘” ) @2



O

o y o
_dféL , 0 - Ej/c
where//k\/éjoj/z g = _7—7; g 4 e 5 (B-4)
Y T Z
oyt 4 I . :
| . >Z : .
_Df.‘_;"cs/—/g .
Therefo:é,
. _' 25 -2/4’/2.
22 Jf 2d, o2 é’_’jilfﬁ_./—f
= : P
T T e, - 2
-&X(?ﬁx +:£; ) . (/t? ;DZ
’Z(e--—Ca_f—ﬂ}a’_/-e C°{+6")/Zc) ‘ (B-S)

(x+8)[(x+0)" 1 I z ]

- The Fc’arler trans;ozm is:

/&(A (a?”)%‘//bﬁ
7/(5) L c’/LMK

-@,
e = /"”Af
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- And now_,"su‘dsztituting for £(r):
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(B-8) and (B-9) into (B-7) with the appropriate

Incorporate EqQs.

Y

substitution for f . "i‘hen_:

(3410)

The momentum distribution is:

~
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oy
< { ,»{’

/
!

(8-11)

(B-12)
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C, DG*IV&»IOR of Momentun Snhace sttrlbutlon
of Lnree~Bodj wave Functxons

The initial three-quy,wave-functlon 15:24
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(C-1)

ﬁhere £(x)

(C-2)

When m = O the function has the Irving form; and for -m=1l, the

. ifving-cunn form. The spatial function £ (x) is completely symmetric

under the interchange of any pair of nucleons. .2 is the spin-

isospin function; it will not be ‘involved in the development of

the momentum space eigenfunctions. The notation used is as follows:

L

Position coordinate of particle 1

Position cooxdinate of particle 2

Position coordinate of particle 3

RN
1



1 v
?2 =

1N

P o= Momentum of particle 1

Momentum of particle 2

Momentum of particle 3

&

The vectors /d and '/'Z»: are

All three masses are assumed equal.

related to the position coordinates of the individual particles in

the follcwing way:

_)47:: /7 +

R

re -z

2

K is the vector which describes the monentum of particle 1 with

respect to particle 2 and it is conjugate to Lo g’déscribés the

momentum of particle 3 with respect to the center of mass of

particles 1 and 2, and it is conjugate to

the following form:

/Ov. ‘These vectors have
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According to G;l&fy and Oakes:

In ozrder to maké this six-dimensional integral more manageable we

will define

vahc/

e x
= ~ o= /2: A
- E5T

As a result, Eq. (C-5) is now: =

s e o (2K
c/,\o/./: ~ ;\.’X/‘/(/‘(,@g» j

(ij M) ﬁ /Xz*//r/“ T e

with R and L are the six-dimensional vectors:

R‘= ; X3 L = ] (i?v
|y, R
- t 2
i v ‘ .
| B (273
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Equation (C-6) can be pdt into the following form:

The sclution is

/c ONSTANT) , 5
-——__—____/ .

T[T ENEm
o{A v
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1D
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O

(C-7)

(c-8)

(C-9)
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The pfobability*of finding a particular set of K, Q is

?/\/"")7—“2/771 (c-10)

In the center of mass system

/_‘
£+ B==/r2 . . (C-11)

We are interested in theé momentum distribution of particle 3, the

proton o

s S (c-12)

define:

F(c?) /Q /”f’/ a .f\-’ c:fv“-' (e-13)
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Angular intvegratvion' over K 'givés another 47T :
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Note when - K= O X = 0

- K= 00 X = GO

. (c_-‘-la_)ﬂ

 The integral term is constant; therefore:

(céns;&an /‘> Q

___/__,_——
/—:Zﬁ'/k o
T

(C-19)

which is the equation Pléttéd in Figs. 20, A, 22 and 3.
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mission, nor any person acting on behalf of the Commission:
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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. v

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.








