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THE ANALYSIS OF /7<MESON PRODUCTION IN
NUCLEON-NUCLEON COLLISIONS
Kenneth ¥, Watson and Keith A. Brueckner

Radiation Laboratory, Physics Department
University of California, Berkeley, California

November 7, 1950
ABSTRACT

A phenomenological analysis of meson production in nucleon-
nucleon collisions is proposed, On the basis of an hypothesis that
the production takes place for collisions whose impact parameters
tend to be less than the range of nuclear forces a partial wave
analysis of the scattering matrix is given, The theory seems capable
of describing the experimental results in a simple manner, It is
shown, on the assumption that the sz-meson is pseudoscalar, that
angular momentum and parity considerations play an important role in
interpreting the experimental results. If processes involving mesons
are related to nuclear forces, then the hypothesis of charge symmetry
in nuclear phenomena should receive a crucial test in experiments

concerning meson preduction,
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THE ANALYSIS OF y-MESON PRODUCTION IN
NUCLEON-NUCLEON- COLLISIONS
Kenneth M, Watson and Keith A. Brueckner

Radiation Léboratory, Physics Department
University of California, Berkeley, California

November 7, 1950

I. Introduction

The data which has at present been obtained on the production
of #f<mesons in the collisions of two nucleons 1svvery incomplete,
yet it is sufficient to establish a number of interesting”features'
of these processes, Indeed; there seems to be enough quahtitative
information to warrant the development of a systematic and unified
interpretation of the phenomena of meson préduction in nucleon
collisions, and it is the pufpoaq of the present paper to sketch the
outline of such a means of interpretation on the basis of a
phenomenological theory, Although this type of anal&sis_is less
satisfying than one based on a fundamental theory of elementary.
particles, the lack of any satisfactory form of a basic theory makes
it necessary to fall back on a phenomenological approach in the hope
of obtaining_a unified picture of the processes under cohsideratioh,
The theory developed here should also be of assistance in the study’
of meson production in complex nuclei (which is not considered in
the preseni paper) and in the comparison with the inverse processes'

of meson absorption,
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" Some of the qualitative experimental information on meéon’,
production which has been obtained at this laboratory is given in
Table I, From these results; with the corresponding cross sections,
it is possible to déduée:éﬁﬁroximdtely the nucleon«nucleonvcroés
sections for meson production given in Table II.

We shall present in Section II a formaliam for giving an
analysis of the experiments on meson production in terms of a
partial wave analysis of the scattering matrix., Such a study
establishes-naturally relationships between the energy spectrum of-
‘the mesons, their angular distribution, and tha excitation function
for the erose sectiono It is particularly useful, as shown by
Brueckngp,wserber and.Wgtsonl, in the study of the inverae processes
of meson absorptionoﬁ | | |

| It has been pointed out by Brueckner, Ohew and Hart2 that
the production of mesons in nucleon=nucleon collisions is strongly
dependent on the interaction of the nucleons in the final state,
In the coggsg_pg applying the theory of the present paper, the
calculations of tﬁesélauthors have been extended, These considefations
are: diacussed in Section 111, .

3 In Section IV cross sections dedueed from the praceeding

development are. given, and in Section V these are compared with and
- Pitted to the experimsntal results on the production of Zﬁtﬂnesons
in protonwproton collisions9 In Section VI evidence is given that
the observed lack of ﬂf =mesons produced in protonpproton collisions

implies a selection rule prohibiting this processo
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It is shown in Section VII that angular momentum and parity
conservation are of critical importance in the analysis of the cross
sections, In particular, the assumption that the 7-meson is pséudo-'.
scalar (in accordance with preéent evidence) is used to make a some-
| what more concrete analysis of the scattering matrix,

A summary of the results obtained in the present paper ié

given in the final two sections,
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I1, Formal Development

Above. the threshold for meson production, the study}qf née}égr _
colliaionsvis‘cempligated by the interdependen¢e of_tﬁee}ggt@c and |
the inelastic (meson production) scattering. Thié fact throws doubt
on the usefulness of a Schrodinger equation; in which phenomenclogical
iﬁteréction are assumed, for the study of gither the.elastip of
inel#stic scattering at energies above the threshold for meson produgtior_x°
That is, an Hermitian pptential energy for the two nucleon interaction |
leads to a scattering event in which the energy of the nucleons iq
conserved with a probability of unity; whereas it is known experi-
mentally that this probability is less than unity above the threshold
for meson production. The addition of an interaction term to produce
mesons leads in turn to an additional potential energy, etc., To ‘avoid
these difficulties we shall not attempt a dynémical description of
meson production by means of a Schrodinger equation, but rather shall
employ directly the notion of the scattering matrix in the analysis
of the experiments. Use will be made of a nucleon potential to
describe elastic scattering only at energies well below the threshold
for meson production.

We introduce a matrix operator, R; to describe the creation
(or absorption) of a meson in the collision of two nucleons, In terms
of R the transition probability, P , for carnying a'system from a

state I to a state F is (we use as units A = ¢ = 1)

P oo 27 I(F|R]I)'2° (W
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We make the assumption that R describes transitione which are.

reversible in time, so that we may have a means. of comparing direct
and inverse processes°
By a canonical transformation, we can represent R ‘as a matrix

in coordinate space of the form:

<z» Iﬁlxl 152) | - @

where x, ‘and %, (and xl s %, ) are the coordinates of the two
nucleons and- z- is the meson coordinate. R can also be expected to g
depend upon the nucleon spin and isotopic spin coordinates (as well as |

the meson spin, if the charged meson actually has a spin) Alterna- -

tively, R can be represented in momentum space by the variables P

”pg_adesorib;ng,the relative momenta of the two nucleons before and _-

aftet'theacolllsion, respeotivelyy.Jz and f'_ representing the
respeotive total monentum of the two nucleons before and afﬁertthel
collision, and . a, the momentum of the oreated meson. S |

The collision is most simply described in the center of mass

system, so we restrict ounselves to_this coordinate system and sep

P =0, Then R has the form

R, in Eq° (3) can be expected in general, to be a complicated

vfunction of its arguments, S0 some condition must be found to 1mpose
asimplifying restrictions on 1t - For energies sufficientxy near the

‘threshold for meson production (i.e,, for energies: presently available)
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such}a condition is ét hand, for (in the center’of.maas.system) thg

.'greater part of the nucleon bombarding energy is found'in theimesdn '
' restcmass 4n’ the final state° This implies relatively low:kineticfw
;,energy for the partieles in the final state ( =2 20 Mev for: the S

Berkeley eyelotron), enabling us , to assume that
o
AQ9P<<P o

This condition is better fulfilled than might at'first,appeér,ibecause
‘it happens that most of the mesons have nearly all the available:

kinetic energy, leaving little for the two remaining nucleons, -

-+ These arguments can be made more explicit by returning to the S

coordinate representation for R given by expression (2), In

paitiéular; in the center of mass coordinate system thé subéﬁatrix

Ry (qu (3)) becomes

CRE @ |RD. R f..i,'*_'.<'_3.,."',,,

§ 9

. o : . . o .
__where_rgxlexz,'r gﬁ”mﬁ, and.ggzaxl'ﬁ’ RN

C2iF

: The 1arge mgmentum transfet (“* p) of the nucleons during the

= collision and meson production process suggests that the meson

 produetion takes place for very close encounters at distances @f
of & ) . This implies that the effective distances for which R
:‘:will contribube to the production process correspond to ug r <:
| -iaeor that R, will hawe a range of of 1 ) for the particles in the |

. ﬁ_f1nal 8§ateo (R° is, of course, not & function of Ps but it e " 
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represents a velocity dependenh interactien with a range dependent on _

the bombarding energyo) Since the deBroglie wave lengths of the out-

 going particles in the final state are appreciably greater than l/b

(for the energies of intereet to us), theee arguments suggest that e
partiel wave analysis in tsrme of the angular momentum substatee for
the Qutgoing particles will prove fruitful N

To make such an analysis it is»eonvenient to perform a partial

wave decompositien of the operator R of qu (3 ) This can be

_ written in the form°

'R;, . Qb ml IL|r>~+ (V) € lul rrl lnzls.,

o+ <Vr’)i (g

1? e |
+[,(vu)i Vg -3V, Sid] (lals f=1 % | 2y,

+vo‘oooooog . | : o '_ : A. '. . (h) o

'-where a summation over repeated indices is im.pliedn Here'the'various
‘ar (n = 1, 2, o o o o) are functions of the magnitudes onlycf u and
',;r and each is considered to have the short range ef 1nteraction

: discussed aboveo

qu (h) involves no eppreximations, but implies the assumption ‘ ’

"~ that in ealculating cross sections from it the contribution from

sueceseive terms will decrease rap&dly enough that it will provide a

precticel means of analysis of the experimente° Hewever qu () 15

. 8t4111 more complicated than we wish to use at present; so we shall
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becanoe of the zero range approximation, the matrix element of Ro for

the transition will have the form (cf qu‘(5 ))

(F lRo II) Y F (» (Flog | 1) ((27‘)% g o)y S
T .
wherev‘y@f"is evaluatéd at zw = 0 and the (F |0i II), are just

the matrix elements of the operators g- and 7’ as they occur .

- multiplied by the vectors gq and p in Eq. (5E)¢

The cross section for meson production is then

« : . , . , : S . N

dqe=-f2mMias Sl | IDI2 (@
where fovisgthe‘relatiVe velocity of the incoﬁingrnucleons, dJ is
the volume in momentum space accessible to the particles in the final
state, and > means a summation over final spin states and anvaverage
over initial spin states. If the final nucleons are not bound to
each other,

3/2

4 = '/—2— (27 (n/u) (1+-7—2)% [T(Tmax - (1;072)'1")]%_ aT "d.n.q |
‘ | (8)

~ Here M i the nuclcon mass, f41s the meson mass, T 1is tﬁe,méé°h
._Ekinepicfenergy,"d.nh is an element of solid angle about the direcﬁion
of"o',iana UT is the: initial kinetlc energy of the nucleons minus
f::the meson rest=mass energy (plus or minus the neutron»prov n?mass L o°
difference; if there is a change of nucleon isotoplc spin state) The

factor of (1.072) results from taking 4/M = ;1h4., In deriv1ng
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Eq. (8) the nucleons in the final state are treated nsﬁérelaﬁivistically,

, ' ’ ‘ '
If the nucleons in the final state are bound (i.e., as a deuteron),

ot (o 2, 27172 | | "
. 4d = (.932) q [q+/u j d-N o (8")

In this case the mesons have fixed energyo

Consistent with the form (5 ) for Ro, we can write (cf°
qu (7))

‘(F \a II)\z 'g 2m?> !VJF(O)\ g 281({:&)

. 2 -21')” ‘ '2""':" g
. +.F2 g, (F,I) q cos &

2 L o ) -
+ PB 83 (FSI) qzn GOBL e 0.006 ) ' .
(9)
where the n's are positive integers and e is the angle between »

q and p o The gi(F I) are numerical constants depending on the

’ initial and final spin and isotopic spin statesa The /7 s . are

'-numerical functmons of p only and ean be deduced from the /w's of  >:j

Eq. (5 ) once the operators Oa are specifiedo

When the incoming nucleons are not identical, there will in B
~ general be odd powers of cos © in Eq. (9). As we are primarily

interested in p-p collisicns in the present paper, we disregard
sueh termso o
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In the following sections we shall investigate individually the

_ contribution of the following terms in qu (9)

TypeIA — [32 (FI) e
Type IIA -y F gIm(F )¢ o
Type IB —= I_-_1 81p (F,I) cos’ e - (10)

Type IIB — [72  gIIB(F’I) q? coszle ‘

If we retain the terms in Eq. (5) which are linear in. p', we
obtain two more expressions which will be of interest in discussing

‘the cross sectionso_ These are . .

Type IIT  — [ gIII (F,1) P

Type IV — /ﬁ (F I) P 2

(10')
" In obtaining these terms, it is assumed that the final state -

wave,function‘fpr thebtwo‘nucleons:is a plane wave., - The justification
for this is that the terms in qu (5) involving 1:3"8 iinearly bouple
only to nucleons. in pestatea (relative orbital angular momentum) For
p«states, the effect of the nuclear potential. on the cross section will
be small, ‘It should be noted that our cross sections can contain'mo ®
"interfereﬁee}terms invblving lgg linearly, because'we;integraﬁe ovef .
the angles of 2“ (corresponding to the experimental'conditions'under'
“which the cross seetiénS‘are'measured)
: The. linear combinations of these terms which are compatible -

-with ‘the experimental cross sections will be discussed Higher : ' =

‘powers of q than the second do not seem necessary at present‘(indeed
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they predict a eross section apparently incompatible with the
axperimental results unless their contribution is small) .Striétly
speaking, the term of type 1B is not consistent with our deduced form
of Ry , but it is included because it is of use in estimating the
‘ sensitivity of the angular distributions in the’ laboratory coordinate
“system with respect to those in the center of mass system.

Finally, sinoe the [1’5 are numerical functions of  p only,
they are constant for any given beam energy. They are also,'
presumably, much more slowky varying functions of beam energy than
are the other facbors in the cross sectien° We thuS‘assign them
conspgnt,véiﬁes»campatibla with theVBAO Mev beam energy at Berkeley.
Deviatiéns of total cross sections at other energies from those
" here calculated Qill then give the depéndence of‘ﬁhese qnantities"

on . p.
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.-+.There is one qualification to be noted at this point, however.

‘The 3erorréﬁgeﬁéppnéxihaﬁibh“used;in'dédﬁcing:thefoNm df LR([givenﬁinn¢ua

By (5) is valid only if theé wave function' QJF(r) is nearly constant

- “for 0; ( r L l/p . This is indeed true for potentials which do not

1show'a'strong ‘ghort range singularity° However, a repulsive. core with
a radius of 0( 1) , such as that suggested by R. Jastrowé, would
make ib:necessar§ to use explicitly a finite range of interaction in.
‘Eqa'(b) '*Keéérdiﬁg?to Jastrow’s analysis, pérﬁiaéible‘coresffor ﬁhé

; triplet state ‘two=nucleon potential are of too.short a range (<< B )

’3to lead to an. appreeiabla modification in our analysis, so on the

- Z_~basié‘ofjhis model our zero‘range‘approximation-(wiﬁh the neglect ofik..'

'r,theacdfe)“iaajuéﬁifiable for final triplet states of the two nucleons.,

" .+ However, Jastrow's model involved a core of radius-of o( & ) for ‘the

singlet potentialo Such a core would necessitate a more careful-v :
- consideration of the finite range of the interaction, . Indeed, ,exp;icit e
calcuiétionﬁ]ﬁith'a perfectly "hard" core (i.e.; a potential that is
'v iﬁ£inite1yyrepu1sive for distances less than the core radius) have
“ béén'm§de, but indicate little modification in the‘caléulatqdiqrbss_~ o

+ gections, - On the obther hand; it might be expected that a core which

' “jis:notg”hard”:wouldymedify‘sqmewhat the energy spectrum of the mesons,

-however, these considerations are probably not crucial“in.thezprasenﬁ
fanalysiég as we are primarily interested in final states containing -
-auneutfon and proton, for which a strong a&mixturaﬁof triplet state
*'?seems £65bé‘ﬁeqded‘to7explain the experimental results,  Experiments
“on’the production of mesons with twb'identical nucleons in the final
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state ('é%.n;g.let‘Sestgt,e)) may throw more light on this question.
- ' Indeed, meson production may provide a useful means of studying

nuclear forces at small distances,
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IV, Calculated Cross Sections
It will be convenient to introduce the following type of
notation to designate the various meson production processes; “for

ey

instance, =
o . ) +
(¢, s5pPs T')

is taken as indiéating the collision of two protons in an igitial
tripleﬁ_Spin state to produce a ﬂﬁ;meeon, leaving the resﬁlting
two nucleons in a siﬁglet spin state, Similarly (s, S; n p,. ﬂ’°)
- indicates a singlet to singlat scattering of a neutron and proton
to produce a 7° meson, etc,
-In the present section we will give the cross sections
- correséonding to the four types of terms occurring in expressions (10),
band'in;iater sections will consider what linear combinations give the
bbést agreement with experiments: Then for the presentkue_need only
ennmeréte the final nucleon states in calculating ﬁeson:cross sections;
sinde’an examination of expressions (iO) shows that the various iniﬁial
nucleon: states (i.e., éharge and spin states) enter onlyvthrbﬁgh the
mnltip;icativg constants g (F9 1), Yalues'of\-rwzg were afbi~
trarily chosen to normaliie'the total cross sections (disrégarding
deuteron formation) to 2 60(10)328 m2° The values used for . rﬂ2 g
are given in Table III for the four cases of expressions (10).
There are then three types of final states to be considered
The first is an n-p triplet state with the neutron and proton Left
as free partigleso_ The corresponding cross section will be designatéd

R . N |
' da = o (8, T)dfq 4T (12)
IA T o IA . '
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where IA rafers to type IA of the expressions (10)9 etco' The seéond;is
an. n»p triplet state with the neutron and proton bound to form a deuteron,
with a. cross section'.: o P |

4

Loy L
do = o (6,T) dq dT o (3) -
1A ° 1A | :
etco,'%ﬁére
% 1 (e,7) = &(T - (9937)(‘1*-m., E)) oy (8,1),

R Wy
since the mesons created by deuteron formation have constant energy°
Here E4 is the deuteron binding energy. The third case is an n-p or
n-n or p-p singlet state (as we are assuming the same singlet potential =
for all nucleons and are neglecting the small Coulomb correction for
the pwﬁ_final_state)o 'Thia cross section is desighatqthor_type IA,;
etco, as | o

s, GMeme )
These Qfoss‘sectionétara defined with the values of /bj%vg1_givenlin_~
Table III. The units df'G; - in eachease are qm? (Meinateradian)flz

To'facilihate'compafisoh with the experiment, the differential . = .

. cross sections (12) aﬁd (15) (1'50;' q‘) have beenlﬁrénéfbrmed-to the
laboratory gystem and are given in Figs. 1l and 2 for a beam energy of
343 Mev,, The ‘Tesults are plotted as- the meson - energy spectrum at |
various angles. . The corresponding values of Q; o {BEq, (14)) are

given in Table IV with their respective meson energies, ,For_eomparisonll



‘mﬁéﬁi;856 Rev,

=22

with experiment the & =function in ch (lh) should be replaced by 2 a .
function of finibe extent corresponding to the energy resolution of |
the detection apparatus and the spread in beam energy. and the resu1t~
ing values of do¥ (Eq. (13)) added to dot (Eq. (12))° Experi.ments-
at Béfkéley séem to indicété that aﬁout one=half the mesons for the
(ppf‘2§f) process are accompanied by deuteron forﬁation with{a beam
energy of 340 Mev, |

i_fThe tep@éncy of the curves in Figs. 1 and 2 to have a peak near
the;maximnm'paséible meson energy is due to the rapid increase iﬁ
’,V’(b) '2 with ‘increasing meson energy--a dependency with ﬁredominates-
~-over the variatiom of the phase space factor, dJ, (Eq. (7)).for large -
:meson energies° ‘ |

_ The variation of the total cross section with energy is. given

'in Figso 3 and h for final singlet and triplet (deuteron formation
,}pg;uded) statee.for types I and II (constant and g-dependence, respec-
tively; in the transition operator R;). The cross sections fall off
much more slowly with'enéfgy than would be exﬁepted on the basis of
phase space arguments alone, The producﬁion with‘deutefon'formation
.for a final triplet state causes the triplet cross section to be L
appreciabky larger than the singlet at low energieso The cross '
sectiona were arbitrarily normalized to 8(10) ‘ emg at BAO Mev and |
lconstant values of . f'1 g were assumedo Deviations in observed
‘cross sections at higher energies can be used to deduce the dependence
of [ﬁ on pg the relative momentum of the initial nncleons in the

center ef mass syst.em°
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The cross sections corresponding ‘to expressions III and IV
(expressions (10 )) are given in Fig. 5 for mesons in the forward
direction. Here we make no distinction between final singlet and
'triplsh,states as we have nsglsoted £ne nucleai intersction.f There 15,”
of course,'no deuteron‘formation for these expressions,. The striking
difference in the energy spectrum of the produced mesons between
these cross sections and those for whieh_the nucleons come out 1n 7
sastates is noted by a comparison of Fig° 5 and Figs, 1 and 2, Tne:
corresponding cross sections for exoression (10 ) are deslgnated as

a d do- .
‘i ™ “w
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v, Comparison with the Experimental Data on (pp, Zf+) Production

The most. detalled experimental datd available’ds for (pp, 77)

production with a beam energy of 34l z 2 Mev, The experiments of
Cartwright and Whitehead7 and Cartwright, Richman, Whitehead and Wilcoxg
give the‘meson energy spectyum at 26170 degrees (1 *+ 5°) with reapect to
the beam direc%iono Further results concerning the energy spectrum at.
30° have been obtained by Peterson9 and at 18° by Peterson, Iloff and
Sherman10?v ¢ : | - |

',Beéanse 6f,the meager exﬁerimentai iﬁformatioh avéilablevand 
because of ita iiﬁited éccuracy; it was ﬁhoﬁght better ﬁo'analyZe'first
the meson energy spectrum and then the angular distribution, to indicate
the limitations on the conclusions drawn. When this study is complete,
the fesults will be piéeed together in an attempt to obtéin'as complete
a picture as possible of the experimental cross sectiong

The points in Fig. 6 represent the experimehtal meson .energy
spectrum at zerojdegrees;lc Referring to the cross sections resulting
from expressions (10) (see Sectioﬁ V), we note that in each case a
final singleﬁ spin state of the nucleons gives too feﬁ mesons in the
high ehergy peak, whereas a final triplet state (with deuteron formation)
gives too many., It is thus clear that for each of the expressions (10)
we can determine a unigue admixture of singlet and triplet contributions
to the cross‘ééction by specifying only a single éondition.relating to
the size of the peak to be met in satisfying the experimental data,

The fact ihat tﬁe experimental peak>in the cross section occurs'for

mesons with an energy greater than about 65 Mev suggests that the
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mperiﬁe‘ntél' ratié s T 5 of the ritntbei of mesons prd&tce& with an-:
energy greater than 65 Mev to the number with an energy less than 65 .
Mev will: provide such a conditiono Choosing t.he ratio of triplet to H
singlet contributions in the cross section to give this same - -ratio ’ :
r o, we obtain the cross sections given below. . _

L The resulting s properly normalized cross section for type IA
(Seé"expressions (10). For IB the right side of Eq. (16) should be
multiplied by 1/3 The energy scale for the theoretical cross

sections is readjust@d to fit experimental energies ) 182

- . e
;d‘_’;Aﬁ’*—’: (0"‘950)[“311{'“!%3] | (16)

‘ where d fIA and d G’IA are the expressions of Eqs° (12) and (13),--

respective]_yo Here no singlet contribution to the cross section is S

fnecessary (i. e.,, no a.dmixture of. d qu (15)) Howaver, the

°1a ?
_ estimates oi‘ the experimental error are consistent with as much as
15% contribut;oz; to the cross section-from dcri N 4n Eq. (16)

For type IIA (for type IIB a factor of 1/3 should be intro-
 duced o'n";t'.he' x;.ight side of Eq. (17)) the cross section is:t '

‘ , S [ T T
d °§1A _: ;(90532) dq..]‘ZI_A::%_d?IIA + (2°52‘)d°':-x:n?””
‘ | | <17)‘ :
(See Eqso (12), (13) and (15)) qu amn correSponds roughly to a
A25% contribution to the cross section from the final singlet spin

state (i.,e.;, d Q}.IA ). Because of the greater tendency of the
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cross sections of type 'II than of type I to peak at the high energy

limit of- tha ‘meson: spactrum less’ triplet state is neaded hereov'The
experimental error is ccnsistent with a relative amount of sinylet
admixture between 15% and 35%- in Eq, 7).

~ The cross sections of Eqs. (16) and (17) are plotted for
6= o° (forward direetion) in Pigs, 6 and 7 respectively° The croes |
sections_for&megpns-with-energies greater than 65 Mev are averaged o
uniformLy‘ovef the.lo Mev inherval from 65 to 75 Mev, éince ﬁhe
neasured spectrum in this interval presumably depends only on the
characteristics of the detecting equipment and the spread in beam
energy. .

Figs. 6 and 7 indicate that the experimental uncertainties in
the cross section make it impossible on the basis of the presently
known meson energy spectrum to decide between the cross sections of
~ types 1 and II (momentum independent and momentum dependent matrix
elements, reapectively) The effect which does seem elearky estab—
lished, howevery is the importance of the nuclear interaction in the
final atates and the acccmpanying deuteron formationo The complete £
incompatibility of the meson energy spectra in Fig, 5 for nucleons in
final p-states. (expressions (10'); the spectrum would be even worse .
for higher-angular;mbméntum‘state@) with the experimental spectrum
(Fig, 10) is an indication that tﬁe predominant proéess"ieads to
nucleons in final Beatétesweand,thus provides evidencg for our
assertion that tﬁe’?ange pf-interactign_ﬂor wﬁich'méSSns;aré produced

is very short.
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As méntibned'previouslyg calculations assuming a"qé dependence
in the. cross section indicate that this type of term is incompatible
with the experiments unless its contribution to the cross section is
small (ioea, is a small correction in the series of Eq. (9)).
& ,It;is possible to have some contribuﬁion‘to the. cross section -
.“ffomAtﬁe:terms given by expressions (10'), which=correépondato.a,finai;
p-state for the two nucleons. It is clear that ﬁhenfractioﬁ o£;the»,_.*f
cross section that can come from this type of term ié_quite_limited,d
since there is no high energy peak of mesons associated with this
intéractiéh'typeo Thus, fdi a cross section of type I (Eq, (16))ﬁ
only a. ﬁérﬁ‘féw péféent‘of'type'III or’type:IV’(eXpreSSions:(iO'))
can be added, because of the difficulty of obtaining enough mesons .
in the high,energy peak., However, for the. type II cross section of
'qu (17);'¢oﬁsidafably more mixture of type III or IV cross ‘sections

can be added’ by correspondingly decreasing the amount of d<:iIA

s o L .
admixture° In particular, if no 'd < 114 admixture is permitted,_asf ‘
mnch as 20% contribution from dwaiII or d-d}v_ gives é very .. -

s&tisfactory £it to the experimental meson energy spectrum.

Because of the limited axperimental ‘data, we cannot at present
settle the question of the amount of admixture of nucleon p-states.
It is shown; however, in Section VII that angular-momentuh'ahd-parity’
restrictions help in removing some of the ambiguity aﬁce a definite
spin and parity is assigned to the /7’-meson, ;

We now turn to a consideration of the'angular‘distfibﬁtion of
the produced mesons. Designating the production cross section per.

steradian at an angle &' ' with respect to the beam direction by
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qr(eg)*(&oeggfthe area under thg meson spectrum Qupve),ng%have the__
expefimgﬁéﬁiﬁfésﬁifé*giﬁén ih'thewfirétzddlumn:ofsTaﬁi?.V@iiTheﬁ
corresponding,resulté'deduced-from»the cross sections of Egs. (16)‘
aﬁd (1?) are also given in Table V. The most immediate conclusion

drawn from a comparison of these values is that the cross section is

not spherically symmetrical in the center of mass system. On the other- -

hand; the type B«cross‘sectioné (cos® © distribution in the center of
mass system)cafe~quiteACOnsistent'with,the experimental results. Wé,.
thus concludejthét'mosi of the mesons produced at Bhl.Mgv beém energies
are emitted into pestateé with a cos® @ angular distribution (in the
center:of-mass system)., This implies that the leading‘ierm in the .
cross section is of type IIB (c.f. Eq. (17)).

The experﬁnental error given in Table V is con31stent with a
maximum of about 25% spherically symmetric. contribution to the total. -
créss‘sectignﬁat 341 Mev——although, of course, this_contribﬁtion,may N
be muchjleséo Experiments are now in_progress to measure the cross

- section at 60°, Since the contribution from the c932 @ distribution
.‘: is quite small at this angle, these experiments should give a fair;y_
sansitive‘indiéation of the amount of spherical symmetry in the ¢?¢39

section,
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VIO Other Types of Processes |

Expe:ﬁnents by Bjorkland, Crandell, Moyer and Yorkl 1ndicate
that the cross eection for ”“ﬁ.meeon production in pP=p collisions, if
fnonvanishmng, ia less than 1/bo the cross eection for P-p production |
of ZVH-masons at BAO Mev, (They obserVed no production in p-p ’

' collisions, the factor 1/20 representing their estimated experimental
.vuncertaintyo) The present calculations indicate p—p cross sections

not much less than about 1/3 the (p-p; W’ ) cross eection can be B

expected on the basis of- the interaction of the particles in the final’

state if the traneition operatore are the same, It thus appears that
 there is some selection rule prohibiting zﬂ° production in p-p _
collisions° Very little is known about the cross section for meson

production in n-p collisions.
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ViI, Angular Mamentum and Parity Relationships

Tha analysis of ‘the experiments made 1n Section V ‘was- given S
without regard to angular momentum and parity restrictionso The
assumption of a given spin and parity for the ZVameson considerably
limits the fraedom of choice of final states, however° In the preaent
’ section wa shall inveatigate these 1imitations on the assumption that
- the zfameeon is pseudoscalar° At the time of writing, this seems to '_,
be the most reasonable cheice, since it is known that the 37° cannot :

13

have spin one , and since the experimants on the absorption of 2”7» R

mesons in deuterium;h indicate that the charged zﬂﬂmeson is-not
scalaro> If future experimental results should lead to contrary evidence,n
. an”analysis”such aS'bhat given here.can be made for any glven spig?énq ;’u
parity of the meson, - | o
‘For the production of a Wﬁﬂneson, the initial state containing
two‘nucleons~may have even or odd parity and be in a singlet or
triplet _spin state, Under actual experimental conditions, of eourse,
-the initial'sﬁate will be a combination of these states, restricted
iny'by the Pauli prgneipleé The final state will again contain'two _
..‘nuéleons-in a mixture of the allowed épin states, but with zero
‘relative angular momentum according to the approximation leading to
- Eq, (5')9 - There will also be a meson present, which we assume totbé‘v'
'pseudoscalar, and which may be in an even parity state (odd ahgulér :
momentum) or an odd parity state (eyen_angular momentum) ,  In tablé

VI are summarized all the permissible transitions to produce a pseudo-

‘scalar meson which are consistent withiparipy and total angular
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momentcm-conservation and zero relativevangular momentum for the tﬁo
mucleons in the final state, It is clear that if the hypothesis that
the szmason is pseudoscalar is to be maintained, the. experimental
resulta must be consistent with table VI, For example, if the {pp, 7?)
proceséfleads to mesonscio ﬁéstates (evidence for this was given in
Section V), the final neutron and proton must be in a triplet spin
- state only. _ |

. .Again, if tho production of mesons into p-states repcosents a
univeréolﬁtype-of coupling for all production processes innnﬁcleon~
fnucleon collisions, reference to Table VI indicates the existence cf
a general selection rule prohibiting the (pp, 7°%) process-which is
consistent with our deductions in Section VI that such a selection
":rule must exist Had we assumed the mason to be scalar, we wonld not
- have obtained auch a selection rule from parity and angular momontum
considerati.one° This seems to givo fnrther evidence that we can i
obtain a selfnconsistent picture of meson processes with the assumption'
that the W%moson is pseudoscalaro

Our analysis can be made more explicit by considering the t'

’ limitations imposed by symmotry conditions on the operators 1 ‘
o S T4, p) of qu (5%), These must be invariant with reSpéﬁtﬁ£6‘~ :
rotations in coordinate space but must change sign- under a coordinate
'reflection, since we have(assumed tho meson to be pseudoscalar, -Theﬁvf

| oparators;_o » must also be symmetric with respect to'an intérchango'

" of the coordinates of the two nucleons°

The following products of d', p and q° are possible (we -
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designate one nucleon by the superscript "1" and thé'other by"2"):

;Ai(lﬁgig‘%(p-6”d)3fl><tfl)'?§z |
D) s - LS a

A3(1) . (:p ‘.’vanaz vgsl) ;_p @ | » (px q)

.3%(;1)_ = (p - é.)ﬁgl 9;{1) g qu) (gx_q_)

'As(;):"’,;, %(p . «:1)”“’1 é:m x g2 ° P o
ML = Lipe @" gm « &2 . g e

' Similaf éuaﬁtities A(2) can be obtained by interchanging superscripts
| “1“ and "2" and replacing p by =P o Further factors of the form

(p x é) _may alsc be introduced, but lead to no new results° j_

| Al (with nz . 1) is characteristic of pseudoscalar meson theory )
with pseudoscalar coupling while a particular linear combination of o -
A (with n s 2) and A (with nz 2) is obtained with pseudoscalar : I
vtheo:y with pseudovector couplinga For further details, the naper of
Brueckner should be consulted | ' o

For the isetopic spin dependence we choose the following com=

bination of ‘7’ eeperators'*

(1)

*v1ﬂi'“if-' and 75 ) T’ (i =1, 2,3; or i = l, 2, h)

(19)

where A S ' . :' ;
él)éa (1) T;z) [(1) q,z) .,(1) 7;2)]

(20)
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‘The T (4 = 19 2, 3 3) are ‘the usual isot.opic ‘spin operators and 'r
is the. unit twOadimensional matrix. The index "i" on. the ’7’ in’
exprese;ions (19) represents the isotopic spin type of" the meson
emit‘oed (or absorbed) B and d are arbitrary parameters. The
choice of 7’3 or ’7’ in expreasions (19) faor the emission of a
neutral meson . éorresponda to the well known ambiguity in the’ coupling.
‘ of neut.ral mesons ’co nucleons., s
_The f.‘orm (20) for T implies a symmetry with respect to the

interchange of isotopic spin states that is eharacteristic of meson.

theoryo If. this is not. borne out by experiment, additional factors ‘

of the type (L2 'T’) will have to be introduced, Complete charge
symmetry is obt.ainad by setting ‘B 1 4in qu (20) and using the 7’3
‘coupling in expression (19). ’
‘We now define the operators 0 of Eq. (5') to wit.hin a phase
factor as: |
(2) (1)

0 = 7 TAQ) 7 T AR)

’ w e
+ P[’fi’ T AQL) t ‘_7“?)'

95 ['r 7’ ) ) + TT(l) A(2)]

T _A(z)]

+P

T 7’? AQL) + :r*T’_? 'A‘(z)] ; (@)

S ‘where the A's are any of the quantities of expressions (18) F‘is

" ‘an arbitrary parameter and e is eithar t 1, as we wish to zfestriCt
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ourselves.’_ io@ﬁ-ﬁemiﬁ;ian- combination of the ’7} 8.

\ In'a.céb*:"danceﬁith- Eqs (545 R, can be expeeted in general to.

" 'be a sum of O s of the type given by qu (21) with various different
A's of the form given in Eqs. (18). This form of B is not .
analyzed in terms of partial wave states for the meson, but seems to
simpler to use as we are neglecting the effects of a meson-»nucleon |
 interaction in the final state, (See the Appendix for a more complet.e
 discussion of this point. ) | |
| _ To imeshiga.te the allowed transitions parmitted by the various
A 5. of Eqso (18) 4t will be convenient, for the moment, to assume

that Ry cont,gzins only one of these A 8, Then writing
Sl Iry D

{s_ee'_Eaéo (5') and (7)), we have

791 -5 l’“l qZ(n v)'_[@‘?se] (=-1) gl (F51)
i 2 2(n#l)
R = ,Fz q [cos 9] g, (F, I)

;,QB FS q2(n. 1) [cos’ e-] 2{n-2) sinz e gB(F’I)

Y

Qh = Fi q2(n+1) ".[cc'as 6] 2n-1) sinze gh(?sl)‘ ’
”Q5": r’; qz(ngl') [cvos.ev]z(n?l) ‘85(1’31)

[

Qsz T 'q2(n+l)  ; [cos elzn (1) o ,A o



“UCRL-856 Rev.
<35~ o

where .8 is the angle between E aﬁd'ls ; In these equations the
.subscripts on the Q s refer to the subscripts on the A s of Eqs. (18)

/? s are numerical functions of P onlyu(see-Eqé_(59)) and the
g”s a@e’nnm§rical constants depending on the initial and”final spiﬁ |

"and'iaétépie-Spin states and are the g's of Eq. (9) The cross

' "sections for meson production are cbtained by substituting any one of

the Q's of Eq. (22) into qu (1) for Z|(F| Ry | D) ,2 IR,
contains a sum-of several of the 0 8, there will in general be '
interference terms in the cross'sectiono The total cross section for

 an initially unpolarized beam is of course 3/4 that for an. initial

'“.triplet state plus 1/4 that for an initial singlet state,

‘The g's of Egs. (22) fall into two classes depending upon -
whether n  is even or Qddo (This corresponds to even or odd parity,;
* respectively, for the initial two-nucleon state from which the -
transition takes place, See Table VI.) This evenness orvbddhess can
- . be designated by an additional subscript on the g's; i e,,_"e" or “o"
- respectively, Then we write gi ., g, _ , ete, The values of the

96 l,o )
gis are. given in Tables'VII and VIII, where the following abbreviations

- are usedq

azeaplara’atea?a % |
Woes teparaFrawliatp?
e - 83 (B - d)-(1+e)v+ 2(1 - e)']? a=-p)%

does are? [pa-at 2] arp? @)
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Those g s having the game value are grouped in one column in
the tables0 The values .of 8 .and gé' are not given;. but are the
 same as those 1n the tables with the exception that’ they vanish for o
triplet to triplet transit.;lons0 The values in Table VII correspond to
'T% cgupiing §f-£he neutral mesons (expressions (19)). The use of
the 764 coupiing fof‘neutral'mesbns changes aply the: cross sections
fofvnéutral:mééOn:pféduétidngl‘The corresponding values of the 'g's. = -
'with" :T{‘ ééupliﬁg are given in Table vIII for neutrél-mesontproductionoi
Tables VII and VIII tegether inelude all the allowed tranaitions given :
by Table VI, - _

I1e ehafge symmetry is assumed and thus ﬁ? is set egnai to .
unitygithere remain 6ﬁ1y-two ad justable constants, fo'gnd d ;-for
each 0. =in‘thiéfcaée we have the identical relations b g':c“ L
 and b+ ‘a for the constants in Table VII (charge symmetry implies -
that we nse.the' 'T;-m coupling). The observedﬂﬁosz-e angular _
distfibu£i§n:iﬁplies-ﬁhaﬁ we mnst ;hboSS the fet column in Table VII |
as the daminant term in the cross section, We are then left with

- ¢, to fix the magnitude of all possible meson

az

only one parameter, b~
prodﬁétien_processés if charge symmetry is to be:mainbainedq, By a
cbmbinatipn of.iﬁteraction types consistent with the 0082 e}angular
distfiﬁution_wé.haVe‘in_ganéféi one parameter for all final triplét
spin st&tes and_oné for all final singlet spin states on the charge

symmetry hypothesis,



VIII° 'Summary‘bf'Results:

'. We are now in a position to piece together the results which we
have deduced from the experimsntal dat.ao This will be useful in deter- :
mining the 1imitations which present experimental material places on i
our model as well as in suggesting further experiments which .should -
give crucial informationo | ‘

In Section V we concluded that the observed 0052 6 center of -
mass angular distribution for the (pp; 4l ) mesons indicates that at-
leastv75% pf;the mesons are emitted into pwstateso‘ This,implies,that-'
the lééding ter@-in'the_cfosélsecﬁion 18 of typé IIB_(expréssions(IO))wl

A aifficulty is now met in that the type IIB cross section of
Eq. (17)'gi§eé‘a 25¢ singlet contribﬁﬁibna This is ;nconsisteﬁt with5
Table V, whieh indicaﬁes the existence of a selectioﬁ rule prohibiﬁiﬁg;""
any final nucleon singlet state for pseudoscalar mesons in p--stat.es° |
- The difficulty is that the final trlplet state does not give eneugh
low energy mesons (see the experimental spectrum of Fig, (10)) o
Although’ the.lqw energy part of the spectrum is‘least well known -
experimentally, it seems not unlikely that the '._t.y"p_e 1B (triplet) -
eross seééi&nfdoea dav;ate significéﬁtlj ffom thg;egpefiﬁental energy
spectrumo A o | o ) |

| There is,- however, neither experimental nor theoretical
- evidence that the coe e angular distribuhion represents the entire -
cross section, In. fact, the absorption of zr“=mesons in deuterlum

rather conclusively suggests that there must be some mesons produced

into s-states (since the absorption in deuterium presumably is from
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an s«state)@ We can also suppose that there are relatively small
admixtures ef higher angular momentum states of both the nucleons and
mesons.. Indeed, as little as 15% admixture of some state containing
‘no de&teron fqrmation is probably ccnsistent with the-experimental
results (see di@cﬁssion fbilowing Eq. (17)), se wa'nee&‘hot be oﬁtéide.:'

the expéfimental error 4n the angular distribution in fitting the

- energy spectrum,

In fact,; we are faced with more possibilities for doing this
than can be resolved by present expefiméntal reéultéo We may, fbf
'instance, add 15% to 20% of type IA (singlet) cross section (with a
(correapondingly amall amount of IA (triplet) to be consistent with the
‘.7absorp?ion in deuteriumpethis actually happens in pseudoscalar meson
” theéi-'y?ﬁ) . Again, we msy add the same 'amounfof type TII qr;':typé" W
cross section (expressions (10%), Figo 5° Type III cofréspoﬁdé £62 
'nucleons in p=states, ‘mesons in s=states; type Iv to nucleons and .

Tmesons;both‘in p=states)o The energy spectra resultlng from as2Q%
‘admixturerf:type‘III‘of'type IV cross sections are éhawn'iﬁfFigOJB,
' where the solid curve rhpresents type III and tﬁe dotted euf#é‘type IV:"
: (tﬁgvdeuteronlpéak>is, of coursé; the same for both and has bééhf‘
plotted as a Gaussian distribution in Fig. 8). Present experimental
 Fesults do not permit us to make even a qualitative determination
Lof thé;f@latfve émounts’of these various terms. The experimental
'féeulis.at-60°,'§hen awé.ilables may‘bé of considerable use in
resolving this ambiguity@ since at this angle the cos ' term

contributes relabively little to the cross section°
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Nona of the additional terme just discussed leads to the ‘
selection rule mentioned in Section VII prohibiting the (pp, 7/ °) . |
proceuso We are bhua faced with tha choice of supposing that there v ; ‘#
| is an additional selection rule for these additional terms, ar (more‘
probabLy) that the limits on the experimental errorlg were somewhat
“overly optomisticuuby a factor of about 2 to ho In any case, the \_
general aonclusion of a considerably smaller (pp, Jpo)wcross section:v 
'than (pps.zf ) cross saetion is accounted for by’ thé~1ack‘of deuteron."
formation for the former pioeesa plus the natural’ selection rule for
mesong: in p~statésg‘ Heasurements of the (pp, 7°) cross éeetion are
" now beiﬁg=repeated-at’this laboratory in order to obtain a better
ratio of these two cross sections, | '
| B f?urning to the interaction types given by Eq. (18), we see that
only A and A; with n =2 will give the leading term in the
‘cfpss'éection with a cos> @ angular distribution and mesons in p-states,
Further assignment of inﬂer&ction types, and in part1¢u1ar aﬂteét of
the charge symmetry hypothesis, must await addiﬁional experimental
information, Of particular importance are experiments involving
meson pro@uction;in n=p collisions. |
The relation of our conclusioﬁs to meson theory is offaéme'~-'5
inberestv This is so,.in parti¢nlar,'since”pseudbscalar meéén'thgony
has in many cases given'reasonable-qualitative‘agfeémént with = |
?e:‘tpe‘rixx:ssnftmo It appears, hawe?er; that the cos® 8 angular distribution -
presents a real difficulty, since Brueckner2 £Ound that scalar; pse§d0~i

scalar, and vector meson theories predicts a spherically symmetric
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centerréf mass'angular distribution.for?the mesons, (This was true of

both the results fram perturbation theory and the phenomenological '1 -

theory: of Marshak and Foldy ) This would seem to be rather a
fundamental diserepatmy° It is thus our opinion that conclusions
drawn from meson theory concerning both production -and absorption of
mesons. (inverse process) ‘are of doubtful valldity~nand thus that the
present phennmenological approach is a safer~~if less spectacular—- )

means or studyzng processes involving meson preduction and absorption; 
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IX, Conclusions

We have concluded from our analysis and a previous con51deration1
that if the charged -and neutral 7 -mesons are of the same type, then
they are very. probably pseudoscalaru These conclusions have been drawﬁ
without recourse to meson theory (en the whole, conclusions drawn from '
pseudoscalar meson theory have shown better agreement_with experiment
than have thoée.drawn‘from the»other'#eféions of meson‘theory) Tha
- evidence that charged and neutral mesons are of thé same type 13
certainly not conclusive, but is very definitely suggested by their
nearly eqnivalent mass and production cross sections,

‘Then on the assumption that the #-meson is pseudoscaiar; ﬁe
have concluded from the experimental results that for ﬁhé'(pp, zyf)v
ﬁrocess_ﬁbst of the mesons are produced into'pﬁétateé.from an initiai- 
even parity (singlet ) state of the two protons, Whilelin the final |
~ 'state the resulting neutron and proton are left in a 3S-state (and
R bound to form a deuteron for more than half the production events at'
340 Mew__r)9 The»assumption that thia represents a unxversal type of
coupliggvfor all mesons produced in nucleon-nucleon collisions ieads’ l_'
naturally to a selection rule pfohibiting (pp, ZV°)Apr6ductidn_'(as"
observed) for pseudoscalar--but not for scalar-?mesonéql_‘_} o

" The simple process given in the last paragraphiWillerrtainly
not prove sufficient to describe the finer details of meson production; -
but an analysis of these must await more detéiled experimental results,

‘The hypothesis of charge symmetry for both nuclear forces and

'mesod'production (presumably these are not independent) will receive
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a éruciél test when the production in n-p collisions can bé comnaréd
with that for p-p collisions° In particular, a comparison of the energy
’Spectrum of 7Zf and ﬂ/a mesons prcduced in nwp collisions will give o
a direct eomparison of nen and p—p singlet potentials through the T
dependence of the cross se@tions on l y%(o) ' (Eqw (9)) Further
informgtion;coneerning the properties of nuclear forces:a£ G1ose h
distandgé maj}veiy well be ob£éined from éuch eﬁperimentscz'

‘We wish to express our appreciation to Professor R, Serber,
with whom much of the present work has been discussed. and to wham we -
“are indebted for many valuable suggestionso We are also indebted to -
Drc Cs Richman, Dro H, A, Wilcox, ﬁr W. Cartwright, Miss M Whitehead
Dro ' Z Peteraon and their collaboratora for aid in interpreting
their experiments and for permigsion to quote their results_ip”advance'
of publicationo Fﬁrther éppreciation is eXpressed to Mr, D, Ciark aﬁd.v
Mr, W. Noh for ﬁheir considerable assistance with the numerical
calculationso | o
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A, Free nucleons

_1) P+» P——?l/"‘+(allowed)( a)

'2) P-r» N -—m‘ (unobserved)
3) N+ N—=>7" (unobserved)*

L) N ¥ P> (unobsewed)
5) N+ N -=777° (unobseW?d)
6) B¢ P —>7° (unobserved)

) P# 'Pl'-"»“??‘,@ (forbidden) (0)

1) P+ (P N)—-}p’ (allowed)
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PP SR S

B, Complex nuclei

2) P+ (P N) 7" (allowed)(c) ,

3) Py (P, W) =% (allowed)(b)

Co Ry N4 (P N)-,;ff' (allowed)(d)

5) N* (®, N)—-)ﬂ“ (allowed)( )_
6) N+ "(P,JN‘)—rﬂ" (unobserved)

"'l'abl'e I, Qualitative experimental results for processes '-invdlving o

'production of’ char’ged and neutral mesons by nucleons bombarding free '

nucleons or complex nueledi,

" (a) cértm@t,,mcman, Whitehead and Wilcox, Physb Rev, 78, 823 (19'50)

(b) :Bjorkland, Crandall, Moyer and York, Phys., Revo 21, 213 (1950)

(o) 3':Bichma,n and w:ncox, Phys: Rev. 18, 196 (1950)
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' Table II

neutral mesons,

the cross sections are deduced are indicated in column IL

The experimen’c.al results given in Table I from which -

Deduced from the cross section in the forward direction with the

“angular distribution found in Section V,

I, Process ‘IIQ-Experiment, III, Total, gross seotions
| Complex nuclei | . Free
1) P+ P71 | allowed | A(1), B(1) 3.3£1.0 | 402 .8
© R) P+ P->7° | forbidden A7) ?  |oatoa
OB N# P —977? 1 Iallowed B(h)p B(2) .0},8 .4 OJ; . ?
B NP7 | allowed B(2) 0.8% 0.4 2
B) N+ P>7° | allowed | A(7) # B(3) 1.7% 0.9 ?
| ) N+ N-—»7" | possible B(5) ? ?
MmN + N—>T° |unobserved ? ?
Nucleonwnucleon cross sections for production of charged and
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%;A (Triplet) |

' IA'(Singlet)

IIA (Triplet)

Loua0)™

P

9 1

1 em” |
(Mev)>

L
2,01(10) Ah?ﬁ%%jg

IIA (Singlet)

5iB (Triplet)

A,; 5 82(10)

cm
(Mav)5

iB §Singlet)

cmz

b, 03(10)
(Mév}5

IIBE(Siqglet)

=47
1.47(10)

|IIB (Triplet)

?

- (Mev)

7 om®

031(10) E—:;;;

'- ffTab1e III

2, 60(10) en” .

Values of the arbitrary constants f- g adjusted to give a

'total eross section (neglecting deuteron formation) at 3&3 Mev of
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e o » IB"‘ IXYA .~ IIB Mesen energy

0% . UL75 - 5.25 2,87, - 8.61. ;.73 -
30° L Lak2 0 LuAS o 2%32 2,38 56_“ |
60° 0,82 . 0,19 loju - 0.32 28

S 90° 0,28 0.50 0,46 08 1

Table IV
‘dc~/d N deuterons

__Qifferéﬁ€;g1¢gfbss section in units of 1028 en? per ﬁniifébii&vgnglev_
for production of a positive 7’-meson and a deuteron in a }hB Mev ﬁ-p

'.collision° >6-ié the angle between tﬁe directions of the initiai o
nucleon beam and meson momenta in the laboratory aystem° The columns

headed IA, IB, ete. are for transition operators of the type IA, IB

ete, respectively (of° expressions (10)).
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Table ¥

The angular distribution for (pp, 7 ) meaons s analyzed on the -
~ ‘basis of experiment.al data at 0 18 and 30° with respect to- the bea.m.
direction (laboratory frame of reference) In column (a) are -given
the experimental ratios of the cross: sections at 0% to 18° and 00 to
30’00 The corres;aonding ratios calculated f‘rom the cross sectiona of
Eqso (16) and (17) are given in columns Cb)n”“.,o(e) s Type "A"

" refers to spherical syrrme’ory, type "BM to a c092 e depandence in the

center of mass zsyst.mn0 _

(a)__ (b) (e o (&) (e)

" Ratio ¥ | Experimental | Ia IIA | 18 | IIB
(0% | kot .7 a6 | o130 |50 | airs
(0. | 162t.25 | 116 | 135 |10 | 164
:3'(13") | . - R

S(0°%) = 2,64 2 .3(10)%8 cm?'/steradian
S (18°) = 1.63 ¢ 02(10)"28 cmz/steradian

g(30%) = 8T 06‘7(10):28 cm-z/stéradian

v(.References: are given at beginning of Section V,)
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Table VI

| The allowed kspiﬁ and parity i"elationeA for the pra‘é:l_'ugf;i'oi_;- of
pseud;ﬁééalar }/;mééofxso Column (a) giﬁrés the parity and ‘.~s1vai‘nv6f the
nucleons 1n'tt;é ﬁ.nitial e»_tate;_‘ column (b.)"shc;wts whether ‘c'.he‘ineson'
angular. momentum state is even or odds column (c)’éi_ves the spin of
the :nucleons in the final state assuming that they have zZero relative
orbiﬁai angular momentum. The abbreviation "e" is used for "-even"’;: |

Mo for "odd"; "s" for "singlet"; and "t" for "triplet’,

Type of process | a B b c

Ipp _..mﬁ‘_" " or . e, 8 o t

nn-—?»"” S o, t | o;‘ | tors

PP — y° or : e, 8. forbidden

nn —p° 0, t e | s

np‘;~9r+ _or é, v | o 8

np — 77 | e, s forbidden

| oy t | e -8
.a s S forb_idden

np —7° | &t e tors

| e, s o . | t |

o, t - e o t ér‘ 8.
0, 8 © t
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Table VII, Values of the constants, g5 for the various processes of
meson productiona' Tﬁe definitions ef a, bt, and c are given by qu (23)0‘”
The first column gives the type of process; the second column gives the

initial and final nucleon spin states as singlet (s) or triplet (t)

'Values of g5 and g6 are the same except that they vanish for t-—ét

transition, _
. B1s 0 By O | &3 0 & o
_.839 03- 85 © ‘839 es gh’ e,
bp —57"  or .  2$= o
nn Q—%%f* . b—s | B* B 0
5 —t o Ry
8 —8 : O - 0
op —7° or |t 0 0
nn ——9;“0 g -t —s | a 0
‘s-Q—»ﬁ' _ 0 0
s —8 0 0
np-——92/+ or t—st | 0 0.
np —> 77" . t—s " - . AbT
| et | 0o | o
8 ——st | o : 0
op —7° t—>t ¢ 0
A t—>s 0 ic
X : e —t o] %e
8 —»8 0 . 0




Uona-es6 v,

8-

: Table VIIIO Values of the cons’cant.s; | g; for neutral méson produéﬁion
when ’fh is used as the coupling,, Value of d. is given in Eq., (23)..
Values of g5 and g¢ are the same as t,hose given, except t.ha.t they '
vanish : for bt transitions. (See Table VII for terminology )

81s 05 B35 05 | 85 €3 8y ©
83, 93 g, 0 | 83 8 _g,;_,_ 6.
o ar® | b 1 e o
nn—«} 7'7’°A - t—s , a. : 0
8t g 0 0
e | o
p —7° |t ot o NS
- t —a 3™ 0
8 —t ' %d+ 0
8§ —> s‘ o 0
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The qpantitzes (i, grﬂ ' Ry l r ) of qu (h) can be formally

expanded as
Cube 29 R | 2) = 5 (R T2) 92 S(u) §(r') .
S .‘ ’ .Au“ | IR

‘These expansions, when substituted into Eq. (4), correspond to
a Taylor expansion of the momentum representation of Ry in q and
p'. Such an expansion can be useful, however; only if thg final states
are plane}wave étateso This 13 61ear1y not the case‘for‘the-nucleon;
- wave function. As long as'plane wé#é'states are used.for;thélmeaon _
wave function ii is only a matter of convenience whether one ﬁses a

partial wave analysis or a powef series in q in studying the properties -

of the produced mesons,

ERTEE I ,A .,;x‘,v Lo T Hr\‘..“; “..,.4, Y 'r' Lo gy fm . [ A R T ) v-l;" Tagr IR |
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‘Figo'ls D1fferentia1 croas secticn for meson productlon in the

31 em2 per Mev per unit solid angle

1aboratory system in units of 10
' (designated as O, inEgs, (12) and (15)) st 343 Mev for the incident
"nucleon and the meson rest-mass taken as lhO Mevo Tﬁe‘finéi nucleons
are assumed to be in a triplet spin stateo The energ&uaéaievin Mev
refers to the meson kinstic energy; the angléé indicate&;arékthe angle

between the meson and incident nucleon momenta, The labélihg:IA, IIA,

'"éﬁc?}wrgggpsato the type of transition operator defined in Eq. (10).

 Fig. 2, .Differential cross section for meson production”with a beam
" energy of 343 Mev° The final nucleons are assumed to be 1n a singlet |

spin state, but- other wise the notaticn is the same as for Figq 1,

:Figo 3. Variatlon of the total cross section for meson production with
the energy of the incident nucleon, The transition operator Ry (see

Eq, (5“)) is assumed to be independent of the meson momen.tum° The
928 2

cross. sections are arbitrarily normalized to 8(10) em” at BhO'Mev.'fff">

" The soiidAcurva is for a final nucleon singlet state,lthe‘dashed curve
“'is for. & -final nucleon triplet state and includes the possibility of :

deuteron formation,

Pig, 4, Variation of the total cross section for'mesdﬁ production,
.'The definitions and symbols are the same as for Pig..3 except that
the transition operator R, 1s assumed to depend linearly on,ﬁhe

meson momentum,
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Fig, 5c leferential cross sectlon (in the 1aboratory system) in the

direction of the beam for producing mesons in 3&3 Mev nucleon collisions SR

when the nucleons in the final state are in p-states, The energy ‘scale A
refers to the meson kinetic energy, the ordinate is given in arbitrary
‘units, Cross sectlons of type 11T and type IV refer to the respectlve
expressions (10“), The lack of high ‘energy peak is readily apparent

from a comparison w1th Figs. 1 and 2.

Fig. 6. Differentisl cross section for meson production in the direction
of the beam at 340 Mev, The transition operator R, (Eq. (5')) is of
the form leading to Eq. (lé)} i.6,, independent of meson oomentum and
leading to_a‘final_nucleon triplet spin state. The cross section for
mesons-with energies greater thaﬁ 65 Mev (including the delta function-
contribution for deuteron formation at 70 Mev) is averaged uniformly
over the energy interval of 65 to 75 Mev° The points indicated are

from the experimental results of Certwright, Richman, Whitehead and

Wilcox? and Cartwright and Whlteheadéo

Fig. 7°M,bifferentie1 cross section for meson production at BAOVMev;

The definitions“and symbols are the same as for Fig. 6,lexcept'thet_tos_‘
transition operator is assumed to be of the form given in ﬁq@ a7); i;eog.
linearly dependent on meson momentum and leading to a mixture of singlep

and triplet sﬁin staﬁesq
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Fig. 8. Differentlai cross section for meson productlon at 3h0 ﬂev.
Definitions are similar to those for Fig, 6 except that the transition
operator is of the form IIB (triplet) (expressions (10)) with 20% of |
type III cross section (solid curve) and 20% of type IV cross section |
(dotted curve) (expressions (10')). The deuteron peak is spread over

a Gaussian error curve,
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