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THE ANALYSIS OF /JY=MF~ON PRODUCTION IN 

NUCLEON=NUCLEON COLLISIONS 

Kenneth l-1. Watson and Keith A. Brueckner 

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

November 7, 1950 

ABSTRACT 

A phenomenological ana~ysis 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 for.ces 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 fJ(-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 production. 
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THE ANALYSIS OF J.t-MESON PRODUCTION IN 

NUCLEON=NUCLEON COLLISIONS 

Kenneth Mo Watson and Keith Ao Brueckner 

Radiation Laboratory, Physics Department 
University of California, Berkele,y, California 

November 7, 1950 

Io Introduction 

The data which has at present been obtained on the production 

of ?T-.mesons in the collisions of two nucleons is very incomplete, 

yet it is sufficient to establish a number of interesting features 

of these processeso Indeed, there seems to be enough quantitative 

information to warrant the development o£ a systematic and unified 

interpretation of the phenomena of meson production in nucleon 

collisions, and it is the purpose of the present paper to sketch the 

outline of such a means of interpretation on the basis of a 

phenomenological theoryo Although this type of analysis is less 

satisfying than one based on a fundamental theory of elementary. 

particles, the lack o£ 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 consideration, 

The theory developed here should also be of assistance in the study 

of meson production in complex nuclei (which is not considered in 

the present paper) and in the comparison with the inverse processes . 

of meson absorption~ 
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Some of the qualitative experimental information on meson 

production Which has been obtained ·at this laborator,y is given in 

Tableio From these results$ with the corresponding cross sections.9 . . 

it is PoSSible to deduce approximately the nucleon-nucleon cross 

sections for meson production given in Table IIo 

We shall present in Section II a tormalism for giving an 

analysis of the experiments on meson production in terms of a 

partial wave analysis of the scattering matrixo Such a study 

establi~~ss naturally relationships between the energy spectrum of 

'the mesons~ their angular distribution~ and the excitation function 
\ ', •· ' 

for the .cross sectiono It is particularly useful 9 as shown by 
,·.··-:·!: ·. ·. . 

1 
Brueekne~,. ,~erber and. Watson ·' in the study of the inverse processes 

of meeon·apsorptiono 
'· .,; . 

. . 2 
It has· been pointed out by Brueckner, Chew and Hart that 

I ·;,; • . • ·. 

the production of mesons in nucleon~nucleon collisions is strongly 
l> ,, • • 

dependent on the .. int~raction of the nucleons in the final stateq 

In the course . of applying the theory of the present paper» the 
• ' ' ; ~ 4' ' .~ . ' . 

calculatio~s.of these authors have been extendedo These considerations 
~ ·-~ ,, ..... 

are.diseussed,in Section IIIQ 
f' ' ··~.J~-f ) . \' '· : . ,· 

.;. ·In Section IV cross sections deduced from the preceeding 
.':· . . ,, . . ' . 

development a~e.giv~n» and in Section V these are compared with and 
' . . . . . ' . . . . . ~. . ' 

fitted· to the experimental results on the production of Jl"~mesons 
. ' . 

in proton~proton collisions 9 In Section VI evidence is given that 
! ! . • • ; ' . 

the•observed.l~ck of V0=mesons produced in proton~proton collisions 
. .. .·. ·r . 

implies a selection rule prohibiting this proeesso 
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It is shown in Section VII that angular momentum and parity 

conservation are or critical importance in the analysis or the cross 

sectionso In particular, the assumption that the ~-meson is pseudo

scalar (in accordance with present evidence) is used to make a same

what more concrete analysis of the scattering matrixo 

A summary or the results obtained in the present paper is 

given in the final two sectionso 



II o Formal Development 

Above.the thre~hold for meson productions the study of nuclear 
. ·. ; . ' 

colli~ions. is complicated by the interdependence of the elastic and 
. ' • . . • • ' ~ ' • 1. ~ l 

the inelastic (meson production) seatteringo This fact throws doubt . . ' ' _.,' 

on the usefulness of a Schrodinger equations in which phenomenological 

interaction are as~ed, for the study of either the elastic or 

inelastic scattering at energies above the threshold for meson productiono 

That is» an Hermitian potential energy for the two nucleon interaction 

leads to a scattering event in which the energy of the nucleons is 

conserved with a probability of unity$ whereas it is known experi

mentallY that this probability is less than unity above the threshold 

for meson productiono The addition of an interaction term to produce 

mesons leads in turn to an additional potential energyg etco To·avoid 

these difficulties we shall not attempt a dynamical description of 

meson production by means of a Schrodinger equations but rather shall 

employ directly the notion of the scattering matrix in the analysis 

of the experimentso Use will be made of a nucleon potential to 

describe elastic scattering only at energies well below the threshold 

tor meson productiono 

We introduce a matrix operator1 R, to describe the creation 

(or absorption) of a meson in the collision of two nucleonso In terms 

of R the transition probabilityi P »tor carrying a system from.a 

state I to a state F is (we use as units ~ ~ c e 1) 

p : 2 11' 1 (F I R I I) 12 (1) 

I 
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We make the assumption that R describes transitions Which are 

reversj.ble .!A.tim~, so that we may h~ve. a means of .c~paring.Airect. .. 

and inverse processes" 

By a canonical transformationa we can represent R ·as a matrix 

in cqordif'!.ate .space of the form: 

I 9 

(_!, !1. Jl !2 I R I !:t ~) . (2) 

v ' where .~ ·and ! 2 (and ~l ·a ! 2 ) are the .coordinates. of the two 

nucleons and · z · is the meson . coordinate" R can also. be expected to - . . 

depend upon the nucleon spin and isotopic spin coordinates (as well as 

the meson spin, it .the chal"ged meson actually has a spin) o Alterna

tive1y, R can .be represented in momentum space by the variables p ~ 
' .. -

9 ,e . describi.Jlg the relative momenta of the two nucleons .before and 

after the. collision, respectivelyi P and P9 representing the - -
respective total momentum of the two nucleons before and after the 

eoll~sion, and . q '· the momentum of the er.eated meson. 

The collision is most simply 4escribeci in the center of mass 

system, so we rest.rict ourselves to this coordinate system and set 

P : 0 o Then R has the form 

RE (3) 

·R0 in Eq" (3) can be axpecteda in general, tobe a complicated 

function of its arguments, so some condition must be found to impose 

simplifying restrictions on ito For energies sufficiently near the 

threshold for meson production (i.,e., 11 for energiespresently available) 



such:a condition is at hand~ for (in the center· or mass s,ystem) the 

grea.te:r;o part of the nucleon bombarding energy is found··in the meson 

rest:mass '!fn;the f'iruil:·state'o' This. implies r~latively·.low ,idnetict';: · .: . 

•. energy for the particles in the final state ( ~ 20 Mev for the 

'Berk~le)' cyclotron) 1 . enabling us to assume that 

n 
qg p < < p 0 

This condition is better fulfilled than might at first appear, because 

it happens that moat of the mesons have nearly all the available· 

kinetic eriergy ~ · leaving little for the two remaining nucleonso · 

· · These arguments can be made more explicit by returning to the 

coordinate representation for R given by expression (2) o · In 

particular, in the center of mass coordinate system the su~mat.riX , 

R
0 

(~qo (3)). becomes · 

where r ~ xl = x2 , .... ~ -
·• 

(3') 

a v 
j} and ·Y. l$ ! ~ !]_ + ·~ ·. C) 

. ,' .. 2./i 

The large momentum transfer . ( ".::~! p) or the nucleons during, t}le 
~ ,' .. .. ' . :; .. :: ' 

,:'' 

:. •.·· 

,•, 

~~ ., 
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represents a velocity dependent ·interactionwith 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/p 

(for.the energies of interest to us)~ these arguments suggest that a 

part tal wave analysis in terms of the angular momentum .· substates tor 

the q~~gqing. particles will prove fruitful. 

To make such an analysis 1 t is convenient to per.fo:nn a partial 

wave decomposition of the operator·. R
0 

of Eqo (3 
9
). This cart be 

written in the form: 

+ { \7 r' ) i <I:!! f ~ · I:£ 
0 I I R3 I .£) i 

+ [ (~ u) i ( '\7 ul j - t~: ~j ] (I!! I i l.!:'l I a~, I vij 

+ OOO()OOO, {4) 

·where a,. summation. ove~ repe~teq indices is ilnplied·. Here the various 

Rn (n: 1, 2, ..... ) are functions of the· ~gnitud.et:ronlyof' y and 
. ' v ' 

.• •.t a,nd.each is consider~4 to have the short range of interaction 

discussed above" 

Eq., .(4) involves no approximations, but implies the assumption 
-'~. . 

that in calculating cross sections from it the contribution from 

successive terms will decrease rapidly enough that it will provide a 
. ' 

practical me~ns of analysis of the experiments. However Eq., {4) is 

still more complicated than we wish to use at present; so we shall 
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because of the zero range ap~roximation, the matrix element of R0 for 

the tramd ti:or,t ;vril;t. 11a'!'~ the. fprm ( ef o Eq o . ( 5 a )) ;: . , .. 
~ '' . :,, ··'•; \ . '; :· ; :·,· , i . ' ' . r' :, ' . . .' ' . . : . ' .. .' . ;; ; • .. : . . . ,' . :. ~ • 'I ;': / 

(F I R0 I I) :;; ~ f;_ (p) (F I oi I I) ( (217)~ ~ (O)) 
i 

• • ~ c ' •• ~ ' 
•,I'!, \•( .. (".c).!'. 

(6) 

* where o/JF · is evaluated at r
9 

:;:; 0 and the (F I Oi I I) are just 

the matrix elements of the operators cr and r as ~hey occur 

· multiplied by the vectors _g and p in Eqo (5a )o. 

The ·cross section for meson production is t_hen 

(7) 

where V
1
; · ~s:the relative velocity of the incoming nucleons, dJ is 

the volume in momentum space accessible to the particles in the final 

state, and ~ means a summation over final spin states and an average 

over initial spin stateso If the final nucleons are not bound.to 

each other,· 

[ T(Tmax = (lo072)T)] ~ dT .d.Jl.<! 

(8) 

Here M is the nucl~on mass .9 )kis the meson mass, Tis tfie meson 

·kinetic' energy, .· d .Jl.. ,is an element of solid angle about the direction 
.. ·. q . ; . 

of ·. _s » :ana Tmax ls 'the initial ki~etie energy o~ the' nucl~ons minus 

. the mesori rest=mas.s energy· (plus or minus the neutron'":'prot~tfrnass · . " . . ~ ; ........ ~ ; :'· 

diffe~~.nce, if there is a change of nucleon isotopic. sp:i.ri, '~tate)~ The . .. ' .. ' 

factor of (lo072) results from taking /A/M :: ~144o In deriving· 

it 



,. 
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Eqo (8) the nucleons in the final state a.re treated nort=rel.a.tivisticallyo 
• 

If the nucleons in the final state are bound (ioeo, as a deuteron)g 

d.J).. 
q 

In this case the mesons have fixed energy o 

r 2 2n' 2'' + 2 g2 (F ,I) q cos e 

(S') 

(9) 

where the ngs are positive integers and e is the angle,between 

.9: arlC.i ,e o. ,· The gi (F 9I) are numerical constants depending on the 

initi!ll 'and final spin and. isotopic spin stateso. The ,r 9 
s . are 

nu.tnerical .functions of p only and can be deduced from the r 9 s of 

Eqo (5 9
) once the operators Oi are specifiedo 
.. 
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In the following sections we shall investigate individuallY the 

contfib~tio~. ot the !ollowing terms in Eqo {9)o 
•• •• ' .. ---~ + •• ._,. - .; .. ; i-

Type !A ~ r2 giA (F,I) 

Type IIA r2 giiA(F,I) 
2 

----1 q 

Type IB r2 giB (F,I) 
2 .. 

(10) ~ cos e 

Type !IB r2 €1:IB(F j)I) 
2 2 

~ q cos e 

If we retain the terms in Eqo (5) which are linear in ~ p , we 

obtain two more expressions which will be of interest in discussing 

the cross· sections o These are 

'rype III 

Type IV 

giii (F,I) Ps2 

glV (F,I) pg2 q2 o (10~) 

In. obtaining these terms, it is assumed that the final state 

wave function f?r the two· nucleons. is a plane waveo The justification 
9 

tor this is that the terms in Eqo (5) involving p· linearly couple 

only to nucleons. in p=states (relative orbital angular momentum) o For 

p=states, the effect of the nuclear potential on the cross section will 

be smallo ·It-should be noted that our cross sections can contain'no 
', 9 

·interference. terms involving p linearly, because· we. integrate over -
the angles of p9 (corresponding to the experimental conditions under 

which the cross sections,are_measured)o 

.. : The. linear combinations of these terms which are compatible 

with the experimental cross sections will be discussed 9 Higher 

powers of q ·than the second do not seem necessary at present (indeed 

-- ~-----

.i. 

..{ 

». 
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they .. predict_ a cross section apparently iucompatible with the 

" experimental· results· unless their contribution is small)o · Strictly' 
. . . . 

speaking, the· term of type I'B is not consistent with our deduced form 

of R0 , but it is included because it is of use in estimating the 

sensitivity ot the angular distributions in the laborator.y coordinate 
\ . . . 
~ystem with respect to -those in the center of mass systemo 

,Finally, ·since the r•s .are numeri-cal functions of· p only, 

they are constant .for any given beam energy. They are also, 

presumably, much more slowly varying functions of beam energy than 
\ . 

are the other factors in the cross section. We thus· assign them 

constant values compatibla with the 340 Mev beam e~ergy at'Berkeleyo 

Deviations of total cross sections at-other energies from those 

here calculated will then give the dependence of these quantities 

on p. 



,. ·,' 

. ~ There is one qualification to be noted. at this poipt, however o 

The zer~ range~ approxtmati·pn· 'used· in deducing the; form ()f '.a6: -~i:v:en: ii1, ' - ' 

·. Eq (5)\1s valid only it 'the· 1tlaVe function 'fF(r) is nearly' CoJ1eita.nt 
·~ . . 

· for o,~( -r · i..:: 1/p o This is indeed true for potentials which do not 

show a, strong ·short -range singularity a However 11 a .repulsi'\re core with 

a radius of ·o( .!: ) , such as that suggested by 'Rd Jastrow6
11 - wo\lld 

p 
make it,·. nece~sa.ry to use explicitly a finite range of interaction in 

Eq.o (4)o 'According to Ja.strow-~s ana.lysisll pemss:ible cores for the 

tfiplef.' st_a.tei ·two~nucleon potential are of too. short a range (<.<. ~} 

, ;to lead.: to an appreci~ble modification' in our analysis i- so on the 

basis 6t his model our .zero range ·approximation (wi~h the neglect ot 

the ,eol'e} is justifiable f'or final triplet states of the.two nucleonso 

However.~~- Jastrowv s model involved a core of radius- of 0( ~ ) tor -the · 

single~ potentialo Such a core would necessitate· a more carefUl 

-· consideration of the finite range of the intera.ctiono Indeed• explicit . 

calculations-,.with a perfectly "hard" core (ioe·a» a potential that is 

infinitelY repttlsive for distances less than ~he core radius)· have 

been made, but .indicate little modification in the calculated cross 
' ' ' 

· ·sectioriso On the other handg it might be expected that a core which 

.is. not:, •1ha.rd" wouJ.d modify somewhat the energy spectrum or the tnesonso 

however 11 these .considerations are probably not crucial in the present 

. ·a.nalysisg as we are primarilY interested in final' states containing .. 

a· neutron and p~oton9 for which a strong admixture of triplet ··state 

· seems-t'o be n~:~~ded to· explain the ex:periment$.1. .results~~ Experiments · 

on'the.production of'mesons with two·identica.l nucleons in the final 

j.:' 
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~tate (singlet s ... state) may throw.more light on this question. 
•. .. ·- l .. , 

· Indeed, meson production may provide a useful means of studying 

nuclear forces at small distances. 

\:·. ·: 
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IVo Calculated Cross Sections 

' It ~ . be convenient to intro<:luce the .. fo]J.Q~ ~yPe .of·, 1 I . I ' 

notation to d~signate the ·various meson prOduction processes; -.for 

instance 9 

is tak~n as indicating th~ collision of two protons in an initial 

triplet spin state to produce a 
:t 

;1 -meson, leaving the resulting 

two nucleons in a singlet spin stateo Similarly (s, s; n p, tf') 
- indicates a singlet to singlet scattering of a neutron and ,proton 

to produce a ~ meson9 etcq 

.In the present section we will give the cross sections 

corresponding to the .four types of terms occurring in expressions (10), 

and in;later sections will consider what linear combinations give the 

best agreement with experiments o Then .for the present we need onl.y 

enumerate the final nucleon states in calculating meson cross sections, 

since·an examination of expressions (io) shows that the various initial 

nucleon states (ioeo, charge and spin states) enter only through the 

multiplicativ~ constants g {F Sl IL Values 'or_ 'r2g were arbi

trarily chosen to normalize the total cross sections (disregarding 

deuteron fo·nnation) to 2o60(10)=28 cm2 
o The values used for r 2 g 

are given inTable III for the four cases of expressions (lO)o 

There are then three types of final states to be considered 9 

The first is an n~p triplet state with the neutron and proton left 

as free particles o The corresponding. cross section Will be designated 

as t 
dt:r 

IA 
= ~ (ell T) dAq d T 
= -~0 IA . (12) 

i' 

' . 
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Where IA refers t<> type IA of the expressions (i0) 9 etco The second is 

an.n-p triplet state With the neutron' and proton bound to form a deuteron, 

with across section: 

d 
d c:r- : 

IA 

d cs- {e,T) d.ll.q dT 
0 IA 

(13) ·. 

:~·: . 

etco, ~here 

,,,., ····.u ., ., .. ·. {14) 

since the.mesons created by deuteron formation have constant energy" 

Here ~d is the deuteron binding ~nergyo 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 th~ small Coulomb correction to~ 

the p-op final state)" This cross section is designated. for type IA, 

etcoll as 

c:r:: s ( 6 1 T) dAq dT 
0 IA 

. (15). 

These cross. sections are defined with the values ot r 2 
g . given in 

~ Table III o The' units of a- · in each case are cm2 .(Mev ... steradian) -1_., 
0 . ' ' 

To fac.ilitate comparison with the experiment, the differential . d. 

cross sections (12) and (15) (io~os cr) have been transformed to the 
0 ' 

laboratory· system and are given in .Figs~ 1 and 2 tor a beam energy o~ 
' . 

343 Mev., ; The ·'results are plotted as ·the meson energy .spectrum at 

variou~. angles" . The corresponding values of crd (Eq., · (14)) are 
0 0 

given in Table IV with their respective meson energies 9 _For comparison 
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with fftper:i.Dlen:t the S =f~nction in Eqo_. (14) should be ~eplaced by a .· 

functidh~; of fi~te erle'nt~-·c6rr~ap~_ndi~ to .. the' -~ne~~ f~s~luti'qh::or:. ·. 
: /1:··: . .. : . ' ' 

the detection apparatus and the spread in beam energy, and the result-
. . d t . i • . . 

ing values of d cr (Eq., (13)) added to da- (Eqo (12))o Experiments 

at Berkeley seem to indicate t,hat about one-half the mesons for the 

(,ppg rrf) process are accompanied by deuteron formation with a beam 
. "' ,·· " 

energy of 340 Mevo 

0The te¢-~ncy or the curves in Figso 1 and 2 to. have a> peak near 

the maximum possible meson energy is due to the rapid increase in 

r 'JIF(o) /
2 wi~h increasing meson energy-=a dependency with predominates 

.-ov13r the_ variation ot the phase space factor, dJ, (Eqo (7)) .for large_ . 

rn.esor. energieso 

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

inFig~o 3 arid 4 for final singlet and triplet'(deuteron formati~n 
.. . ~ 

~ncluded) states for types I and II (constant and q~ependence, respef:

tivelyp in the transition operator R0)o The cross sections fall off 

much more slowly with energy than would be expected on the basis of 

phase space arguments alone o The production with deuteron formation 

for a final triplet state causes the triplet cross. section to, be_ 

app~eciably larger than the singlet at low energieso . The cross 
'' .. . . . . . . =28 '2 ' 

sections were arbitrarily normalized to 8(10) · · em at 340 Mev and 
. ; .·· .. · . . 2 . . . .. 

constallt value~; of , · r g were assumed 9 · Deviations in observ~ 
.·i . ' 

cross sections at higher energies can be used to dedu~e the dependence 
.. :. 2' . 

or . r on pg the relative momentUD,t or the init.ial nucleons in the 

center·o£ mass system9 

... 
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. Th~ cross sections corresponding to eXpressions III and IV 
.·' . 

(expressions (10 8
)) are given in Figo 5. for mesons in the forward 

dire.c:t.ion. Here we JJI.ake no distinction between final singlet and 

tripleistates as we have neglected the nuclear interaction. There is, 

of course 1 no deuteron formation fer these expressions. The striking 

difference in the energy spectrum of the produced mesons between 

these cross sections and those for which the nucleons come out in 

a-state~. is .noted by a comparison .of .Figo 5 and Figso 1 and 2. The 

cor~esponding cross sections for expression (10
9

) are designat~d as 

d o::I. . and d o:: 9 II ·IV 

'. ; .· .. 
it . 

.,.,, 
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V o Comparison with the Experimental Data on (pp~ ,/') Production 

Thi k~~~i"detdl~~~, :~~petimental' data: avallabl~-,is"·,to~'{pp~' itt.).:···.·,:·'.· 

production with a beam energy of 341 :t 2 Mev" The experinl.ents of 

Oartwr~ght and W~itehead 7 
and Cartwright~ Rlchma.n, Whitehead and Wilcox

8 

give the .meson energy spectrum at zero degrees ( t 5°) with respect to. 
. . 

the beam ·ciirectiono Further results concerning the energy spectrum at.. 
'... . 9 - . -

30° have ~een obtained by Peterson and at 18° by Peterson~ Iloff apd 

Sherman10
o 

. . . . . . ' 

Because of the meager experimental information available and 

because of its limited accura.cy9 it was thought better to analyze first 

the meson energy spectrum and then the angular distri~tion, to indicate 

the limitations on the aonclusions drawno When this study is complete ll 

the results will be pieced together in an attempt to obtain as complete 

a picture as possible of the experimental cross section" 

The points in Figo 6 represent the experimental meson.energy 

spectrum at zero degrees11 o Referring to the cross sections resulting 

from expressions (10) (see Section IV), we note that in each case a 

final singlet spin state of the nucleons gives too few mesons in the 

high energy 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 detennine a-unique admixture of singlet and triplet contributions 

to the cross section b,y specifying onlY a single condition relating to 

the size o-f the peak to be met in satisfying the experimental datao 

The fact that the experimental peak in the cross section occurs for 

mesons with an energy greatex- than about 65 Mev suggests that the 
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experimental ratio, r 11 of the number of mesons produced with an 
'· 

energy;. greater than 65 Mev to the number with an energy less tl'\an 65 

Mev will· provide such a conditiono Choosing the ratio of triplet to 

singlet contributions in the cross section to give this s~e-ratio, 

r ~ we obtain the cross sections given belowo 

The resulting,. properly normalized cross section for type IA 

(Seee;Kpressions (lO)o For IB the right side of Eqo (16) should be 

multiplied by 1/3 o The energy scale for the theoretical cross 

sectio~ui is readjusted to fit experimental energies o) is: 

(16) 

t d 
where d criA and d criA are the expressions of Eqso (12) and (13) 1 

respectively o Here no . singlet contribution to the cross. s~cti.on is .·. 
s ' 

necessary ( i o eo , no a~ure of d ~A , Eq o (15) ) o However, the 

estimates or the experimental error are consistent with as much as 

15% contribution to the cross section from d c/ in Eqo (16) o 

IA 
For type IIA (for type tiB a factor of 1/3 should be intro-

duced: on the right side ot Eqo (17)) the cross section is: 

(17) ' 

(See ~qso (12) j) {13) and (l~)) O' .Eq" (17) corresponds roughly to a · 
", ... ·,.' .. 

25% contribution to the cross section from the final singlet spin·. 
s 

state (i.oeo a d q- ) o Because ot the greater tendencv of the 
. . I IIA " 
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cross sections of type II than o·f type I to peak at the high energy 

limit (Jf> th~'·fu~~on.· spact.runr less·· triplet state is needed hare.··,· Thef,i·i, 

experimental error is consistent with a relative amount of singlet 

admixture between 15~. and 35% in Eq, (17) o 

The cross sections ot Eqso (16) and (17) are plotted for 

a ~ 0° (forward direction) in Figso 6 and 7 respectivelyo The cross 
. . ' 

. . 

sections tor mesons 'With energies greater than 65 Mev are averaged 
; •' 

unif'orml.y . over the 10 Mev interval from 65 to 75 Mev, since the 

measured spectrum in t~1s interval presumably depends only·. on the 

characteristics of the detecting equipment and the spread in beam 

energyo 

Figs o 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·, se~tions of 

types I and II (momentum.independent and momentum dependent matrix 

elements, respectively) o The effect which does seem clearl;y estab-
. ' ' .. 

lished, however, is the importance of the nuclear interact~ot1 in the ···· 
·.' .... 

final states and the accoinpaeying deuteron forma.ti.one;. The complete · · 
. . . ' . . 

incom~atibility of the meson energy spectra in Fig~ 5 for ·nu~leons· in·.· 

,. 
... . . 

final p=states (expressions (10 9
); the spectrum would be even worse o.·' . ' 

for higher angular momentum states) with the experimental spectrum 

(Figo 10) is an indication that the predominant pro~ess iea.ds to 

nucleons in.final e=states-=andthus provides evidence ·tor our 

assertion .that ~he range of interactfon f_or which meso'ns ·are produced_ 

is very short o · • · 
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·As rn:(mtioned previously j calculations assuming a q4 dependence 

in the cross section iridicate that this'. type. of term is incompatible ' 

with the 'experiments uhl.ess its contribution to the cross section is 

small (ioe~~ 'is a small correction in the series of Eqo .(9))'o 

. It' is possible to have some contribution to the cross section 
.. . . • . . . u 
from the terms given by expressions (10 ) , which correspond to. a t~nai, 

' 
p-stat~ for the two nucleons o It is clear that the fraction o( the· .. 

cross section that ·can come from this type of term is quite l~ited, .. 

since there is no high energy peak of mesons associated with this 

interaction typeo Thus, for a cross section o£ type I (Eqo (16)) ,. 
. .. . . . . . ' 

only a. very few percent of type·III or type IV (expressions.(lO )) 

can be added, because of the diff'i<n.ilty of obtaining enough me.sons 

in the high energy peako However, for the type II cross <section of 

Eqo (17) 1 co~siderably more mixture of type III or IV cross sections 
~ . . . . .· ' s 

can be added by correspondingly decreasing the amount of dor. · 
s IIA 

admixtureo . In J)articuiar, if no d ariA admixture is penutted, as 

much as 2o% contribution from d. <Ij:II or d CS""IV gives a very 

satisfactory fit to the· experimental mason energy spectrum,.' 

Because of the limited experimental data, we cannot .at. present 

settle the question of the amount of admixture of nucleon p-state~ •. 

It is shown, however, in Section VII that angul.S.r momentum and parity 

restrictions help in removing some of the ambiguity once a definite 

spin and parity is assigned to the 11' -meson a · 

We noll turn to a consideration of the angular distribution of 

the produced mesonso Designating the production cross section per. 

steradian at an angle 6 9 ·with respect to the beam direction by 
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c:r(8 9-)'(:Leo·9 ·the area under the meson spectrum curve),. we,have the. 

experim~lli~l; :~esuitsr given in the. first ,col~ of :Ta~le .v.o. ·.~:The .· ; > . ,. ... ··r , . , .. 

corresponding re.sults deduce4 .from the cross sections of Eqf?o (16~ 

and (17) are also given in Table Vo The most immediate conclusion 

drawn trom a comparison of these values is that the cross .section is 

not spbericall.y symmetrical in the center .of mass syst .. emo On the other

hand.9 the • type B cross·. section~ ( cos2 8 distribution in the center or 

mass system)· are ·Cluite consistent with the experimental resultso We. 

thus conclUde; that most of the mesons produced at 341 Mev beam energies 

are .emitted into P":"States with a cos2 8 angular distribution (in the 

center of mass system)o This implies that the leading term in the. 

cross section ·iS or type IIB (cof o Eqo (17)) o 

The experimental error given in Table V is consistent witb a 

maximum 9f ~bout 25% spherically symmetric. contribution to the total. 

cross secti,on: at .341 Mev=although., or course~ this. contribution .may 

be much ·lasso Experiments are now in progress to measure the cross 
0 ' 2 . 

section at 60 o Since the contribution from the cos e distribution 

is quite small at this angle, these experiments should give a fairlY' 

sensitive indication of the amount of spherical symmetry in the cross 

sectiono 
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VIo other Types of Processes 
' ' ,. ,' ' ' ' . 12 

. Experiments by Bjorkland, Crandall, Moyer and York . indicate 

that the cross section for yO- meson production in p-p collisions, if 
. ' 

: nonvanishing, ·is less. than l/20 the cross section for p-p production . 

of Q'-r-mesons at 340 Mev o (They observed no production in p-p 
' ' 

collisions, the . fa.c~or l/2~ representing their estimated experimental 

uncertaintl'o) The present calculations indicate p-p cross se~tions 
. ' . ' ' ' t ' ' ' 

not much less than about 1/3 the ( p=p, 71' ) cross section can. be 

eXpected on the basis of the interaction of the particles in the final 

state if the transition operators are the sameo It thus appears that 

there is some selection rule prohibiting ~ produ~tion. in p-op 

collisionso Very little is known about the cross section for meson 

production in ~P collisionsQ 

.~. . 
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VII o Angular Momentum. anci Parity Relationships 
.. 

. The _analYsis· of' :the experm~ents made in Se~tion) v ·was giYen · · · ·, , 
. . . . ' ' . ~ 

without regard to angular momentum and parity restrictionso The 
• ,l • ' 

assumption- of' a- given spin and parity for the 77"-meson 'considerably

lilnits: the freedom of choice ot final states 1 howevero In the presen~ 

section we. shall i~vest:igate these limitations on the· assl.Dllption that 

the p-' ..:.mee,on,_is pseudoscalaro At the time of writing, this seems to 

be the_most reasonable choice.~~ since it is known that the ,0 cannot 

have ~pin one13 ~ and sirice the ·experiments on the absorption .or r
mesons in.deuterium.14 indicate that the charged 1(-meson·fs not 

scalaro If future exJ>erimentalresults should lead to contrary evidence, 

an analysis ,such as that given here can be made to~ any given spiftra~d . .. 

parity of the mesono 

·For the production of a .1'-meson, the initial state containing 

two nucleons may have even or odd parity and be in a singlet or 

triplet spin stateo Under actual experimental conditions, of course, 

the initial.state will be a combination of these states, restricted· 
r 

only by the Pauli principle9 The final state will again contain two 

nucleons 1~ a mixture of the allowed spin states, but with zero 

relative angular momentum according to the approximation leading to 

· Eq 9 (5 9) 9 , There will also be· a meson present, which we assume to be 

pseudoscalar, ar1d which may be in an even parity state (odd angular 

momentum) .or an odd parity ~tate (even angular momentum)~ In table 

VI are summarized all the permissible transitions to produce a pseud~ 

scalar. meson which are consistent with parit~ and total ~ngular 
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momentum conservation and zero relative angular momentum for .the two 

nuc~eons in the final state~ :tt is clear that :J.f. the, ·hypothesis that · 

the 7'1'-meson is pseudoscalar is. to be mAintained, the experimental 

results must be consistent with table V.I? For example, if the (pp, 1f1 ) 

process. leads to mesons in p-states (evidence for this was given in 

Section V), the final. neutron and proton must be in a triplet spin 

state only • 

.. Again, if the production of mesons into p-states represents a 

univers~l 'tfype of coupling_for all production processes in nucleon-

. nucleon :collisions, reference to Table VI indicates the existence of 
j .•. '' . • ' 

a general selection rule prohibiting the (pp, 71°) process-.whieh is 

consistent with our deductions in Section V.I that such a selection 

rule must exist. c Had we .assumed the meson to be scalar~ we ·wauld not 
' . .. ' -~ i ! ' 

have o~tained such a selection rule from parity and angular momentum 

considl"ratiol)s. This seems to give further evidence that we can 

obtain a sell'..;consistent picture of meson processes with the· .assumption 

that the '/r-meson is pseudosca.l.ar. 

OUr analysis can be made more explicit by considering ,the 
;:'·.. . . 
: . . . . 

limitations imposed by sjmmetr.y conditions o~ the oper~tors . 

0( g:'.t z:,, 5 8 ,E) of Eq.(5a). These must be inVariant with resp,Ctrt() ·. 
. . . 

rotations in coordinate space but must change ~ign·.under· a coordi~te 
r ' . ' ' ' ' 

reflecti~n, since we have. assumed the meson to be pseudoscalar~ The · 

operatorsi 0, must also be symmetric with respect to an interchange· 

of thEI coo.rdinates. of the two nucleons o 

'l'he following products of ~ » .E and s . are possible. (we 

_;. 
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designate one .nucleon by the superscript "l" and the other by"2n): 

<A2(1) (p 
n ', (1) 

=· 0 q) <r 0 q = -
(A.3(l) {p 0 q)n=2 (l) 

= fr 0 p = 

A4{l) = {p 0 
q)na;ol Jl) 

0 :! = 

As(l) 1 ( n=l (l) 
:: 2 p 0 q) .$£ X 

A6(1) = j {p o q)n Jl) X .., 

,' ~ i . . ,, ~ . 
,. ' .. 1 

(2) o (p X q) q- ,_ 

{2) o (p X q) . 
<r ~ -

(2) 
c;;r 0 p -

J2) 0 q - (18) 

Similar quantities A(2) can be obtained by interchanging superscripts 

n1n and "2" and replacing p . by =p o Further factors of the form 
..... · :. .. .r·:;· . , .. .-,. - . . . ' 2 ' ' ' 

{p x q) may also be introduced, but lead to no new resultso 
~ ..... 

. ~ ('?-th 11: 1) is characteristic of pseudoscala.r ~eson theo~ 

with pseudoscalar coupling whUe a particular linear combination of 
···_, ·.' . 

A1 (with n ~ .2>. and A3 (with n :: 2) is obtained with pseudo.sca.la.r 

theor;y with pseudovector coupling a · For further deta.Us 1 the paper ot 

Brt!eCkner2 should be consulted. 

For the isotopic spin dependence we choose the fol1owingcom

bination ·of 7' ;operators: 

and . (2) T 7: (i ::;: 1, 2, ·3; or i ;; 1, 2, 4) 
i 

{19) 

where 

. T. ~ ~1) ~2) (1) (2) a [~(l) (2) · d 7(1) ~. (~) 1. 
'"" l l t "t2 72 f /"' I 3 ('3 t . 4 '4 

.I." • 

{20) 
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The f
1 

(1:: 1.9 2, 3) are the usual iaotopi.c.spin operators and '(. 
. ' ' 4 

is theru~t. two=<iimensional ma.trixo The index "in orLthe If· in· 
.:~ ~ •. • •• ·• . l ' : <·, . . 

expres~ions (19) represents the isotopic spin type of the me.son 
<· ' . 

emitt~ (or absorbed)o p and d are arbitrary para.rneters·o· The 

choice'· of ;;. or 7.4. in expressions (19) f()r .the ~ssi~~ of a 
3 ' 

neutral meson . corresponds to the well known ambiguity in the ;cotipl~ng . 

of neutral mesons to nucleons • 
.. '., 

, The form (20) for T implies .. a symmetry with respect to the 

interchange of isotopic spin states that is characteristic·. o~ ·meson 

theoryo If-this is not borne out b.1 experiment, additional factors 

of the type (l :t ""r
3

) will have to be introducedo Complete charge. 

symmetry is obtained by setting ~: 1 in Eqo (20) and using .the '3-
coupllng in expression (19L 

We now define the operators 0 of Eqo (5 9 ) to within a phase· 

factor as:· 

0 ::: [ 7'~2 ) T A(l) t <l) T A(2) 1 

+ f [ 'f~l) T A(l) t 7'~2) '!' l(2)] 

t e ~ [ T '7'~2) A(l) T 1' ~l) A(2)] 

+ f T 1~l) A(l) r T f(~) A_(2)'] 1 
1 i . ~ 

where the A9s are any or the quantities-or expressions (18)0 
· . .;.. 

(21) 

f is 

· an arbitrary parameter and e is either t 1, as we wish to restrict 
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ourselves. to .. an Hermitian- combination of the 

, In accO'r~ance: ·.~~h -ll:Clo :(5 9 }~ • R
0 

can .be. exp~pt.~ ::ip::gen~~al ~o : 
. . v . ' ' - . . 

be a sum of 0 s . of the type given by Eqo . (21) with various different 

An s of the form given in Eqso (18) o This form of R -.. is not . ' . . . . ·. 0 

analyzed in terms of partial wave states for the meson~ but seems to 

be simpler_to use as we a.re_neglecting the effects of a m.eson ... riucleon 
' . . 

interaction in· the.· final state o (See· the Appendix for a. more complete 

discussion of this pointo) 

T~ investigate the allowed transition~ permitted by the various 
;· . . ' . - . . 

Av s .. of Eqso · (18) it Will be convenient, for the moment~ to assume 
. n 

that R0 cont~ins· only one of these A so Then writing 

.Q .... 21 (F I Rof I) 12 = ... 

(see Eqs" (5.i) and (7)) ~ we have 
., 

2 2(n=l) [ J2(n-.l) 
,Ql = rl q cos e g

1 
(F~I) -

(22) 



where ."a is the' angle between p and q o In these equations· the 

subscripts on the Q0s refer to the IJUbscripts on the A.'s ot Eqso (18)o · 

The ff.~ s are numerical functions of p only (see Eq. (5 9 >Y and the 

g 9 s a~e numerical constants dependirig on the initial and firta.l spin 
.. 

and isotopic. spin states and are the g
9 s of Eqo (9)o The "cross 

sections for meson production are obtained by- substituting any one of 

the Qus ·. of Eqo (22) into Eqo (7) for. ~ I (F I R0 · I l) f 2 o · It R
0 

contai~s a sum of several of the 0
9
s, there wUl in general be 

interf'ei"ence terms in the cross seetiono 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 stateo 

. The g's of Eqso (22) .fall into two classes depending upon 

whether n is even or oddo (This corresponds to even or odd parity,. 

respective~, for the initial two-nucleon state from which the 

transition takes place" See Table VI o) This evenness or o4dness can 

· .. be designat~d by an additional. subscript on the g 9 s; i 9 e,; 11 e11 or "o", 

respectivelyo Then we write ~j)e 9 gl,o , etco- The values of the 

ges are given in Tables VII and VI!I, where.the ·following abbreviations 

are used 9 

a :;; 8/3 p 2 
(1 -t- d)

2 
(1 t e)2 

(l t f) 2 

+ .. · .· . . 2 2 
.b- ~ 8/3 [2! eJl(li" d)+ ~(1=<1)]. (lt. fl 

.. c :;; 8/3 [pCl =d) {l+e) t . 2(1 = e)]
2 

(1 ~ f)2 
· 

/ dt ;;: 8/3 (1 + e) 2 '[ fJ {l -~ d) !. 2] 
2 

(l t f)~ (23) 
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Those · g·n s having the same value are grouped in one column in 
., .. 

the tablesi· '·Th~<values;of,, g5 .. and . g6:~ lire not ,given~. but ,a!'e ;the...... .·': .. :, 

same as 'those in the tables rlth the exception that they vanish for' ' 

triplet to· triplet transit~onso' The values in Table VII ·correspond to 

/
3 

coupling of the neutral mesons (expressions (19))o. The use of 

the J(4 coupling for.neutral mesons changes only the cross s.ections. 

for neutral meson productiono The corresponding values of the • ges. : 

with 'J
4 

couplitlg are given in Table VIII for neutral meson productiono. 

Tables,VII ·and VIII together include all the allowed transitions given 

by Table,Vlo. 

·If charge symmetry is assumed and thus fS is set equal to 

unity s there remain only two adjustable constants i p and d , for 

each Oo In this ease we have the identical relations b""' :;: ·. c 

and · b1"> ·~ · a · for the constants in Table VII (charge symmetry implies 
I 

r 2 that we use the · 3 = coupling) o The observed cos e angular 
~. 

distribution: •i.JD.plies· that we must choose the "e" coltunn in Table VII 
. . {' . 

as the dominant term in the cross sectiono We are· then left With. 

only one parameter, b ... ~ c, to fix the magnitude of all possible me.son 

production processes if charge symmetry is to be maintained<~ By a. 
. . . 2 . 

combination of interaction types con~istent with the c.oe e, angular 

distribution we have in general one parameter for all final triplet 

spin states and one tor all final singlet spin states on the charge 

symmetry hypothesis~ 
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VIIIo · Swmnary of Results 

We are now in a position to piece together the.results which we 
' - ' ' ~ 

have deduced from the 'eXperimental datao This will be useful in deter

mining the limitations which present eXperimental material places on 

our model as well as in suggesting further experiments which ·.should . 

give crucial information., 
. . 

In Section V we concluded that the observed cos2 6 center of ·· 
. . . . + 

mass angular distribution for the (pp, 71' ) mesons indicates that at 

least 75% of• the mesons are emitted into pa;.stateso This ,implies.that · 

the leading term in the cross 'section is of type IIB (expressions(lO) L 
. . 

·· ... /\ difficulty is now met· in that the type IIB cross section .or 

Eq., (17) gives a 25~ singlet contribution., This is inconsis~e~t with · 

. Table V, 'Which indicates the existence of a selection rule prohibiting · ' 

any final nucleon singlet state for pseudoscalar mesons in ~states~ 

The difficulty is that the final triplet state does not give enough 

low energy' mesons (see the experimental spectrum of Figo (lO))a 

.. Although the· l.oW' energy part of the spectrum is least we;1 known 

experimentally, it seems not unlikely that the type IIB (triplet) 

cross section does deviate significantly from the . e?Cperimental energy 

spectrum., 

There is,··. hoWever, neither experimental nor theoretical 

evidence that the cos2 e a~r distribution repre,s~nts the entire· 

cross sectiono In. fact~ the absorption of r-=111esons in deuterium 

rather conclusively suggests that there m1lSt be some mesons produced 

into s~sta.tes (since the absorption in deuterium presumably is tram 
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an s=state)~ We can also suppose that there are relatively small 

admixtures of higher angular mom~ntum states of both the nucleons and 
·.• t . ,. - • . • ' • • ~ ! • ;' 

mesons, 'Indeed~ as .little as 15% admixture of some state containing. 

no deuteron formation is probably con~istent with the experimental 

results (see discussion following Eqo (17)) 11 so we need.not be otrt.side 

the experimental error in 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 experimental results" We may, for 

instance, add 15% to 20% of type IA (singlet) cross section (with a' 

correspondingly small amount of IA (triplet) to be consistent with the 

·absorption in deuteriUlll==this·actually happens in pseudoscalar meson 

·. theori15) o Again9 ·we may add the same amount or type ·III or :type IV 

cross section (~x.pressions (109), Fig" 5o Type III corr~sponds to . 
nucl~ons in p=.states,'liiesons in e-states; type IV to nucleons and ' 

·:mesorts both in p=states)" The energy spectra ~esult:i.ng from' a· 2f1%. 

admixture of type III or type IV cross· sections are ~hown . in Fig o S, 

where the solid curve represents type .III and the dotted curve· type IV 

(the deuteron·peak is, of course 11 the same for both and bas been 

plotted as a Gaussian distribution in Figo S)o ·Present experimental 

· reemlts do not permit us to make even a qualitative determination 

·of the_- relative amounts ·of these various tennso The ex:perimental 

results at· 60°j ~en available~ may be of considerable use in 

resolVing this ambiguity 9 since at this angle the . cos2 ·a term 

contributes relatively little to the cross section9 



None of the additional terms just discussed leads.to the 
·• ,! 

selection,rule me~tioned in Section VII prohibiting the {pp, .d0) 

processo- We are thus faced with the choice of supposing that there 
. •.· .. ' ',· ... 

is an additional selection rule for these additional terms, or (more 
.· l. . . ' i '• • . ' ' • ' ' ' ' ' - ' 12 ' ' . 

probably) that the limits on the experimental error . .were somewhat 

··overly optomistic--by a factor of about 2 to 4o In any case, the 

general conclusion of a con~iderably smalle~ (pp, ,C) :cross section 
'·'· '+' ' ' 

·than (pps 11 }. cross section is accounted tor by the lack of deuteron 

formation for the former process plus the naturB.l.·selection·rule for 

mesons in p-stat~s 9 Measurements of the (pp, -,1') cross section are 

now beirig :repea'l;.ed at'this laboratory in order to obtain a better 

ratio of'these two cross sectionso 

:'Turning to the interaction types given by Eqo (18), we see that 

only ~ and A;· with n: 2 will give the leading term in the 

cross ~ection With a cos2 e angular distribution and mesons in p-states o 

Further ·assignment of interaction typess and in particular a test of· 

the charge symmetr,y hypothesis, must await additional experimental 

information~~ Ot particUlar impertance are experiments . involving 

meson production·. in &--p collisions o · 

the relation of our conclusions to meson theory ·is ot some · 

~nterest. 9 This is so, in part.ieular, since ·. pseUd0scala.r meson theoey 

has in many cases given reasonable qualitative agreement with 

experiment"' It appears, bo;wever, that the cos2 9 angular distribution 

presents a ·real difficulty~: since Brueckner2 round that scalar.; pseudo-: · 

scalar, and vector meson theories predicts a spherically symrnetric 
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center, or mass angular distribution .for :the mesonso (This was true of 

both the results. tram pe~urbation theory and the phenomenological 
-~ · ..• / :·· .. ,... : !; ' ':'·. ·'': '' ,. ': ·~16 ' ... ':i .' ': •. :· .· :· •;,., '' '' : .... '' •· ,:. ':.: i i ': "'.•·,., .... , ... ' ' >; ·: '; .':,'' :.· '·'' ',•··,. '," :' 

theory or Marshak and Foldy L This wotild seem to be rather a 

fundamental 'discrepancy o It is thus our opinion that conclu.sions 

drawn frO$ meson theory concerning both production and absorption of 
. ' 

mesons (i~erse process) are of doubtful validity-=and thu~ that the 

present phenomenological approach is a saf'er .. -it less spectacular-

means of ,studyj.ng processes involving· meson production and absorptiono 

. :.· 

···:o;.·. 

.:~ " 

j '," 
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Conclusions 
; ·_,·-· 

. 1 
.. We· have concluded from our analysis· and a previous consideration 

that if the charged and neutral 7( ... niesons are or, the. ~ame type, then 

they are very probabi;r pseudoscalar., These conclusions have been drawn 

without recourse to m~son theory (on the ·whole, conclusions drawn ri'~ 

pseudoscalar meson theor,y have shown better agreement with experiment 

than pave those drawn from the other versions or m.eson theory) o· .. The 

evidence that charged and neutral mesons are or the same type is 

certainly not conclusive, but is very definitely suggested by their · 

nearly 'equivalent mass and production cro.ss sections" 

Then on the assumption that the !!'=meson is pseudo scalar, we 

have concluded from the experimental results that for the (pp, 1/'r) 

process in:ost of the mesons are produced into P'"'Statea from an initial 

even parity (singlet ) state of the two protons, while in the final 

state the resulting neutron and proton are left in a 3s-state (and 

bound to form a deuteron for more than half the.producti~n·events at 

340 Mev)(> The assumption that this represents a \iniversal type of 

couplil'lg for all mesons produced in nucleon-nucleon collisions leads 

natural,l.y to a selection rule prohibiting (pp, 1/0
) production (as 

observed) for pseudoecalar~but not for scal.ar~mesone? 

The simp.le process given in the last paragraph will certainly 

not prove sufficient to describe the finer details of meson production; 

but an analysis of these mu:st await more detailed experimental results~ 

The hypothesis of charge symmetry for both nuclear forces and 

meson production (presumably these are not independent) will receive 
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a cruc~l test when the production in n=p collisions can be compared 

with that for p=p collisionso In particular, a comparison of the energy 
' . .,. - . . - . : . ! • : - ' 

spectrum of 11 ' and ff. mesons produced in n-p collisions ldll g1 ve 

a direct. comparison of n=n and p-p· s:ingl~t potentials .through the ... 

dependenc_e of the cross sections on l 'fp(~) j 2 
(Eqo (9)). Furth~r 

information ~oncerning the properties of nuclear forces at close 

distanCe!J may ,very well be obtained .from such experiments. 
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Dr., V •. z. Peterson and their collaborators for aid in interpreting . 

their experiments and for permission to quote their results in advance . . . . . 
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A,; Free nucleons 

1) :p + 'p .;....:p r+ (allowed) (a) 
._, 

2): P -r N --:' 71+ (unobserved) 

3). N + N ~r (unobserved} 

·4) If~ P~r= (unobserved) 

-5) ·N t N _,ye (unobserved) 

. ·6) N + P -;,;> (unobserved) 

7) P :+_ ·p ~1(0 (·forbidden) (b) 

B., Complex nuclei . 

1) p·t (P»N)~-17+- (allowed)(c)_ -,, 

2) P + (P ,N) ~~ (:allowed) (c) . 

3) P + (P~N).-,1f 0 (allowed)(b) 

· · 4) N + (P»N)~?J"f (allowed) (d) 

5) N + (P,N)~ rr""' (allowed) (d) 
. : 0 ... 

6) N + ·(P,N).-, 1r (unobserved) 

Table l<>' QuaJ.itative experimental results for processes involving 

production of charged and neutral mesons by nucleons bombarding free 

nucleons· Or complex nuclei, 

(a) C~rtwrlght.~~ Richman, Whitehead and WUcox, Physo Revo_.7!!, '823 (i9SO) 

(b) Bjorkland, Crandall., Moyer and_York, Phys., Rev., J1., 213 (1950) 

(c) .Ric~rt and Wilcox, Phys• Revo 1Jli· 496 (195~) · ·_ 

(d) Bradner·, ooconnell and. Rankin, private communication 
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=45-

., 
. , Io Process IIo Experiment . !IIo Total ~ross sections 

'· (.xlo2 cm-2) . 

' 

', . Comp],ex nuclei .. Free 

t * 1) P+ f'~71'+ allowed A(l) j .B(l) 3o3 :t loO 4o0 Z o8 

~) p + \p -7u-o ', forbidden A(?) ? (Ool "!. Ool 

~} N + P ~-r/ allowed . B(4) i B(2) 
. .,. . 

Oo8 - Oo4 ? 

4.) N+P~r allowed B(2) Oo8 "t Oo4 ? 

5) N + P~7!'0 allowed A(?) f. B(3) lo7 ± Oo9 .· ? 

6) Nr N__,~ possib~e B(;) ? ? 

~) N t- N~.,, unobserved ? ? 

' . . 

Table II o Nucleon-nucleon .cross sections for production of charged ·and 

neutral mesonso The experimental results given in Table I from which 

the cross sections are deduced are indicated in column IIo 

* Deduced from. the cross section·in.the forward direction with the 
angular distribution found in Section Vo 

.. 



'IB 

. ,.;. 
'• ·j 

· ·.; =44 cm2 =44 cm2 =47 cm2 .··. ·• ...•.... ·· ·. ...47 cm2 
5o82( .. 10) . S 6o03(10) · . lo47(l0) · 7. 1~31(10}'\ · 7 
:.. • i: (Mev) · (Mev); (Mev) ·.• ·· .. · ·. ' .• (Mev) 

·. Table IIIo Values of the arbitrary constants r 2g adjusted to give a .· 

total cross section (neglecting deuteron t~rmation) at 343 Mev of · 
=28 2 

2o60(10) em Q 

-· 



, .. 

·••'. 

, .. 

. 
e .IA 

' . 

oo lo7.5 

30° lo42. 

60° 0.,82 

90° 00 28 

=47;., 

lB IIA 

5a25 2 .. 87 

lo45 ·. 2o·32 

Ool9 lo34 

o.;o 0.,46 

Table IV 

·da-/d.l'l- deuterons 

UdRI.-856 Rev. 

'' /~' IIB Meson energy 
(Mevl: .. 

8 .. 61. 73 

2o38 56 

Oo'J2 28 

0.;83 11 

. Fl . '' ·•. -28 2 . . ·. ·. . 
Differen~!al cross section in units of 10 em per unit .solid angle 

for production of a positive 1l'=meson and a deuteron in a 343 Mev p-p 

colllsion. e is the angle between the directions of the initial 

\\ 

nucleon beam and meson momenta in the laboratory systemo The columns ~. 

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

• etc. respectively (af'. expressions (lO))o 

· . .'.' 
,'.•'' 

. ,; ,-
. ~!. 
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Table V 
;.I 

jTbe a~r distribUtion for (pp 9 7!'1') mesons ·is analy'zed'on the 

basi~S Jr. experimen:t;.al data at 0° P 18° and 30° with r.espect to the beam . 
. ~! .. . ' .. . . . . . 

direct1,.on (laboratory frame of reference) o In column (a) are given 

the e~rimental ratios of the cross sections at 0° to 18° and 0° to 

30° o The corresponding .ratios calculated from the ·cro.ss sections of 

Eqso (16) and (17) are given in columns (b) o. oo. ~.(e)· <> Type '!A" 

refers to spherical syrmnetry 9 type "B" to a cos2 S dependence in the 

center of mass systemo 

(a) (b) (e1 

Ratio ·tt Experimental IA IIA 

'. 

c '4 40 t lo30 o-~0·· l . 0 . - o7 ''io34 
o-(30°}. 

; 

a-(0°} lo62 + o.25 lol6 l.ol5 -
o-(18°) 

* C!'(0°) ;; 2o64 t. o3(lo)=28 cm2/steradian 

cr(l8°) ~ lo63 ± .2(10)-28 cm2/steradian 

<J(.30°) :;;: .58 t .07(10)=28 cm2/steradian 

(d) 

IB 

.. 

$.10 
,; 

lo70 

(References are given at beginning of Section V9 ) 

(e) 

IIB 
'. 

4;:75.·. 

; 

1964 
·· .. . . r :· 
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Table VI 

The allowed spin and parity relations for the production of 

pseudo~calar d'~me~ons. Col~ (a) gtves the parity and .spit'l of the 
' . ' 

nucleo~s in the initial state; column (b) shows whether the meson 

angular momentum state is even or odd; colwim (c)· gives the spin or 

... -: the nucleons in the final state assuming that. they have zero relative 

,A 

1,.. •• 

orbital angular momentum. The abbreviation "e" is used for· "even"; 

11 o11 to~ 11 odd11 ; "s" for "singlet11
; and "t" for "triplet••. 

:voe o f nrocess a b ·-· c 

IPP __, 11'+ . or e$ s 0 t 

Inn 4 rr= Os t e t or s 

pp ~1/0 or e» s. forbidden 

nn ~1/o o, t ' e 8 

np~J/+- or e, t 0 s 

- forbidden np ~ 11' e» s 
' 

Og t e s, 

o, s forbidden 

np --t1fo e, t 0 t or.s 

e, s 0 
.. t . ' 

Og t e tors 

o, s e t 
' 

... 



UCRL-856 Rev e 

Table VIIo Values of the constantsll g, for the various processes of 

meson producti~n~ \. Th~:d~firdti~~s ~r. -·~~·· bt'B arid e' ar~;giver{by Eqo. "(23)~ " 
. . ' . . 

The first column gives the type of process; the second column gives the 
~ . I - . . ' 

.. . .· 

initial and f~nal nucleon spin states as singlet (s) or triplet (t)o 

' 
Values.of g; and ;g6 are the same except that they vanish for t-+t 

transitiono 
.-

gl, o; g2' 0 gl' e; g2~ e; 
. 

. ,. 

g~p o; ~411 0 g.3' e; g4, eo 

pp ~1?'.,.- or t~t 2b= 0 

nn ~1r""' t. ~s b+ 0 

s ~t 0 3b"" 

s --?S 0 0 

f 
0 

PP _,.71 or t ..,-., t: 0 0 

:an ~rro t~s a 0 ·.: 

' ·s-~t 0 0 

s~s 0 0 

'. '· : 

np---+ 1/1• or t .....,t 0 0 

np --7>1/""' t~s ib+- lb~ 

s~t 0 0 ... ... 

s~s 0 0 
. 

np ~Tr0 
t~t c 0 

\ ' ~ t~s 0 lc 
)'. ' s~t 0 .lc 

2 
-. S~B 0 0 
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Table VIIIo Values of the constants,P g, for neutral meson pr()duction 

when y
4 

· is :use_d as the cquplingo V~ue of d . ~$ given, in Eq .. (23), .. 

Values ~of g5 and 86 are the same as tho$e given, ex~ept that they 

vanish .if()~. 1#· ·~ t transitionso (See Table VII tor termiqq;l.ogy.,) 
... ·. "' ' . '• ' ' . ''. . 

gl~ o; g2$ OJ gp e; g2, e; 

g~p OJ g4'· 0 g3'· e· .J g4, e·. 

PP --'> 11' 
0 t- t 0 0 .. . 

·0 
t~s 0 nn _, 11' .. a 

s ~t 0 ,0 

s ..-,)8 0 0 
; 

.. : .:,· ·.' 

np ~7r~ t ~t 0 ct 
- t ---? s id= 0 ' 

8 -?t ~d+ 0 

s ~s 0 0 
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Appendix 
';. · .. :l• ',t 

\1The quantities (I~ 1, 1!'1 } Rn. I r ) of Eqo (4) c~ be ~ormall.y' 

expanded as 

:: ("' C R.X.MI r ) n 2)\ ~ 2)-4 8 ( u ) f Ll n _ vt.C. . v l'n _ . 

. 'r 
&< !' } 0 

These expansions; when substituted into Eqo (4)j correspond to 

. a Taylor expansion of the momentuin representation of - R0 · in .3 and - -
. . 

~8 o Such an expansion can be usefUl,. how~er; onl1 if the final states 

are p1ane wave stateso This is clearljr not the case for the nucleon 

· wave f'unctiono As long as plane wave· states are used for the meson 

wave function it is onlY &.matter of convenience whether one uses a 

partial wave analYsis or. a power series in q in studying the properties -
or the produced mesonso 
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Figo · :t;;. Differential cross section for meson production in the 
• I ' ' 

' ' . . ..... Jl 2 .. ' . 
laboratory system in units of 10 · · em per Mev per unit solid angle 

(designated as <T
0 

in Eqso (12) and (15)) at 343 Mev for the incident 

nucleon and the meson rest-mass taken as 140 Mev o The final nucleons 

are assumed to be in a triplet spin .stateo_ The energy. scale in Mev 

refers to the meson kinetic energy; the angles indicated are the angle 

between the meson and incident nucleon momenta~ The labeling IA~ IIA, 

· ~tcu .. :ref~rs. to the. type of transition operator defined in Eqo (10) o 
•• • : ... 4 •• :. • 

Figo 2o . Differential cross section for meson production With a beam 
0 
~i . :·::: ', , ;• :· :'· • I • 

energy of 343 Mevo The final nucleons are assumed to be ~n a singlet 

spin state, but- .c;>ther wise the notation is the same as for Fig~ L 1 
, .... 

Figo 3o Variation of the total cross section for meson production'with 
j ;1 •• ~ •• •• ' 

the energy of the incident nucleon'? The transition operator R0 (see 

Eqo (5 9 )~ is assumed to be independent of the meson moment~9 The 

cross e~ections are arbitrarily .normalized to 8(10)~28 cm2 at 3/.t) Mev o ·· 

'l'he sol.;id· curve is for a final nucleon singlet state, .the' dashed curve 
'• 

is for a· final nucleon triplet state and includes the possibility _of . 

deuteron formation~ 

,. Fig'~ 4"~ Variation of the total cross section for meson production 9 · 

. The definitions and symbols are the same as for Fig~. 3 except that 

the transition operator R
0 

is assumed to depend linearly on the 

meson momE:tntum 9 
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Figo 5o Differential cross section (in the laboratory system) in the 
•, ; ' r • ."''I~;·. • ·, 1 L_ ': ·'~;: ••. ·,- t,.·:~· . · .' . }; , ~ •.. { . ·. .;·~.--· :,. 

direction of the beam for 'producing mesons in 343 1-fev nucleon collisions 

when the nucleon~ in th~ fi:nal state' are· in p-states o The energy scale 

refers to the ~eson kinetic energy; the ordinate is given in arbitrary 
- . . . . . 

unitso Cross sections of type III and type IV refer to the respective 

expressions (10~). The iack of ,high ·enetgy peak is readily appar~nt 

from a comparison with Figso land 2o 

Figo 6o· Differential cross section for meson production in the direction 

of the beam at 340 Mev~ The transition operator R0 (Eqo (5•)) is of 

the form leading to Eqo (16); ioeo 8 independent of meson momentum and 

leading to a final nucleon triplet spin· state~ The cross section for 

mesons-with energies greater than 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 Cartwright, Richman, ~fuitehead and 

W 
7 . . 6 

ilcox and Cartwright an~ Whitehead o 

Figo 7o Differential cross section for meson production at 340 Mevo 

The definitions and symbols are the same as for Fig o 6, except that the 

transition operator is assumed to be of the form given in Eq~ (17); ioeo 1 

linearly dependent on meson momentum and leading to a mixture of singlet 

and triplet spin states~ 

. ~: ' ' . . 
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Figo 8o Differential cross section for meson production at 340 Hev. 

Definitions are similar to those for Figo 6, except that the transition 

operator is of the form liB (triplet) (expressions (10)) with 2~ of 
. . . 

type III cross section (solid curve) and 2~ of type IV cross section · 

(d~tted curve) (expressions (10 9 ))o The deuteron peak is spread over· 

a Gaussian error curveo 
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