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TﬁEfANALySIszF w-1ESON ‘PRODUCTION IN
1;”5@;;§ifm%%:?5~j':w*NUEiEoNaNﬁbLEbNJéeﬁLISIONSf'puﬁ:;iffkiﬁﬁwi~ Fuonrn
| ‘L ”‘Kenneth.M;‘Watsoh‘and Keith A, Brueckner
© -~ Radiation Laboratory, Physics Department
University of California, Berkeley, California ,

August 22, 1950

I. Introduction

The data Which has at pfesent been obtained on the production of mesbns in
‘thée collisions of two nucleons is véry incqmplepe, yet it.is sufficient to estab-
lish a number of interesting features of these processes, Indeed, there seems to
be enough quantitative ihformafion to\warrant the development of a rational,
toherent interpretafion of the processes of meson production in nucleon collisions,
and it is the purpose of tﬁe present paper to sketch the outline 6f such a means of
interpretation oﬁ the basis of a semi-phenomonological theory, Although this type
of anqusis if far less satisfying tﬁén one based on é fundamental theory of
élementary particles, the lackiof any satisfactory form of a basic theory maked it
necessary to fall back on a phénomenological approach in the hope of obtaining a
unified picture of the procésses under considei‘a‘dion° ‘The theory déveloped here
shéuid also be of assistance in the study of meson production in complex nuelei
(which is not considered in the present paper; however) and in the'comparisdn of
the inverse processés 6f meson absorption, |
* Soﬁe of the qualitayive experimental information on mesonvproduction which
has been obtained at this laboratory is given in Table I, From the qualitative

,knowledge of these résults, it is possible to déducevapproximately the nucleon-

nucleon cross sections for meson production, These results are given in Table II,
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It was pointed éuyjbprruegka;;jChew; andggarp} that-the,broduction of
mesons in nucleon—nucleoﬁ'éollisiogfﬂis-strongly'dependent on the interaction
of the nucleons in the~£inal-spgte, Inftha_coupsegof applying thevtheory of
the present paper; the céiéulgtipns_qf theée-authofs haye-been~éxteﬁded; A
sugéestéd ﬁeans of deducing'the'natufe of the mesbﬁQnudleoﬁ éoﬁplings for meson

production by nucleon.collisions is_also given,
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R II;'Formal~Development

THe method - Whlch we: shall follow 1s to postulate @ trans1t10n operator
T, which effects a tran81t1on from a'state consisting of two incoming nucleons
to a state with one meson present and_the two nucleons scattered, and to attempt

to deduce from the experimental results the form of this operator, 1In particular,

T willjbe-assumed to have the‘formZ(units are-chosen ash = ¢ = 1)
t--gwir . w
R cah be represented as.a matrix in coordinate space of the fornm
(lev :rz" IR‘|‘.‘X1‘X2>). | o (2)

where %1 and 32“( and x7°, 52')“are the eoorainates of the two nucleons and

Z is the meson coordinate Alternatlvely9 R can be represented in momentum space
by the variables p, p' describing the relatlve momenta of the two nucleons before
and after the collision, respectively, P and P* representing the respective total
momentum of the two nucleons before and after the colllslon and g, the momentum of
the created meson, | -

The collls10n is most simblj‘described in ihe center of mess‘system,'se
:we restrlct ourselves to thls coordlnate system and set P= o;' |
kThen R has the form - |
R-= 5(_<1+P*)7(g P’ |Ro| o N )

VRO in Bq, (3) can be expected in general to be a very compllcated functlon
‘of its arguments, so.some condition must'be found to.lmpose simplifying restric-
tions on it, TFor energies sufficiently near the threshold fdr_meson pro@uction
for energles presentiy avallable) such a condltlon obtalns for -- in- the

(ise.,

center of mass system - the greater part of the avallable nucleon bombardlng

\)r
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energy is found in the meson rest-energy in the final state, This implies
relativelYfloW'kinetic energy for the particles in the final state;@nfzojMet

for the Berkeley cyclotron), so Wewshall-assumeathat‘
q, p' <p. . | ‘ (4)

(This conditionvis'better'fulfilled»than might at first appear, because it
happens that most of’the mesons have neerly all'the available kinetic energy,
leaving little for the two remaining nucleons). o |

ACondition'(4) suggests that R, can be expanded in a. power series in q
and gf with as few tefms kept as are needed to explain the experimental results
(as Wlll be shown.below at most two terms in this expan51on seem to be necessary .

) to\explaln the'present:experlments); Thus we write Ro in the;form_

R = B (e ¢ 0 01+ 0y ay RPNy e

| R ..w . . E (5)
ypy 0 (Ry (B))y + oL L «
where the repeated vector indices'ibj are summed from 1 to 3, Present experlments
seem to 1ndlcate that: the terms involv1ng factors of p' are not 1mportant at the
energles avallable so such terms w1ll not be con51dered in this paper These
terms 1ntroduce no essentlal compllcatlon in the present treatment and can readlly
be 1ncluded if further experimental evidence warrants thelr use,
- Dropping the terms in p', we can rewrlte Ro in the somewhat more convenient
form:
CRo= Z T () 0y (g,w’g -5 ) I (57)
where“the summation is extended over as many terms as are fouﬁd neeessaryi"Here'

thek r&(p) are'real'numericel funetions of ‘the magnitude of p, and the 0i are

9
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'operators 1nvolv1ng products of the veotors gband 2,w1th the nucleon spin and iso-
‘f:;topln spln matrlces 0, ana T' Wewoan‘assumesthatweachtoi 1S'homogeneoussln both
g'and p, The detailed structure of thefOi will be discussed in SeétiOn'VII, but
for the present we make no agsumption as to ﬁheir nature, |

The nonnoocu;rence of‘gf in qu (5¢) implies that‘its coordinéte representa-

tion (quu(2}) involves the relative coordinates X,' and x5' as
8 (x' -x') .

This, in turn, implies that the matrix element of K, between an initial state,

I, 'and a final state, F, will be of the form:
IR D= = e Eloin ¥yr o)

wheredﬂﬁ (0) is the coo?dinate wave function for tho relative motion of the micleons in the
finel state evaluated at the origin (i,e, ¥y (Zﬁ? - E@“) ‘xl' = Xo'), We assume

fhat the incoming nucleons are in p;ane'waye states with relativevmomentum P,

and the-ﬁrodﬁced meson is in a plane wave state with'momentum.g;(plane waves are
normalized per unit volume in‘momentum space), Then (7 | on | I) is just the

_matrlx element of the operators o and T'occurrlng in O

The cross sectlon for meson production is then

"vo0'=‘(2f‘!)4‘dJZ|(F'Ro! ,I)Iz/rr; | M

*If R were not éxpanded in fowofs of‘p“.‘one oould egpoct its effeot iniRO:to
“smear out® the émfunctlon over a region of the order of l/po‘ Unless the two
nucleon potentlal is hlghly 51ngular at the orlgln thls "smearlng out" of the
6ufunotlon w111 not appreclably change the cono1u51ons of the follow1ng seetlons°

This provides an additional Just;flcatlon for negleatlnglﬁhe p' terms in Eq, (5),
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‘where U7, is the felatiVevjelocity.of the incoming nueleons, 4J is the volume
- in momentum space accessible to the particles in_thevfinal state, and Zz_means
-a sumation over final spin states and an average over initial spin states, -If

the final nucleons are not bound to each other,

/2 dTdang (8)

1/2

Tare f2em w2 (e /e Y (r (T - Bm)

where M is the nuci;on mass;4u is the meson mass; T is the meson kinetic
energy, dilq.is an elemeht of so0lid angle about the‘diréctioh of a4 and Tmax

. -./is the initial kinetie éne?gy of the nuclepns minus thg mescn‘rest-energym The
factor of lS/lZﬂresuits;from taking w/M = 1/6; The final nucleons are treated

non~-relativistically in deriving Eq, (8), If the nucleons in the final state are

bound (i,e,, as a deﬁteron),
La7=12/13 g (% + u?)HRang T (e

In this case the mesons have a fixed energy,

Consistent with the form (5') for R , we assume that * (ef, Eq, (7))
. _ At , o ass :

CSrE R DT = @0 {r" ¢ g F,I) +
o | : ‘ 1 1% ) (9)
s 32 ® cos? 08y (F,1) + I a2 cost e gz (F,1) 4 . . }
where the n's are positive integers and © is the angle between g and p, The
gi(F,I) are numerical constants depending on the initial and final spin and
isotopic spin states,- The [¥s are numerical functions of p only, In the
following sections we shall investigate individually the comtributions of the

following terms in Eq, (9), ‘J

[

*hen ‘the incoming nueleons are not idénﬁical, there will in general be odd powers
‘of cos O in Eq.(9). As we are primarily interested in p-p collisions here, we

'aisregard'sﬁch'termé;
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Type 1A — r~2 g1y (F,I)
Type TIAT =t 78 gy (E T) o2 |
Type. IB ;_TT> ,Ffzv 818 (F I) c052 e o (10)

Type 1IB —— rz'...,.gIIB.(F»U a® cos? o

.. Higher powers of g than the second do not seem necessary,at present (indeed they
. bredict a cross section incompatible with experimental results unless their

_contribution is small), There is also no present need for retaining powers of

cos 6 higher than the second, -

_Finally, since the | 's are numerical functions of p only, they are

.constant for any given beam energy, They are also, presumably, much more slow-

ly varying functions of beam energy than are the othef factors in the cross
section, We thus assign them constant values compatlble with the 540 Nev beam
energy at Berkeley° Deviations of total cross sections at other energies from

those here calculated will then glve‘the dependence of these quantities on p,
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III, Evaluation of ln/F(p)l

If the energy of the final ﬁucléons-ﬁere*suffiéiehfly high, we could take
(23)3|V/f(9)l2 as unity (two; for identiégi iaﬁticle55;' Ihiacfﬁéi fact, for the
ercrgies presently available this quantity is effectively chh larger than unity
‘ éﬁdfmﬁétubé'caléuléﬁéd-onytheﬂﬁaéié of s@he'aséuméd force for the two nucléon
bwféyétém: In parficuiaf;‘we need oniy the partiai waveicorreSpohding'to Zero
ﬁréﬁguiar‘mbménfum;-'Alsogvif the final state is'a neutron-proton system with some
triplet spin state present, there is a large probabiiityﬁﬁhat a deuteron will
).Bé'formed, '

If the nucleonsvin the finél étgte are not-bound;.the Waﬁé:functidn;‘yfF(o)z
"'is a function of their relative momemtum, p', which is related by ensrgy

kafédhééfvatibnxfo.the meson énéfé?; T; EY o
o=@ - W
™ Vmax - | : S

{the symbolé have beenbdefined ébove)o
| Unfortunateiy, yﬁp(o),»deﬁends more strongly upon the assumed shape of

the two nueleon potential,thanydOes the low eneérgy scattering data, Calculatiéns
have thus been made for bgth“square well and exponential potentials (tensor
forces have not been included) whose parameters were:;hoéen to £it the low enérgy
seattering, The n-p (neutron-prbton)ltriplet scattefing and effective range were
taken from Christian and Harts), In accordance with an assumed charge s&mmetry
of nuclear forces, the n-n (neutron-neutron), p-p kproton»proton), and n=p
singlet potentials were assumed to be the same ané taken from Jackson's and
Blatt's Work4)« The effecﬁ of the Coulomb interaction in the p-p case was iﬂ- Q\/,i
cluded for the square well, but nbt for the ekponential weli, and amounted to |

only a 10 percent reduction in the total cross section for 340 Nev collisions
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(laboratory frame of reference)--this would give éﬁ even smaller correction at
‘higher- energies, . PRI |

| The totél”bross séctiéns daiéulated fo: the eiponential well were éome-
what more than 50 perceﬁt gfeaﬁer ﬁhan those calculafed for a sqﬁare well (for

340 Mev energy in the laboratory system); however, the relative cross sections

' M ,
for various different. final states were in fairly good agreement for the two
ﬂVaSéuhéd wé1l shapes, For inStancé9 for a final state involving an n-p system in

a triplet spin state, the ratio of the number of deuterons formed to the number

" 5f unbound particles agreed to within ébout 5 percent for these two well shapes,

Also the ecross section for fofmiﬁg a deuteron usiﬁg an eXponentiél well égreed té
within a few percent with that'caléulatéd using the deutefon.wave funetion of
Chew and GolﬂbergerSD

' The exponential well was chosen for the ensuing vcalcﬁlatibﬁsléé being
the more”physicélly reaSOnabie;'and‘all numerical results té be présenéed were
obtained from it, It is felt ﬁhét tﬁe“gréatest ﬁncertainfy afiéihg‘fr&m this
assumed well shape iieéiin the total calculated cross sections and that the
angular distributions and relativa cr03s>sectioné.éiﬁen'afe sufficientiy reliable
buntil mueh more accurate and complete experimental fesults are‘avéiiable fhan.at

‘present
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IV, Calculated Cross Sections
It will be convenient to introduce the following type of‘notation to

designate the variéus‘meson production,processesj
(T, S; p p, o¥)

| Tﬁis is taken as indicating the collision of two protons in an initial triplet
» épih state to produce a 7 meson, leaving the resulting twoinucieéns in a singlet
"spig state, - Similarly'(s, s; n D, %) indicates a singlet to'singletVSCatﬁéring
of a néutron and proton to produce a ﬂ? meson, etc, | .v
iﬁ‘the present section wevwililgive the cross sections corresponding to
the four typeé of terms occurring in expressions(10), and in later séqtibns wil;
wéonsidef what linear combinations give the best agreemenﬁ with experimeni;s° Then
fbi'the preSent we need only enumerate the finalﬁnucleon.states in‘calculating
_@esdn‘cross'sectiohs,'since an examinatiqn:of expreséioné'(lo) sﬁowspfﬁaf the
Jvaribﬁs‘initiai nucleon states°(i,e,, charge and épin states) éntef“§niy through
“ thé mﬁitipiicative constants g (F, I), Valugs of,rﬁzg wére afbifrafily?chosen to
| ﬁormalize:the'total cross_sectionS”(disregarding‘deutéfon fgimatioﬁf‘£¢ 2(10)’28
cm.z'° The valuss used foffﬂg g are given in Table IiI for fhe féur céééé of
expressions (10}, | |
| There are then three types of final states to be considered, The first
is an n=-p triplet stateAwith the neutron and proton left as free particles, The

corresponding cross section will be designated as

t t
do‘IA = Q‘OIA

(0 ,T) dng 4 T » (12)
where IA refers to type IA of the expressions (10), etc; The second is an

n=-p triplet state with the neutron and proton bound to form a deuteron9 with

a cross section:
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a0 - ¢ (6,T) dng 47 (13)
IA 0 i
RN zIA Preg o800 vt i
ete;;'wheré‘“
S | . .
oy (0,T) = 8 (T -12/13 (Typ + E4)) @ (6,T)., (14)
IA .

,:;m_\éipce:the mesqns.crgatea by deutgron formationihave gonstanﬁ energy,. . Here
‘Ed{;s the deuteron bindiﬁg energy,- The thirdvcase is an n-p or n-n or p-p

_nginglet state (as_wevare‘assuming the same singlet poteptial for all nucleons

‘H,_and are neglecting the small ¢oulomb-¢orrection for,the D=p final.State)° This

... cross section is designated for type IA, etc,, as

108, -8 (6,7) daq ar T
S : , , .

These cféss sections aré definéa With ﬁheIQaihés of rﬂgg'givenwiﬁ Table III,
The uhits‘offc“ovinléach case are assumed foibe cmgl(mev-stefadiah)'l; }
.To»faéilitéte:COmparisoﬁ with the exﬁérimenf,.fhé'différehtialECross

sections (12) and (15) (i,e, 0°) have Been ffanéfbrmédkfo fhé'labqfatory

system ‘and are given in Figs, 1 thru 6 foﬁv340g 400, and;450 lev beamxénergies,
They are plottéd as?fhe meééh'eﬂeréy épectrum'étvvainus arigleso The results
for ;OO and 450 Mev beam energies are included becaﬁse of the present existence
of cyclotrohs of higher energies than that‘of the Berkeley cyeclotron, even
though experimental'fesults fro@ %hese are not as yet availaﬁleoa The correspond-
ing values of oJodO (Eq, {14)) are given in Table IV with theif“feépective
meson energies, For comparison with experimént the 5‘afunction in Bq, (14)

should be replaced by a funetion of finite extent corresponding to the energy

resoclution of the detection apparatus and the spread ia beam energy, and the
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resulting vélues of do"d (Eq, (13)) added 0 do‘t (Eq {12)), Experiments
"at Berkeley seem %o indicate that about'one-half the mesons for the (pp, ﬂ+)
o process afe:éccompénied by deuﬁeron formation with & bheam enefgy of 540 Mev,
| The téﬁdency of the curves in.Fig‘s° 1 thru 6 to have a.beak near the
. maximum poséible mgson.energy.is due to the rapid increase in I'\y‘F(o)l2 .
Wi?h increasing meéon énéfgyema dépendence with predominates over the varié-
| tiqn'of the phase space féCtor» a7, (Eq,(7)) for large méson ene:gies;
" The variation éf the total cross section with ensrgy is.givén in Figs,
7 and'8 for final singlet and triplet (deuteron formation included) ‘states for
types I and II (constant'and‘q=dependenée; r‘espectivelj9 in the transition
~ operator RO)o The cross sections,fgll off muqh more slowly with energy than
would be expected on the basis of phase space argumengs alone, The production
with deuteron formation for a final_friplet state causes the triplet cross '
section to be appreci#bly larger than ﬁhe éiqglet at iow_éﬁérgigé: The cross
sections were arbitrarily normalized to B(Lo)fzevcmg at BQO‘MQY ;ﬁduéénstantl
ava;ues of[ﬁzg were assumsdo.lpeviations in oﬁser&ed 05955 séctiqns"gﬁuhighef
energies can be used to deduce the depeﬁdence‘of r12 énip;:théjzéié#ive momentum

of the initial nucleons in the center of mass system,

A
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V., Fit to the Experimental Data on (pp, #*) Production

Lt * . .y B e
Lo g v LS L

The most detalled exper;mental data.evellable 1s for (pp9 ﬁgjlpfoduc- ‘
+1§n with a beam energy of 540 2 Mev The experlments of Cartwflght and

: Whitehead6 and Cartwrlght Rlchman Whltehead and Wllcox7 glve the meson energy
epeetrum at ZeT0 degrees (3»50) with respeet to the beam dlrectlon Further
1results coneernlng the energ& spectrum as SOO have been obtained by Peterson8

' Here the energy resolutlon is not as yet 8o very good and only the total eross

integral of spectrum.over meson energy) at 30° is used,

o~og

- secblon (i.e
We ehall use the meson energy spectrum aﬁ Z8T0 degrees tO'determine the_

‘relative amount‘ef singlet and triplet final states, The'eiperimental resﬁlts

are indicated by the beints in Fig, 90. The it was made-by drawihg a eurve

through the experimental pOlntS and taking the ratlo r of the area for meson

‘energles greater than 65 Mev to the area for meson enefgles less than 65 Mev,

| The relatlve admixture of qlnglet and trlplet final states was obtalned from the

curves of Figs 1 and 2 and the values of do‘d from Table IV’ by ehoosing thls

‘ admlxture to give the same value for the ratlo T, | |

- The resultlng cross sectlon for Type IA (expfessions (lO)——aieo’IB, as. .

'ne’distinction can be made between IA and IB in the forward direction) is

t N
=4dg_,+40a d

d o

IWEere a G’?A: and d e’%A are the express1ons of Eqs (12) and (13), ‘ﬁor‘ﬁhis
case no singlet cross sectlon was neeessary9 but as mach as 20 percent is not
A 1ncompat1ble with the experlments . |

For type IIA {or IIB) the efoeeveeetﬁeﬁ ie

(.459) (& O’IIA+do’d + 4,364 05 ) (17)

4 0qpy = IIa T %%t 9y
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.where a G’IIA is the 31nglet dlfferentlal eross sectlon of Eq° (15), Ihe
factor (.459) gives Eq, (17) the correct absolute magnitude (thls factor was
“unlty for Eq, (16) due to the choice of the V'zg s in Table III)

The c¢ross sectlons of Egs, (16) and (17) are plotted in Flgs (9)_and (10),.
respectlvelyq ‘for 6 = 0° with the eross sectlon for mesons of energu greater
than 65 Mev averaged unlformly over the 1ntervaI of 65 to 75 Mev, | The experi-
‘mental p01nts are plotted in the same flgures to fa0111tate comparlson The
'actual shape of’ the meson spectrum arlsing from deuteron formatlon depends on the
characterlstlcs of the detectlon apparatus, so comparlson of the peak shapes -in
the draw1ngs is meanlngless - The general effect of the actual detector
A:characterlstlcs will be to raise the center of the theoretlcal peaks and to
‘spread its base -

From a comparison of‘Figs (9) and (10) it(aopears‘impossitle t0"rule
out elther type I or - type II eross sectlons althouéh'type I (tran51tion operator
1ndependent of meson momentum) seems to glve a better flt A eomblnatlon of . the
two is also quite possible This p01nt can be further clarlfled only by addltlon-
al experlmental results of greater accuracy and preferably at other beam ener-
sios. R .

\

2 dependence for R-

‘As mentioned previously, calculations assuming aq
‘(Eq, (5)) 1ndlcate that this type of term can\be ruled out except as a small
{correctlon in the series of Eq, (9),‘ | | R
‘ To 1nvest1gate the angular.dastrlbutlon of the nesonsduthe ratlo of the
area under the experlmental meson=spectrum curves at Oo to that at 300 was found
to be _. _ ‘ | - H
'\.2,'60‘_. (£'20 povoent)

The same ratio calculated from the curves in Figs, (1) and (2) with



L | o UCRL 856
~17-

" the singlet to triplet ratios found.above is for Type A (i’e,; no angular
bl 48penderies 1hitHe -centET oL MASS SYSHOM) s ira T T 1T i L L

e (00 /@ = 12 (1)

°

1,26 (114)
For type B (cos® @ dependence in the center of mass system) we have:
o, o R
g (0) / o (30°) = 5,36  (IB)
4,95 (IIB)
"_;Each'of these ratios is in-bad-disagreement with the experimental
',féﬁib; 2,60, We thus conclude that more than one term in the series of Eq, (9)
" i5 needed. We keep the first two terms in Eq, (9), eiving an angular distribu-
tion in the center of mass system of the form:
a+b cos2 9._
(a,b are indepehdent of 9,) Further experiments are necessary-to determine if
still more terms are required,
We can fit the experimental total cross sections at 0° and 300 for
n-= n! =0 (i;e, trénsition operator independent of meson momentum) by assuming

the expression:

& oy = 0,556 [d o 14+0.66 4 chB] - (18)

where 4 o’iA is given by Bq, (16) and 4 o is obtained from the same

iB
equétion-by replacing A by B.in it,

Forn=n' =1 in Bq, (9) (i,e, linear dependence on meson momentum in

_the transition operator) the,experimental results can be fitted by

a0 5 = 0.507 [_d‘ C .. 40,7 4 ¢ IIB] (19)

I 1A
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where d GIIIA is given byAEqo (17) and~again.d«c' 1B - is obtalned by repla01ng
A by B in that equation, These correspond roughly to a center of mass angular
distribution of the form |

1 4 2 c032 e

The most reasonable combinstion of terms-is perhaps to. take n= o, nlréh r

in Eq, (9), The proper cross sectlon is (we de31gnate fhls as type III):
a0 gy = .47 [a o, +070 80y (20)

~.The ratio of singlet'to-triplet admixturefinrthe final states cannot be

.« . determined for the.two'terms of Egs,. (18), (19), and_(zO) 1nd1v1dually because

“of"theflrmltedVexperimenfal data, so we have»hereﬁusedﬁtpe def;a;ﬁ;ons.of Egs.
(16) and (17) somewhat arﬁitrarily,;,a-‘— | . J;;l}‘;; S |
The foregbing analysis elthough apﬁearing to be‘frditfﬁl indicates.the
” real need for further experlmental results at both other angles and other beam
venergles It is felt that when sueh 1nformat10n beeomes avallable the present
lealculatlons will provlde a framework on Whl"h to' 1nterpret them and that then
‘ia unlque choice between the poss1ble types of cross)sectlon here discussed will
be possible, The 1nformat10n for sueh analys1s should be obtalnable from

VO

Figs, 1 to 8 and Tebles III and IV,
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VI. Othor Types of Processes
Liftieki;'kﬁoﬁﬁzef”Eﬁéﬁﬁfoggqéeé£ﬁbﬂgﬁ¥g§xﬁééo;*§£6aﬁ¢£ion?by'bther-than
P=p oollisions,“ Expefiments by’Bjorklaﬂd;’CrandallﬁnMOyer;vand~Yofk9'indicate
" that the c¢ross section for 7° neson prodoction in p-p colllsions; ifwnonvanishing;
" is less than 1750 the cross section for p-p production of uf-mesbss at- 340 Meﬁ,%
N (TheyVObserved no'production in p-p collisions, ‘the factOrvl/SO’representing tﬁelr.
' estimdted experimental ﬁncertainty,)'oThe preseot oalculetions‘indicate p-p |
“cross sections not much léss than abeut 1/3 the (p-p, #*) cross section can
'Jbe expected on the basis of the: 1nteract10n of the particles in the final state
if the trans1t1on operators are the same, It thus appears that there is some
7' selection rule prohibiting m0 production-in p-p collisions. Very little is
' known eboﬁf the crdss section for meson production. in n-p collisions, As such
Mvihfofmetlon'becomeS'availablé,1the"curveslgiVen in Figs, 1 thru 6 with the
"meSOnédeﬁﬁeron eross éégv;an;giééﬁ in Table IV shéuld prove adequate for an B

' anslysis similar to that made in the last section for (pp,w*) production;**

‘f* R, Jastrow (Phys, Rev, 'in bress) has sugéested‘e strosg reﬁulsive core for
“;81nglet state nuclear forces, As the process of mesonnpfoduction in‘nucleon
collisjons 'seems to prov1de a means of problng nuclear forces at close dlstances
~ the existence of such a repu151ve core may “lead to dlfferences in- the mesonrpro-

ductlon eross - sectlon for those erocesses 1nvolving 1dentica1 nucleons in the = -..
 final state (e g, (np, ut or ) productlon A prelimlnary'study of this,effect
.indicates that the pesk of hlgh energy mesons may be less pronounced if there

is a repulsive core, The experlmental produetlon of charged mesons in B=p

collisions may throw -considerable light on this questlo'no : ,?wf';;Wf.
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“VII, Ane;ysis of the operator 0(c, T, g, pi»
";Thevaiscﬁseion-of‘the forms of the operete: O(Gi.T';Vq; p)_;‘(‘Eq° (51))
1

i as- deduced from meson'theory has been given by Brueckner. ‘That none. of these -

‘was adequate to explaln quantltatlvely the - experlmental results éuggests-that :

e poss1ble forms of 0 should be discussed on the basis of more general arguments

“We shall restrlct the: p0531ble forms of 0 by con51dering the necessary sywmetry

“properties of the expressions and the 31mp11f1catlons of the poss1ble forms of

"~ the-operator due to the ‘smallness of the final momenta compared w1th the initial

momenta, as discussed in Section II, . ‘
If the meson is écalar--or pseudoscalarg--, 0. must transform under co-

-ordinate reflectlon as a secalar or pseudoscalar respectlvely,, Then . since we

" are u31ng the 1sotoplc spln formallsm in Eq, (5') O must be symmetrlc with

“respect to.an 1nterchange of the two nueleons, Flnally, f 31nce R 1n Eq, (1)

can be considered as-a perturbing potential in the Schrod1nger2 equatlon for

the nucleons, we can restrict it to be Hermltean,

For a pseudoscalar meson the following products of o, p, g are pbssible,
,1f we de51gnate one nucleon by the superscrlpt "1" and the- other by “2" (as c'(l)

k4

iand 0.(2) ete )

: __Alps(l) _ (p « q)-1ly (1) oD

R R L N S

. .A3PS(1) = (s olll.pal2 o (pxq)-
320 = peate® L ge® L pxaq)

2

- For a scalar meson, we have:
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n 10) | | l

—
)
P
u

(p ° q)

Ea e 0 ® e

=
1]

Ap - q ey
(poa)lo(llupyq - |
(p - )2 s (1) clpxaq) ¥ . (px a)

Fa fu o ofa Fo P
E,
i

(1) -
W=-t-ac®. g0 . g
(1) = (p » q)®L o (1) p o (2) Ce o | (22)

<.:SimilarIQﬁanfities A(2) can be obtained‘ﬁy interchanging supeerriﬁts "1"'and
éz* ana5re§lacingmg by - . Further factors of;the form (p x Q)z may be
ihtfoéﬁced, but are excluded from cpntributing‘sigﬁificantly to the cross
section bécause they introduce too ﬁigh a power of g {sée Section V),

' Ais'( with n = o )} is characteristicof pseudoscalar mesoﬁ theory with
fﬁseudéscélar“couplingrwhilé-a particular linear»c¢mbinatioh of'A{s'with_n = 1
and Ags”with'n ="0 1s characteristic, of pseudoséaléf'thebry*with'pseudovectér
chpiihé,ﬂ Ai'isEobféined:frbmﬂSCEIar-méson theory with scalar coupling, For
' further details, the paper of Bruecikuer. should be consulted.

',FOf the‘isotopic’spin"dependence,‘Wé-¢hodse~thé following combination of
T-operators: S }"? - o \
2? T ( ?4=,1Q?’55 |  fi _,   (23)

’f: (1) T and ’F.(
il ¥

‘_ where .
(1) 1 (2) (1) v (2) 1 o ) o (2
T 1 i + Ty 5 + BT, T5_ +BdT’4 "_'4 " (24)
The T (i-= 152,3) are the usual isotopib'spinﬂoperatdrs and ‘t4 is the
. unit two-dimensional matfix;f The index "i"™ on the ‘ti in Eqs, (23) represents
the isotopic spin type of the meson emitted (or absorbed),
B and 4 are arbitrary;paramenters;

We now give O the following form:
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0 = [r,(# 1A . T 1) g a2)]
- [ (1).pa(2) ~T_.7(2) 0 A(z)]‘
s e [T T’(Z) a1l s T, (1) A(Z)] . | - |
wplr T (1) A(l) T T,(3) 4 (:5_-)” e (25)

PR
2

- ij“gHere the 1ndex e correspon&sto the type of meson emltted or. absorbed f)ls

»;.,an arbltrary parameter and e -is. restricted to be - l in order that R be

:Hermltean (Oarn»Eq, (25) is defined to within a factor_-lvsf,ne_‘?A This

ifactor 1s 1rrelevant for calculatlng eross sectlons SO will,no#vgevexplicitly
vriflncluded ) The form of . 0 1n Eq, (25) is 1nvar1ant with respect to an 1nterchange
'&;.Alkf,cf “l“ and -"*2"-- that 1s an. 1nterchange of the nucleons ’ In accordance with
;'if33°.(59) R can be expected in general to be a.sum of 0's of the type given
‘wl;by aqo (25) W1th varlous different A's of the form given in Eqs (21) or (22),
| (25 1mp11es .an. assumed symmetry W1th respect to an-. 1nterchange of |
sZﬁnnfl?ani36£9Pi9tsPin3S§a@?s whlch‘is;impliedfby_meson_theomy, If this is not
"ﬁbfnéwéﬁf b& exoeriments” a more general assumption as to}thei;sotopic spin
dependence in Bq, (25) Wlll be necessary,

inoe To investigate the allowed types of tran31t10ns predlcted by the varlous

‘ A?svin qu_(25)9 we keep but one term at a time of this type 1n;Rd;erhen

fwpiting o T s_
% i . IR . . < N 2
SR G N | (26)

_nwhere the sum represents 8 summatlon over final 'spin states and- an average

over the 1n1tial spln states . we have for pseudoscalar mesons:

e
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&
[}

M2 o 2(0=1) (405 0) 2(nml)'gi (F,I)

- P2 2n 2(n#1) (gos ) 2n 85(F,1)

o)
2
i

ag = 2 % gB(3-1) (cos 0)21mB) sin 0 gy (7,1.)

T 20 2(0v1) (os 0)2(0-1) sin 0 g, (7,1)  (27)

&
"

. For sealar mesons we have:

1 1 | 2 |
Q= ri_z p*R ¢*R (cos 0)°0 gll(F I)

12 2 gz(n*é) bos 0)2(878) g1 (F“I)v

5
—
1}

gt - (512 520 g0 (cos e)z(nfl) six20 g3l (v, 1)

1 12 .2 2(n-2 :
el e )2(n-2) s1n49 g41 (F,I),

qzn {cos ©
a5t = 1R o8 242 (cos 0)0 gt (F,1)

‘Q6l =.”r%lg p2n.q2n>(eos g)z(ﬂﬂl) 561 (Fgl)stl“(e)d.. "” : ‘(28)

~In these eduations,thevsubscfdbt bn~fhe Q's refers todthe subscript on the

» Als of Egs, (21) end (22), The M?s are numerieal-fﬁnctionsdof p only and the
_g“s are numerieal eonstants dependlng on the 1n1t1al and final’ states and are
. the g's of Egs, (9) and (10}, The gls fall into two classes, depending upon

- whether n(#he power of p in'Edso-(Zl) and (22), which.is assﬁmed'large enocugh
that thevexpoﬁehts of d and eos 0 in mqs (27) and (28) are never negatlve) is
even ef’oddo_ We can designate this evenness or oddness of n by an addltlonal
subscript en.the'g“_s9 i,ecs "e" or "o” respectlvelyo Then'we write

’”gl;e, gl;qo gl;? e, ete , The angular dependence of QGl depends upon F and I,
;\so,isddesignated Just as a fun@tlon of 9 The values of the g“s are given in

: 12 .
. Table V, ~1In Table V the folldw1ng abbreviatlons are used°

,g:§;8/§“§;5‘ + d)z (l + e)z
e =8/5 [pi1-a Q) (1 . e) s (1 ; e)]g,dd.w_; = .
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fhose gts:ﬁering the same value.are]grouped in one column in Table V.

Tﬁe'eross‘seotioﬁs:for meson'production are obtained by substi—
tutlng the Qs of Eqs., '(27) and (28) for =|(F IR |I)|2 in Eq. (7)
an unpolarizeé 1ncldent beam, one must of course take 1/4 the cross
_Hseotion for an 1nitial singlet state plus 3/4 that for an,lnltial trip-
let state.

None of ther's in Egs. (é7)vand (28) is satisfsctorj alone because
of their engular distributions'(cf Eqs. (18), ((19),_and (20))° “We also
need consider none with a power of q hlgher than the second. There are also
dlfflcultles with most of the g s in Table V, even in llght of the meager
known information onzthese processes. Thus those g's in Table V, column (e),
predict wo production in p-p, but not n;p collisions, contrary to’opservation,
Those in coiumn @)correspond to a g2 depehdence of:the'Q's,ubut do not permit
v,a mixture of'singlet.and triplet final states for (pp,'nf);production as
"seemed necessary in Sectlon V. |
“ In the case of the pseudoscalar type of - 1nteractlons, the g's of
column (a) can be made to yield no (Pp, ﬂb) production by. taking &' in Eq°

;hp(29) equal to zero. “Slnce d = -1 would appear to be & numerical;coin01dence,‘
, ,Ult seems. perhapslmore reasonable to take e - -l. Also these types of 1nter—

»_actlon can only be of Type I (51nce we haVe e%cluded hlgher powers of q than

the first’ 1n»the»tran31t10n operator) Thrs then 1mp11es,pby the results of
Q-Sectlon V that ‘the amount of s1nglet f1na1 state in (pp, LA ) productlon must
be. small which in- turn 1mp11es a relatlvely small (np, vf or ) cross
sectlon, (as is apparent from an examlnatlon of Table v, column (a))
~.Pseudoscalar interactions leadlng to column (b) sgffer fromAthe dlfflculty
* that they imply mesopémomentum:depenaent matrixielements-(Type Ii), but give

no final state singletnadmixtﬁre‘for the (pp, ") prooess;_in disagreement
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with Eq. (17). |
P ;-The.angulafAdietributiQn deduced-ianeetion_V seems to imply that Ry

~must contain the sum:of-at least two interactienseof the sort given ey’Eqs.
(21) end (22). (The interference terms in the cross section resulting from
adding two types of O's in Ry vanish in most cases, but may be easily .calcu-
- lated when non-venishing.) The arguments of the preceding paragraph- when
applied to linear comﬁinations of.two terms are quite restrictive. In fact,.
for the pseudoscalar interactions there seems.to be only one combination of
two terms that gives the correct‘(pp,’n+) cross section, as deduced in Sec-
tion V. This involves & sum of 01P® (n = 1) and 0P (n = 2) (the notation
‘on the 0's cofresponding to that of the A's of Eq. (21)). This gives a
cénter»ofumass'angular dependence of the form (a + b'q2 cosze) -=i.e., of the
-general form of Eq. (20). Here the constant term contains a singlet-triplet
final stafe mixture and the q2-c052@ term contains only a triplet final
sfate. The parameters of Eq. (29) can be used to adjust the amount of
singlet state as was done in Section V. TFurther experimental information on
cross sections for other processes will be necessary to,fix these parameters
uniquely. There are several rossible combinations of terms for‘the scalar.
type of interactions,

- It seems, however, necessary to aweit further experimentel results
before attempting fo make a uﬁique choice betweeﬁ interaction types. That
~such a choice can be made'seems very likely, due to the very different pre-
dictions concerning selection rules, angular dependence, and ene;gy spectrum
made‘byAthe various interactions of Egs. (21) and (2?).'

Fﬁrther infofmation coneerning these.interactions can be obtained
from experiments on tﬁe inverse processes of meson absdfption. Fer instance,

the absorption of a w”-meson by a deuteron with the n~ energy going into the
. ’ N .
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kingtic:énergieS'of the final neutrons, is the‘eXact“inverserof_the (nn; n”)
process to form a deuteron, If the n~ is'absorbedvfro@ the l@westrBéhr
drbit,fﬁowever?‘éomé‘care must be exercised in interpreiing Table V,féince
thgn,thqsé,ipteractions 'oij.qso (21) and (25) containiné an odd power of q

will very neérlyWVanish. Indeed; all the scalar interactions of_Eq.v(22)

~

vanish for this process. i
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VIII. Conclusions

o T . . .
e e o ‘o e
v NEER N s {1 !"7 e ‘:‘?u"" ~5

We have glven the outllne for an analy51s of meson productlon in

/

nucleon colllslons which, it is hoped, will be of use in better understandlng
. these processes° The necessary amb guitles in the present conslderations can

ﬁundoubtedly be greatly reduced in the near futhre by the constantly 1ncreas»
. 1ng amount of experlmental materlal becomlng avallablea' -

Such difficulties as the. dependence of the cross sectlonlon{nhe
interactions of the nucleons in the Plnal state may be troublesone when very
'_accurate and detalled data become aVallable°°bUt may actually be of great
. value in obtalnlng further 1nformatlon on the nature of nuclear forces them-
A:selves due to the somewhat crltlcal dependence ofur(o) on the shape of these
_forees That 1s, the 1arge momentum transfer lnvolved gives & means of
probingvthe forces at small dlstanceso . | R |

: We must flnally recognlze that the deductions in Sectlons V and Vi
are based on very 11m1tea experlmental data and thus mayvhave to be.modifled
. as new and more preclse data becomes avellableo It 13 felt however, that
the general framework of the present theory is well estab1lshed by present
experimental results. - :

There are several noteworthy features of the pred;ctions.made by the
present theory. The first is that the cross sections do not decrease with
decreasing beam energy=»or increase with increasing beam energy--as napidly

as has been thought (Figs. (7) and (8))° This,implies‘that it will be |
.easier'to do experiments at lower bombarding energies° The rather ‘sharp

peak of high energy mesons=windicated'hy Figs. (1) to {6) and Table IV--will
be of considerable assistance in obtaining a source of nearly monoéenergetic

mesons for such experiments as meson scattering. Also, the observed angular
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distribﬁtions depend father sensitivelyvon the assumed.ceﬁter-of;mass aﬁgular
--distribution, ﬁhich should make deductions as to ﬁhe'férm of the latter quite
_straightforward. | :
A study of‘fhe curves in‘Figs.'(l),to (6) with the cross sections of
Table IV should be“uSeful in planning further experimeﬁts on the productien
of mesons, in that they give an indication>qf the #ﬁgles and enefgieg?at
: ﬁhiéh the most mesors should be found. | |
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A. Free nucleons | ' " B. Complei nﬁc}ei
 1) P+Poq A(all-ow'ed.)_(.a) 1) Pf + (P,N.)'_‘—iu*' (allowed)(c).
2) P +N ;9nf-(un0bserved)i - 2) P+ (P,N)— n} (ailowed)(g)
3) N + N 1~ (uncbserved)  © 3) P + (B,N)— n® .(alliowe.c_l)('b)
 4)_N + f—* - (unobseiﬁed) ‘ 4) N + (P,ﬁ)-* n*‘(éliowéd)(d)
5) N + N-é ud (unobserved) - 5) N 4.(P,N);* n““(allowed)(éi
6)‘N + P n°‘(unobserved)'-: | 6) N + (P,N)= n® (unobserved)
B Ee e (crpiaten) e

Table I. Qualitative experimental results for processes involving production

of dharged’énd neutral mesons By nucleons bombarding free nucleons or complex
" nuclei.
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I. Process ,II;.Expéfiment iII. Total cross sections
B | “ -,f“w txﬂftv?'Gébmgléﬁ‘ﬁaéiZEf t‘:Fiée s
' 1)'p + Pont ailowed A(J.\),:'B(l)’ “3;.3"3 15,,0' 6; 2 '
12) P+por®| forbidden| A7) | . |.0.1z%0.
”3)‘.-1‘\1 + P— ot |. allowed | ' B(4), B(2) 4 .'\0;31' 0.4 T
4) N + P— n | allowed B(2) 0.8 + 0.4 B 9
5)‘N;; P> n® - allowed | . A(7) +_B(3); .  i,vli 0.9 9
6) N + N— n~ | possible o B(ﬂ-". o  ?”_ ':"?
7)) N+ N 7° | unobserved e P

Table II. Nucleon-nucleon cross sections for production of charged and
neutral mesons. The experimental results given in Table I from which the

cross sections are deduced are indicated in column II.
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I 4 (Triplet)’

I (4) Singlet‘

II (&) Triplet

11 A Singlet

o L . ' 2 ' am?
2 |1.94(10) "4 (liov) ~Sen? | 2.01(10)%4 8| 3.68(10)-48 & |3, 28(10)=48_°%
e od0)thlhon) Fen? | 2.0000) g T | 26800 Kgueryr | 22800 Ty
 1(B) Triplet I (B) Singlet | II B‘Triplet I1 B Singlet
5 | ‘ me 4y cm2 cm? cm?
2g |5.82(10)-44 2 6.03(10) 44 1.10(10)~47 9.84(10)~48
£l (10) (Mev)? _( 2 (tev)> 10) (Mev)7 o (Mev)7

Table IIIo Values of the arbltrary constantsf’zg adjusted to glve a total cross

: sectlon (neglectlng deuteron formation) at 340 Mev of 2 x 10’28 cm2
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e 1A IB | IIA | IIB | Meson energy .| Bombarding energy |-
g WP e Le A (Mew) vy kg (Mew)
oe 1,46 | 4.38 | 2.53 |-7.59 73

30° 1.24 | 1.09 | 2,16 | 1.90 56 340
609 | 0.66 |0.16 | 1.16]| 0.27 28

0° 1.79 | 5.39 | 6.25 | 18.75 128

45° | 112 |0.04 | 3.91] 0.3 | 83

90° 0.35 | 0.58 | 1.23.| 2.03 27 400
1350 | 0,13 |0.12 | 0.47 | 0.44 13

0° | 2,18 | 6.5 [12.3 | 36.9 158

459 1.32 | 0.26 | 7.47 | 1.47 - 105 450
900 0,48 | 0.52 | 2.69| 2.93 42
135° 0.19 | 0,50 | 1.08| 2.83 19

Table IV

" Differential cross section in units of 10-28 cmz-per unit solid angle

for production of a positive n-meson and a deuteron in a p-p collision°

8 is the angle between the directions of the nucleon and. meson momenta

in the laboratory system. The columns Héaded‘IA; 1B, etc. are for

transition operators of the type 1A, IB, étc: tespeétively (ef. expres-

ﬂhéioﬁs.(l@)f.
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8150382:0 | B1,€582,€ | 81,€38%,¢ | 81,0585,0 | g}, 0 (F,I) £ (8)
835038450 g3363849e g)‘se;gésé g/lyoigéso'
J ’ 1 -
g3 0 gB)e
ol ap?| . o 0 |367(1p)? |2b7(1-p)%(141/2 cos? )
- q7 - S
T —-s| brse)?| 0 0 0 b* (1+0)2 sin? ©
§S—T 0 3b™(1-p)? o | o0 o
S —S 0 0 3b* (1+p)? 0 0
PP — n°
e T—TL 0 0 0 0 0
S | T8 a(1+p)? 0 0 0 a(1+0)? sin? @
s —T o 0 0 0 0
S —8 0 0 3a(1+p)2 0 0
NP—1*p _op| o 0 0 0 0
NP— 5~ L 1 1 .
- ’ RS :
TS| 2t (14p)2 |20°(1-p2 | 0 0 5b*(14p)2 sin? ©
S =T 0 o0 0 0 0
— 3+ (14p)2 | 2p- 2 25 (1-0)2 cos?
S S 0 0- 2b (1+p) 2b (170) , 2b (170) cos< ©
NP—> 1% | T —T | c(1-p)2 0 0 %c(l-,o)2 ¢ (1-p)2(1+1/2 cos? 6)
T —$§ 0 |2c(1-p)? 0 0 o0
S —T 0 %c(1-p)? 0 0 0
s —s$ 0 0 0 %c\:(ll-,o)2 . %c(l—p)‘? cos? @
(a) (b) (e) (a) (e)

Table V. Values of the constants g and g' for various processes of meson produc-

tion. The definitions of a, bi, and c are given in equation (29). The first

column gives the type of process, the second column gives the initial and final

spin states as singlet (s) or triplet (t).
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Fig. 1. Differential cross section for meson prgi-

- duction in the laboratory system in uhits of 10~

cm? per Mev per unit solid angle (designated as oo
in Eqs. 12 and 15), at 340 Mev for the incident
nucleon. - The final nucleons are assumed to be in.
a triplet spin state. The energy scale in Mev

refers to the meson kinetic energy; the angles

indicated are the angle between the meson and in-
cident nucleon momenta. The labeling as IA, IIA,
etc. refers to the type of transition operator de-

. fined in Equation 10. In the following Figs. 2-6,
, the units end definitions will be the same except
where 1nd1cated
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Fig. 2, Differential cross section for meson pro-
duction. The incident energy is 340 Mev, the
final nucleons are assumed to be in g singlet spin
state.
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Fig. 3. Differential cross section for meson pro-
duction. The incident energy is 400 Mev, the
final nucleons are assumed to be in a triplet spin
state.
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Fig. 4. Differential cross section for meson pro- - .
duction. The incident energy is 400 Mev, the

final nucleons are assumed to be in & singlet spiﬁi
state. : | - f



Fig. 5.
duction.

Differential cross section for meson pro-
The incident energy is 450 Mev, the

final nucleons are assumed to be in a triplet spinf
state, ‘

— et
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Fig. 6. Differential cross section for mescn pro--

duction. The incident energy is 450 Mev, the

final nucleons are assumed to be in a singlet spin

state.
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Fig. 7. Variation of the total cross section for
meson production with the energy of the incident
nucleon. The transition operator Ro (see Eq. 3)
is assumed to be independent of meson momentum,
The cross sectionsd are arbitrarily normalized to
8x10-28 cm? at 340 Mev. Theé solid 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.
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Fig. 8, Varistion of the total cross section for
‘meson production. The definitions and symbols are
the same as for Fig, 7 except that the transition
operator Ro is assumed to depend linearly on the
‘meson momentum,
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Fig. 9. Differential cross section for meson pro-
duction in the direction of the beam at 340 Mev.

The transition operator Ro (see Eq. 3) is assumed
to be of the form given in Eq. 16, i.e. 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 formstion

at 72 Mev) is averaged uniformly over the energy

“interval of 65 to 75 Mev. The points indicated

are from the experimental results of Cartwright,
Richman, Whitehead, and Wilcox! and Cartwright and
Whitehead.
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Fig. 10. Differential cross section for meson pro-
duction at 340 Mev. The definitions and symbols
are the same as Fig. 9, except that the transition
operator is assumed to be of the form given in Eq.
17, i.e. linearly dependent on meson momentum and
leading to a mixture of singlet and triplet spin
states.





