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Introduction: '· 

.... , ~-. ., ... ··· . ' •• --~ ! • '· ' 

.•. ~. I 

·. A 'general revie~ of,piort production in !lucleon:..riucleus .•· 
<· . ' .. ~ ·:.' .... collisions ~ay be found in ChS:pter III of.R. E. M&,roha.k's book, 

. . · ·''Meson Physics." published in D~~ember, l95Z, by.McGraw-Hiu 

. Boo:k'c(). : E~periPlente re'cently:·comp~eted.~t the,Bcrkeley Radiati~n 
Lab~tS:tor.y:. provide. som.~ adci~tio~al·uripubli~hed rati~ data. It .is 

· :Wttl'l the kbid perzriiesioll of the ~arious:~xperimeriters· who were . · · 
. -,· . - . . . . . 

.··involved iJ1 experi_m.ents 3,· .4, s,· 6, ~. 9, lQ, 11, that ~e ratio data 

. 1n Table fhave ,been. srtade: a~all~ble. for di:~cus~lori·~ ~ . 
- . . . . . . -· · .. ,, 

· · :. · It i$ eVident. f~orn ·an tnep'ect.ion o~ Table 1 th•t pion production· 

. b~s b~en ~·stud~ed ~itb nucleon beam energies. ranging from Z40 to 3.81 
- ~ . ,. '. . -, .. ),' .' : ,. . . . . .. ·' . .. . . . . . ... 
M~v .. , t:wo typefl·.of pioii. deted:ors were employed: ·the nude on emulsion 

. and the scin~illatior.\ CQttn.ter. · 'A magnetic field was usually placed . 
:._ '. ' ' • f .,.-. ••.• : • •. . -- ' ··_ ·:·· ' ,· 

between the' target ~and the'detectors to reduce the. <~hai-ged-parti:cl~ 

.. backgro'undand to. s~parate th.e negative anti p~aitive pions:; .. ,In:· , 
nuclear emulsions, the 'positive' pions are recognized b·y. th~ir d~cay 
~ . . ' ' .. ' 

to positive .muons~ . About th~ee quarters of th~ negativ~.pions form.··· 
. ~ . . t ' . ·' . ' . ' r •' ..-. . ; • . '• . . ~ ' 

stars . 

"> Wit~ scintillation counter~. pion iden~~!icati~n was m.ade py ·· ... 
. measuring velocity and/or range of 'the particles, ~d their curvatu~e 
· in the. t"na:grtet~c· field. . Co~ter ,arrangemen"ta ·.yield pi,on dat~ at' a · " 

- . . . . . . . ~ ' ~ . -. ' ' . ~ 

gre~ter r~te. than th~ e~ul~ion detectors.' Thei · prind~al di~advantage 
•\'·'· 

•, ' -!'' 
.. . ' -~. '-~ 

. ~· 

·• 
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-·. of counter,& ia ln detectu\g low-~~etgy pio~s '(becaus_e of the thickne.ss 

of-the scintillation material) and in ·separating electrons and· 'high~ 
tn'lergy pions of the same mome~~um. U the productlo~·~f pions is ·_ 

. v~ry small ~o~~a.red. to the, charged partiCle backgr~und, the nuclear · 

.. emulsion seanntu· tends·. to count too. few 'pions., ·whereas the ,scintilllit~ng . ' . 
cpunter rnethod.s tend to. count too many pions. ·This type of systematic . .' 

.!' -. . . - .• '. '. ., .• ' 

effect tends_ to ·yi.;ld.pion ratios that are either too -~mall or too large .. 

'."' 

. ~ \ 

·More .data exist as db·ect:ratio. data,. fewer as pion energy· . 
'. •. ' ' I . . 'j. • • . ' '. ' r : ' :' : • • ' • : •• • : ,,. ~ • ' ~ ' '. ' • ' • '·. • : •• '' 

spectra. Fqr _this reason it was decided: to compare the pion differential 

cross s·ee-tions as a function 'of p'!on·~'nel"gy;lrl -.·gtyen ~nerg-y :rangel -. ·. · · 
. . . . . ' ·, ~ t, ~: ~ . . ' •.•. :· .: .. ··'II .'. -t. . -~ t ' • . • • 

. rath.er than the indfgr.a.ls- of the cr~ss ·se.(!tian over the pion energy. In 

.. · f~rming the ratios t:r~m th~ e~ergy spectra' we hav~ ~av.oide~· the extreme 
-~ . • . •• • • • ~- , :.. ~-·· .......... , • t ~-· ' .. ;, - ·. ' 

.·_low and high ~nergy regiQns, .since .the ratios approach l and <;;P· respec~ 
' ' ' . ' . . ' ' 

. tively, and the·~umbe.r of cl'l~rged pions,of one, ~ign app,r~aches zero. . 
" • . . ,· . . •. ''· ' • ·• . ' • . . _,. '· . . . .· • .. ·. • • • •• '" ,) ·,~,."·' .41-. ~ ' "': ' : • {' ~ -·'o ' . . .4 •. 

,The energy .range !or the ~rectly deter~ined ratioe was about 15 percent 

to is percent. depending. upof). conditions chosen l>Y the e~P.erimenter. 
· The same energy' r~ge has .been roughly considered in forming ratios 

.from the energy-speCtra d~ta •.. The data canbe:~·oinpared fr~m-the_.foliow~ · 
jng plots. _: .. Lab angles and pion· kinetic energy in lab system are used..· 

, - - . • . . " I.. . - • , ... 

. -
. . . . ' 

.· Discua 6ion· of Data 
.,_ 

-~--
' .. ~ . .. 

l 

Th.e m'ain features of the eharg~d pi.o~ r~tios produced in nuclear--

-· 

nucleus colli~icins~. based upon the precedb,:g ·d~ta, -are ae,.follows: 

" .. . ,·(a). 'tndependent of target and b~ain ene~gy 
1. _The ratio R is high. -

i. e. , protons incident, 'If+ /n- ;:::; l 

·· neutrons incident, 11':-/i/ >> l. · 

2.; R increases a8 a larger p~on ·kb1etl~ ener_gy 't iD 

:obse~ved. 
·· · . · 3 .. For .a fixe(,\ T • . .R ·decreases ae pi.i:>n angle of. 

emission 0 is increased·. 
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(b) 

~.:·.(c) 

As atomic.·numbet.o£ target is inc.reaaedt R decreases. · · 

. ·· •· 

. F~r a fl~e·d ~a~ get,. R .p~(,b~bly dect-ea~cs as .. beam energy.: . 
is ~a.· iae .. d.. · :._.:.' · . . · . . ·· · .. · .. · ,· · .· . :· .,. . · · . . .... · . 

• .. ·' "l ft 

So~~ _of the data may not be ~on~iatent. with these ·gener~l .atatements: · ·. · · 
. . ,· '. ·.. 0 . ·, '• . . . . .·.. .. ' ' .. 
The aluminum ratio at 0 ~- ·90 seems to decrease as .T is. increased; . 
' ... ,.. . ' ' ,• . : ' ' . • ' :." '; . r ' • > ,·' ' : . ' ·:."~ • . ' ' • • "'. • • • .• 

howc;iv~r, the etatistieal errora .. at'e ia't'ge. ·, No 6ther data on Al f!Khti' . 

·The ~ ati.o tor. ca'rbon.' at · 0: ;.,. 180° (Fig.· 7) ie oithe · ~am~ order, as or . 

·higher. ~an its ratio at ~ ~: 90° .(Fig~ S). :For. neutt-ons 1-neldent on. 
. . . . . . . . .• . . . .'• . . : . . .· .. . 6 . 

carbon t}?.e 'l,"lltiO ·.COD.tblUt!S to 'drop ;io.:t ansle~. greater .thAI\ :90 . (~ig. 1) .. 

'.c .Finally th~ rati~s £~~· ~.atbon 90° inere~e~ ffotn abo~t s· to, 10. whe~. . 

incident pro"it;>n energy ~s raised !r.oin 340 to:~sl Mev (Fig; 5). . 
. ·. • . • • . . £ • . . . 

.·. w~. believe 'now that' c:hafge iliutepen~e~ce ·~ ··~nd' c~nservation 
~- i ... ···."' ' . ·.:·. ~ •. : ~ ~-- ~--· .. ,,. .-. . ·.• . . : ... ,--:··.. . ... ··~-~ . ·, · •. ~:. : . .'' .•••· ,. ' 

. . of isotopic .spin, are ·the principal rea.sonl· why .the process n · +· i>. -
•. . . . . .. . . .. . ~· ·.. . ! • . • •. 

, ,'If~ ie 'testr~eted COtnp~~ed tO. p + p -+ V .· Ot' n + n ~ 11'~; • r;he 

exclusion and coulomb arguments. are still operative, b~t. ·are not 
· die r,nai~ :~aus~·~ f9r. ih~{ lar:g4:! ~atioe .· .. · · · .· · ·· ': · · · · · .. : ; ·· 

'·.' 

(1) Exelusi~n Argument 
~ • ' ' • ;a.~ ..... 

'· · ~The· general' features of the ratiQs.- .ho~ever ,. such as the 
··.·•, .. ·.:.,, • ¥ •• ··~··_:. ,1:·1' .. : , . ._.:.; ~ •;·' . ,

1 
•-.. .. ~-~< .... :· :, ·' ~·.-·' ~!(.,.'· · .. ·' .. •; ··._, I . I 

· · ·. · var~ation with ph>n'energy; beam energy, an<J,'angle of emission, have 

. been pr~dicted .byChe~ and Stei~berger1~ 1-hei; arg~ment ia as · 

. follow~: :: .. Pion ·p~odttctio~ '8 aslum~d t.o ta].<e. place in colli~lon · · 
be.ty .. ~-~~ ,a higl;l~e-~e~gy i~<:idertt' riuclepn. and ·one. qf the nucleons tn' '.· .· .· 

' ' '!'· .. . . . . ~ . '• . J , • • .• • 

the .nucleus. . ·In their th.~ory; the pi~n production probability ie · ·. · · 

. modifle'd by, tlie'lilte~acti~ of. the t~o.final nucleons,.. af~r .collisi.on,· 

.wltli·th9s~ ·n~cl~ons.inthe nucleus. th~t d!9 no;:tak~ part,in ~e C()lli~ton . 
: U the two c:6iiisi~n nuc~.~o~:s d.o ~~t h~~e ~nou~h ~nergy t~· esca~e 'Jrom 

' ' ' , .C~ _, , .. • • .,. !I ' ~ . • Iii) • ' ' • 

the nuCleus,· than they must be ~a.d:omtt1odaied into the nuclear struet?re ~ 
The Paull .Principle exel\ldes 'one~Or: ooth: nu.cleons fr~m entering .cells 

· .. : l!' • ;' ,·.··' •~: '. < • •'': ··'• .. ~- .... .1', 'l~~ ~-' .. -~~-~ ,',,,, '.· r ~.·· 
0
°., 

0 .·.·.~ / .~ 
. iii phase space which are already filled.',: :A:c'C:<lrdbig to the, statistic:al . 

.•.• . . . . . 
: gas model ~f the nu~l~us; the ce~ls in pha.se · ~p..~C:e are· filled ~~ :.,~o a 

. . ~aximum·~omentum correspt)~d~ng to ·a. Fern\ikine.tic energy .'f:.F 

. o.f about 2~ Mev ... :OVIing to the u~certainty principle,. the ener'gy ;vilue 
• ,.... ... .. . •. : .• '.. . :. ·'_.,,. ',J , ' ' .. .-·. ,. .• . . -ia not precise;. ' ' . . '. . . . . .' ·.. ' . . . ' . ' ·, 

1 G. Che·w and J. Stei:hberger,· ~hya. Rev.!!• 197 (1950)· · · · 
,:):. 
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. -., ,. _ ·: .Ch~w· a;d St~i~b~rg~r ·.made a ~:~ugh esti,mate of ~he.r~lative 
~ffi~ien~y .for ir+;,;., producti-on b\:prot9n-n~cleus col\isi(lnS. ~ith the· 

~ . . . : . . . . . . ·"" ' . 

' v' 
result that 

'; 
'If. : . 

.... (,' • .. 

\' ' • '·, ' 'P • ~· ,, 

.: l ; E ·;· :{,. .. ./ Tl : : ·'> ' : 
..... _., __ ( -F •. -m '·· •:,! _, .· 

·- l•-.(ZT."/T·_·j_'l')··_-···' 
·.. " ···F .. m·. - • · .. , 

.. · .. 

' ~ . 

., 
,• 

·'·<' 

-~- -;;,, r ~- ~ '•·-~·~ ~ ... -•• · .··:,· .·~·· ·.r"_.": 

_ wher'e .T . :.is the m~imum po$si'ble laboratory kitWtic 'energy.,~f the · .. - . ·.·_ m .··-. .·· . . . •_. ... -- ., ·.-· "_ .. 
. '•. pi~n, .T· ~~ th,e ~b•erved .. la~orato:ry-kfnetic energy~ and EF ,i,s the kinetic 

· , energy of ~nucleon in a «;legen~rate .. Ferm~' neutron ~.proton gas; · · · -
' ' : ' " . ' ' . :··. ... ' ' ··. ' ' ' i : -~ ' ' '' : . ' - • ' ' . - ' ' - ' ' ' 

· . · ,· ~ ..... _._ _ · The· eJ(pected char~ed•pion ~atio :trom_•a nucleu• co,ntaining 
' equar~umbers· of protnn.s: and·.;:eutrons is:' ,. ;-~ 

... . . . . . ~ . . -

,. 
•, 

... 
. -" 

... 
1f .. 
-~ '-i:' 

+ 
1f• 

3 io~ proto.n .. incident ._ 

3 for: neutron inCiden~ . 
I ~ . ,{ 

' ·, - .. ~- . . ' . ~ 

.· 

".·. 

-This aeaumed that the iol~owlng proeessE!·s.are~:eo.ch eq-b.ally probably: 

: 

.. ' 

·,· 

For· protons incident;·~.. ·· •· 
-' \'• 

. ·-~ '-. ':, . +· .. 
.P + P ,._ · 1r + p +- n .. 

' ' 

-t<. ·• + p· - :.,+., + n: ''+ p-··-: __ · ...... 
\r '· , . . . • 
'" '':{ ,"~-~~ -~' ~- "11- ..... .,·i ....... ~t ... ~ t~!._~-...... -,._0. . ~· .' t.;.·/ . 

. . . . p + n. - ·1\' .' +. n + n . 

-. 
'1 ... ·., 

.' 

, ... ~~::·'+: _·.#·~--·: _:-::~~--.. <,;- ••• ··~·-
,> .- - : p f n ... ·: . .-, . + .:p ~ -+ p ! . . " . ~- . ~ ~ ·' _;.. '~ • -. 

'. . , .. _ 

The. net re'eult f~r 'the fin&l·ntitt~hilf is that'tfs\e!. extrif~eu't~on is.fo~med 
·when a 11+ is made. T~o .~xt~a p~ot'on; mu~~ be a~co~~oda:ted when 
·a n: i's m2.de. _.,,· The :hiod~fied Chew and''St~inberger"'.re.sult for·:·pJtotonB 

. incident is · '. 
, .. 

"' 
+·:· 

'IT . . 
_.........,_.~.~ 

. ... ' 

' 1r ·-· 
' . -~ ' ' . ' . . ., ' -~ ' ' .'- '. + 

For neutrons ·mcident, ·the-.. eqU.atior( is ·fhe :same. for .v .. /"' . ratio .. 
"' ~ ·..... ;. ~ 

-"' .. . . 
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· (2.)" ~A.~f~·~m:ent ~th Expeiimen~ .. ·. , .. · 
! . ' •' ... 

: ' . In attemptirtg to !it ~b.b · fo~m'-l~a to the .. e;xperimentat · 
• . . '. . t • . 

· · -ratit.l data. for·.;x·ample. helium;· Fig .. 3, as a·function pf-T~ one 

· .. :·find~ tluit to obtrlin a ~igb r_atio -·~ g~eate~. tb~n 'about.4' ,;.., .. o~er a 
. " : • . ·. . ~ ' . ,, .' .. ' . .,· • .. ~ .,t 

w~de .. range ofT, fue .. quantity T . .:.· T:(~he nuclear energy)· must 
, . . . .... . ·- ... · .. . .m,. .,. ., . . ... ..· ..... 

·· · ~etriab1 f~.i'rly ~o~at~t. 
1 

··.There:ore:. .any e_onstant v.111ue for Tm. 

, i~ ru~ed .out. 'The maximum pi~~ energy depends up~n tbe'targel · .: . 

. nucleon moinentu~ an_d.angl)! ·:o~ coilieipn:witli tile. incident ~ucleo~, · 
~" . .• ""· • ' • . ' • ' '. ' t . . . . - . 

·-· l so that v~rious va1ues of T :m· · ar_e expected, and ar,e compatible 

·.·with ov~r-all e,nergy.co~servati()n." ·However, .it seem$ diffic~U 
' ' j ~ ' ' • • 

.,. (1 

to p~edict the correct v"lue of_· T,m _b':,fot:e the, ,e~perimental ratios. 
. . . ., . . \J" . " -· l : • ' ". .,. ' , . . . .. ... · , I. -. 

_. _have been deter~ined~ =.~_.With e,onstaiit .Tm1 ,~2_164'.'f1.ev.::· EF -- :ZO Mev • 
",:,. tb(t ratio formula is -fitte~ to the higbesi~ -w1;/1r~- exped,.n~ntal ratio 

.. ~) 

. . ' ' . . .. ' . ~ ~ . ~ . ' .: . .. ' . .. ' ~ ~. 

'for helium'(Fig. 3).. The di,agreeme~(is .la.rgely>due to the n:on .. 

. ,, Hne'ar,)1~ture :?·f th? £~~mula. ~.-Most oi .. .t~e ~ati~ da~a· ca:n be ~x-.: . 
pressed as lbi~ar functipn ot2the .. 'pion erufrgy, "or'~~ for constant' 
~ . .. '' ".Lt' • "t, ··: . ... • •. • ._· . ... ; ' ,. • ' . . ' . 

,pion energy-~· as a linear fuJ:lcti.on of, the .angle' of emission. · 1f 

·. T is· bel~· eonstaritf then. ,/'/w~ decr~-~ses as Q _is ·in~rease_d, .. u· 
. T~ is i~~r~~sed.' .. : .:Tm .is expected to lncreaa~ because l~rger · . 

' target nucle'on 'momenta 'are required to p~odtice" pions of 'the same. 
. ' . .. ' . . . ', . . . ·~ ' : . ~ .: . ' .. ' ., . ·'· . ·. ·.:· 

· e~ergy at larger lab angles ..... · 
. ~ ,; .• 

--_.· :(3) -:Other:··Ratib Factors. 
,_,. ( ....... · 

t .·· ~ ... 
.. The: anaiogy t~ ~-decay predicts that the nucle~~· 

. ' . . . ' ·· .. '. ' .. ' ... +. ' . ... ··. . . 
, char,ge. will tend, tp acce~"ra.te a . .,.. ;·l~av:btg the nu~leus. and decel.;. · 
crate a· _:y':",.· · 'Th~ efi~ct i~· the· greatest for lQ~-energy pio~s and 

·hi:g~.;.z ·ele~ent~: · ... '-rhus' the. ,.;,+;.tt~ rB.ti.o is ~xpected to. dect.~~ee 
a.s' z is incre~sed. £or eithe~ a. proton or(a neutron bea~.. Th_e· 

; , . . -: ... , ~ .. '+.,. .· . • ~ .~·· . ·. '·!· . ~ .. ·· •· .•. : • .- . ·:. , -; - . . ~ ·. . ·. ·, -. ·r •·· . 

.. e.xperimental "/v r~tios for lead. are smaller .than for be~ium. 
,· 

·S ,' 

·~~ ·· .. ,_ ..'·, 
) . ... 

·,,. 

. ' . ~ 
:, '.~ ._ I 

..... . ;~ 

'. .. · . . 
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(b) Coulomb Efiect .£or Final Nuc~e\o,ns in Nucleus 

Ae ~-extra p~oton in ·a nu~l~~· ie _expected -
to· be more forbidden than an extra neutr-on becau~o of the 

c~uloinb r,epuleion between·proto~a,. Macblda and\iam~raa 
have used this eff~ct to explain the. variation in the .,w "'/;,,+ 

' . . 

ratio from. Ugh .. nuclei bombarded by high·energy ~~~f1 ray.Ef. 
. . . . . ' . . • II ' 

This Coulo~b effect b\: ad4ition to the exclusion e~fectt~ t~nde 
to increase the · "'+ /rt' J:atf.o,for proton ~mb~c\rnent. ;~- F~~ ·· 
neutr.on b~mbudment. the .effect woulcl not be as.great.'b,c!etlu.se + ' . . - . · ... \ ~' .. \ :·~ ....... yj .. ' . 
in tt production, tw~ extra neutrons are found; , i\ >, \ I\ !"' · 

- 0~ 

for high z. 

~ .. ~ , .. 

· Atomic Number. \, 

. ; .... 

ThiS tends to decrease _the'., 1r-+ /:rt.\r~tio 

,, 
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. . a S. Machi de.. T. Tamur,a,. Progress of Theo. P~yaic~ 6~ .l080 L(1951). · 
~ . ' to},. \.. ......~·~.. . •. 

. \ 

\ 

'\'-

--h~ 
. ~-

.\ 

': 


